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Abstract 

Vertical inclusions of expanded polystyrene (EPS) placed behind rigid retaining walls were 

investigated as geofoam seismic buffers to reduce earthquake-induced loads. A numerical model 

was developed using the program FLAC and the model validated against 1-g shaking table test 

results of EPS geofoam seismic buffer models. Two constitutive models for the component 

materials were examined: elastic-perfectly plastic with Mohr-Coulomb (M-C) failure criterion 

and non-linear hysteresis damping model with equivalent linear method (ELM) approach. It was 

judged that the M-C model was sufficiently accurate for practical purposes. The mechanical 

property of interest to attenuate dynamic loads using a seismic buffer was the buffer stiffness 

defined as K = E/t (E = buffer elastic modulus, t = buffer thickness). For the range of parameters 

investigated in this study, K ≤ 50 MN/m3 was observed to be the practical range for the optimal 

design of these systems. Parametric numerical analyses were performed to generate design charts 

that can be used for the preliminary design of these systems. 

A new high capacity shaking table facility was constructed at RMC that can be used to study the 

seismic performance of earth structures. Reduced-scale models of geosynthetic reinforced soil 

(GRS) walls were built on this shaking table and then subjected to simulated earthquake loading 

conditions. In some shaking table tests, combined use of EPS geofoam and horizontal 

geosynthetic reinforcement layers was investigated. Numerical models were developed using 

program FLAC together with ELM and M-C constitutive models. Physical and numerical results 

were compared against predicted values using analysis methods found in the journal literature and 

in current North American design guidelines. The comparison shows that current Mononobe-

Okabe (M-O) based analysis methods could not consistently satisfactorily predict measured 

reinforcement connection load distributions at all elevations under both static and dynamic 
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loading conditions. The results from GRS model wall tests with combined EPS geofoam and 

geosynthetic reinforcement layers show that the inclusion of a EPS geofoam layer behind the 

GRS wall face can reduce earth loads acting on the wall facing to values well below those 

recorded for conventional GRS wall model configurations. 
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Co-Authorship 

Chapter 2 

Saman Zarnani conducted the numerical study of geofoam seismic buffers using the FLAC 

computer program (Itasca 2005). The numerical results were compared and the FLAC code 
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supervised by Dr. Bathurst. Saman Zarnani co-authored a journal paper with his supervisor and 

the former student that was focused on a description of the experimental setup for the shaking 

table tests (Bathurst et al. 2007a). The writer and his supervisor published a companion journal 
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experimental shaking table tests reported by Gaskin (2000) and Bathurst et al. (2007a). These 
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because the writer’s contribution was restricted to providing the excitation records used in the 

simulations. This chapter contains material that was published as a full paper (“Numerical 

modelling of EPS seismic buffer shaking table tests”) in the journal Geotextiles and 

Geomembranes in October 2008 (Zarnani and Bathurst 2008). 

Chapter 3 

Saman Zarnani used the verified FLAC numerical code developed in Chapter 2 to investigate the 

influence of material constitutive models on numerical simulation results for the geofoam seismic 
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buffer shaking table tests reported earlier. He performed the numerical simulations and 

interpretation of numerical results that appear in this chapter. The chapter contains material that 

was written in collaboration with Dr. Bathurst and published as a technical note (“Influence of 

constitutive model on numerical simulation of EPS seismic buffer shaking table tests”) in the 

journal Geotextiles and Geomembranes in August 2009 (Zarnani and Bathurst 2009a). 

Chapter 4 

The verified FLAC numerical code developed by Saman Zarnani was used to perform parametric 

studies on geofoam seismic buffers. The outcome of this study was a series of design charts for 

selection of EPS geofoam seismic buffers to attenuate dynamic loads acting against rigid 

retaining walls such as bridge abutments and basement walls. Saman Zarnani performed all the 

numerical simulations, compiled all the results and generated the design charts. This chapter was 

written in collaboration with Dr. Bathurst and published as a full paper (“Numerical parametric 

study of EPS geofoam seismic buffers”) in the Canadian Geotechnical Journal in March 2009 

(Zarnani and Bathurst 2009b). 

Chapter 5 

In this chapter, FLAC numerical simulations of two previously reported shaking table tests by El-

Emam (2003) (former PhD student at Queen’s under the supervision of Dr. Bathurst) on reduced-

scale geosynthetic reinforced soil (GRS) retaining walls are reported. The original FLAC 

numerical model was developed by co-workers (Bathurst and Hatami 1998) and El-Emam 

(2003) who also performed numerical simulations of these two GRS model walls. However, 

important modifications were made by the writer to the original code and input values. Numerical 

comparisons using the updated code are reported for the first time and a wider range of numerical 

predictions are reported than appear in the PhD thesis by El-Emam (2003) and two conference 
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papers (El-Emam et al. 2001, 2004).  The chapter contains material that has been submitted for 

possible publication as a full paper (“Comparison of numerical and analytical solutions with 

physical results from reinforced soil retaining wall shaking table tests”) to the journal 

Geomechanics and Engineering in February 2011. The paper was written in collaboration with 

Dr. Bathurst. 

Chapter 6 

Saman Zarnani was involved in the design, procurement, construction and commissioning of a 

new shaking table facility at the Royal Military College of Canada (RMC) under the supervision 

of Dr. Bathurst. This new (and larger) shaking table facility and its ancillary equipment were used 

to perform shaking table tests on GRS and GRS-geofoam model walls. The focus of the 

experimental program reported in this chapter is the seismic performance of GRS model walls 

(only) under simulated earthquake loading conditions. In this chapter details about the 

experimental setup, instrumentation and measurement results highlighting the influence of wall 

toe boundary condition are presented. All shaking table tests were performed by and the results 

analyzed by the writer. This chapter contains material that is under preparation for submission as 

a journal paper in collaboration with Dr. Bathurst. 

Chapter 7 

This chapter focuses on the interpretation of acceleration measurements taken from selected 

shaking table tests reported by Gaskin (2000) and new GRS model shaking table tests carried out 

as part of this thesis work. The measurements from vertical arrays of accelerometers were treated 

and analyzed by the writer in order to establish shear stress-strain hysteresis loops. Dynamic 

element tests (resonant column) were also performed by the writer to characterize dynamic 

material properties of the backfill soils. The back-calculated results from accelerometers were 
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compared to the resonant column tests performed by the writer and reported in the literature. This 

chapter contains material that is submitted for possible publication as a full paper 

(“Determination of dynamic soil properties using accelerometers in 1-g geosynthetic-soil 

retaining wall shaking table tests”) to the journal Geotextiles and Geomembranes in February 

2011.  

Chapter 8 

Accelerometer measurements recorded during shaking table tests performed as part of this thesis 

work were analyzed by the writer using different methods to compute acceleration amplification 

factors over wall and backfill height. This chapter contains material that is under preparation for 

submission as a journal paper in collaboration with Dr. Bathurst. 

Chapter 9 

This chapter contains the results of four shaking table tests on GRS model walls with and without 

EPS geofoam that were performed by the writer. The analysis of results was performed by the 

writer.  This chapter contains material that is under preparation for submission as a journal paper 

in collaboration with Dr. Bathurst. 

Chapter 10 

This chapter contains the results of two shaking table tests on GRS model walls and investigates 

the influence of back boundary condition on shaking table tests. In one test the back boundary 

was rigid and in the other an inclusion of EPS geofoam was placed between the backfill soil and 

the rigid back boundary. The tests and the analysis of results were performed by the writer.  This 

chapter contains material that is under preparation for submission as a journal paper in 

collaboration with Dr. Bathurst. 
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Chapter 11 

This chapter contains the results of five shaking table tests on GRS model walls and investigates 

the influence of predominant frequency of input excitation and reinforcement parameters on 

shaking table tests. The tests and the analyses of results were performed by the writer.  This 

chapter contains material that is under preparation for submission as a journal paper in 

collaboration with Dr. Bathurst. 

Chapter 12 

Major improvements and updates were made to the numerical FLAC model described in Chapter 

5. The writer improved the utility of the program with respect to all input parameters and 

generation of the FLAC numerical grid. Also, a more advanced nonlinear hysteresis constitutive 

model (equivalent linear method approach) was implemented in the FLAC code. The numerical 

simulations of seven shaking table tests reported in Chapters 6, 10 and 11 were performed.  This 

chapter contains material that is under preparation for submission as a journal paper in 

collaboration with Dr. Bathurst. 
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Chapter 1 

Introduction 

1.1 General 

During an earthquake, dynamic forces are generated in the backfill that impart additional loads on 

conventional rigid soil retaining wall systems and geosynthetic reinforced soil (GRS) walls. If 

these earthquake-induced loads are great enough these structures may move excessively or 

possibly even collapse (Koseki et al. 2006).  

Compressible vertical inclusions placed directly against a rigid soil retaining wall have been 

proposed as a strategy to reduce static loads by allowing the soil to yield and thus approach a 

theoretical minimum active pressure state.  The concept has been demonstrated using small-scale 

laboratory tests (McGown and Andrawes 1987; McGown et al. 1988), monitored field 

installations (Partos and Kazaniwsky 1987) and numerical simulations (Karpurapu and 

Bathurst 1992).  Today the product of choice for the vertical compressible inclusion material is 

block-molded low-density expanded polystyrene (EPS), which is classified as a geofoam material 

in modern geosynthetics terminology (Horvath 1995, 1997).  

The concept of EPS geofoam as a compressible inclusion for reduction of static earth pressures 

against rigid retaining structures can be extended to the case of attenuation of dynamic loads due 

to earthquake. Inglis et al. (1996) reported the first use of EPS geofoam as a seismic buffer. 

Panels of EPS geofoam were placed against rigid 10 m-high basement walls of a multi-storey 

underground parking structure at a site in Vancouver, British Columbia. Numerical analyses 
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predicted that lateral earth pressures against the walls during a seismic event could be reduced by 

about 50% using geofoam seismic buffers. 

The first physical “proof of concept” was demonstrated by reduced-scale shaking table tests 

carried out at the Royal Military College of Canada (RMC) and reported by Gaskin (2000) and 

Zarnani and Bathurst (2007). However, for this application to be fully exploited there is a need 

to develop verified numerical models that can be used by engineers to optimize the design of EPS 

seismic buffers and to develop design charts for preliminary design of these systems. These needs 

have provided the motivation for a part of the work described in this thesis.  

The use of geosynthetic reinforced soil (GRS) walls as soil retaining wall structures is now well 

established since their introduction in the late 1970s (Allen et al. 2002). The thick reinforced 

concrete wall in conventional gravity-type soil retaining wall structures is replaced by a 

composite mass comprising the facing and horizontal layers of polymeric geosynthetic 

reinforcement (geotextile or geogrid products) embedded in the backfill soil. The wall facing may 

be constructed using rigid full-height concrete panels, incremental concrete panels, modular 

blocks or the reinforcement layers extended at the face to form a flexible wrap-around 

arrangement. The popularity of these systems has been driven by cost savings which have been 

shown to be as much as 50% of the cost of conventional gravity structures (Koerner 2005).  

A corollary advantage of modern GRS wall system is their observed good performance during 

earthquake events compared to conventional gravity-type retaining walls (Collin et al. 1992; 

White and Holtz 1996; Huang et al. 2003; Koseki et al. 2006; Bathurst et al. 2010). This good 

performance is typically ascribed to the greater flexibility and ductility of these composite 

systems compared to conventional (rigid body) structures.  
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Current analysis and design methods for GRS walls are typically based on variants of 

conventional Mononobe-Okabe (M-O) pseudo-static earth pressure theory which is an extension 

of classical Coulomb wedge analysis (Okabe 1924). These closed-form solutions behave poorly 

for large accelerations and are not recommended in most design guidance documents for 

structures subjected to peak ground accelerations greater than about 0.3g (FHWA 2009; 

AASHTO 2010; Bathurst 1998). Furthermore, these approaches cannot account for wall 

response as a function of other characteristics of a seismic record such as duration of shaking, 

velocity-time history, and frequency content including proximity of predominant frequency to 

fundamental frequency of the structure. Recently, the National Building Code of Canada (NBCC 

2005) has increased the design peak ground acceleration at almost all locations in Canada. For 

western parts of British Colombia and Quebec City in Canada, the peak horizontal ground 

acceleration is now greater than 0.6g and hence, according to current design guidance documents, 

pseudo-static design methods cannot be used. 

While geosynthetic reinforced soil walls have performed well during earthquakes, simple 

analytical solutions used for the seismic design of these systems are often inadequate. The 

development of new analysis and design tools requires a proper understanding of the behaviour of 

these systems during an earthquake.  Understanding of the seismic behaviour of GRS walls is 

hampered by the practical difficulty of monitoring full-scale structures subjected to earthquake 

and the complexity of the mechanical interactions between wall components under dynamic 

loading conditions. A strategy to improve our understanding of the response of GRS walls to 

earthquake is to carry out tests on reduced-scale physical models constructed on 1-g shaking 

tables. The accuracy of numerical models and current seismic design methods can then be 

checked against wall response measurements taken during simulated earthquake loading. The 
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deficiency of current design methods and the practical benefit of shaking table tests largely 

describe the motivation and objectives for the second part of the work described in this thesis.    

Finally, the success of GRS walls during earthquake and the potential benefit of EPS seismic 

buffers to reduce static and dynamic earth loads lead naturally to the concept of a hybrid 

construction technology that incorporates both methods - i.e. EPS geofoam layers placed directly 

against the back of the structural facing at the front of an otherwise conventional GRS wall.  This 

novel hybrid technique is explored in this thesis work using physical shaking table tests. 

1.2 Prior related work 

The work presented in this thesis is part of a larger research program in progress at the Geo-

Engineering Centre at Queen’s-RMC, at the Royal Military College of Canada (RMC) under the 

supervision of Professor R.J. Bathurst and in collaboration with other researchers. The larger 

research program includes analysis, performance, and design of reinforced soil structures under 

both static and seismic loading conditions and the migration of design methods from working 

stress design to a reliability theory-based limit states design framework. Prior related work from 

which this thesis work has benefited is summarized below: 

a) The first experimental shaking table study on the application of EPS geofoam seismic 

buffers in rigid retaining walls was performed at RMC using an earlier shaking table 

facility. These tests provided the first documented “proof of concept” for EPS geofoam as 

a seismic buffer to protect rigid retaining wall structures (Gaskin 2000; Bathurst et al. 

2007; Zarnani and Bathurst 2007). 
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b) Shaking table tests on model GRS walls were performed on smaller size model walls 

using the earlier shaking table facility located at RMC (Pelletier 1996; El-Emam 2003; 

El-Emam and Bathurst 2004, 2005, 2007). 

c) In-house experience with the finite difference computer program FLAC (Itasca 2005) 

was available based on prior related numerical simulation work and reported by Bathurst 

and Hatami (1998), El-Emam (2003) and El-Emam et al. (2001, 2004). 

1.3 Research objectives and methodology 

The objectives and methodologies for this thesis work can be divided into two major areas:  

a) Application of EPS geofoam as a seismic buffer for rigid retaining walls, and; 

b) Seismic performance of GRS model walls with and without EPS geofoam. 

1.3.1 Application of EPS geofoam seismic buffers for rigid retaining walls 

The previously reported shaking table tests on EPS geofoam as a seismic buffer in rigid retaining 

wall applications demonstrated the first proof of concept that this material can be used to 

attenuate earthquake-induced dynamic earth loads. However, many parameters can influence the 

performance and efficiency of EPS geofoam as a seismic buffer, including: the thickness and 

stiffness of the seismic buffer; the predominant frequency of input excitation and its proximity to 

the fundamental frequency of the system; wall height; and characteristics of the input excitation 

accelerogram. Investigating a wide range of factors that may influence seismic buffer 

performance using physical shaking table tests is time and cost prohibitive.  

The major objectives of this portion of the thesis work were to: 
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a) Develop a numerical model to simulate the seismic response of seismic buffers under 

earthquake loading. 

b) Develop preliminary design charts for the selection of EPS seismic buffer properties.    

The following methodology was used to meet these objectives: 

a) A numerical model using the finite difference method computer program FLAC (Itasca 

2005) was developed and the accuracy of the model verified against reduced-scale 

physical shaking table tests reported by Gaskin (2000), Bathurst et al. (2007) and 

Zarnani and Bathurst (2007). 

b) The numerical model was used to quantify the influence of choice of constitutive model 

for the component materials on numerical outcomes and to identify possible limitations 

of the model based on constitutive model type.  

c) The validated FLAC numerical model was used to perform parametric analysis, 

investigating a broad range of parameters and response characteristics for model walls at 

prototype scale. The results from the numerical parametric analyses are used to develop 

preliminary design charts for selection of EPS geofoam seismic buffers for rigid soil 

retaining walls. 

1.3.2 Seismic performance of GRS model walls with and without EPS geofoam 

Current design methods in North America (FHWA 2009; AASHTO 2010; Bathurst 1998) 

recommend that pseudo-static design methods should be restricted to sites where the peak 

horizontal ground acceleration is less than 0.3g. The validity of pseudo-static methods needs to be 

investigated for earthquake loading cases with ground accelerations greater than 0.3g. Lack of 
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physical data to examine the accuracy of current seismic design methods or to develop new 

procedures hinders the acceptance of GRS technologies in seismically active areas. Similarly, a 

new hybrid technology that captures the benefits of GRS wall construction and EPS seismic 

buffers used against GRS wall structures deserves investigation. At the time of writing the 

performance of this hybrid technology has not been explored.  

The major objectives of this portion of the thesis work were to: 

a) Carry out a series of carefully instrumented shaking table tests on reduced-scale model 

GRS walls to investigate their performance during simulated earthquake loading and 

compare the measurements with predictions using closed-from analysis methods found in 

current design guidelines. 

b) Provide qualitative and quantitative insight into the dynamic response of reinforced soil 

retaining walls and their component materials during simulated earthquake loading. 

c) Investigate the performance of hybrid systems combining an EPS geofoam seismic buffer 

with conventional geosynthetic reinforced GRS wall construction. 

d) Investigate the influence of predominant frequency of input excitation on the seismic 

performance of GRS walls. 

e) Investigate the influence of the back boundary of the strong box model container used in 

shaking table tests. 

f) Generate a database of results from well-instrumented shaking table tests on geosynthetic 

reinforced soil walls. 
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g) Develop a validated advanced numerical model that can be used to perform future 

parametric analysis. 

The methodology that was adopted to meet the objectives of this research is summarized as 

follows: 

a) Design and build a new shaking table facility at RMC with higher capacity and larger 

size (compared to the older generation shaking table at RMC) together with ancillary 

equipment for material (soil) handling. 

b) Develop an instrumentation plan and high-speed data acquisition system to record wall 

response to simulated earthquake loading.  

c) Incorporate a high-speed camera to capture model behaviour in real time and to perform 

image analysis using particle image velocimetry (PIV). 

d) Design a program of ¼-scale model tests and execute the tests on the new shaking table 

facility at RMC.  

e) Develop a numerical model with program FLAC to simulate shaking table tests and 

validate the numerical model against shaking table measurements. 

f) Investigate the influence of constitutive model type for backfill soil on numerical 

simulation results. 

g) Compare predictions of wall loads using numerical models with closed-form solutions 

found in the literature and in current North American design guidance documents with 
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measurements from the GRS model tests performed in this thesis and earlier tests 

reported by El-Emam (2003).    

h) Quantify the performance difference between GRS wall models constructed with and 

without EPS geofoam placed at the back of the wall facing. 

i) Quantify the performance difference between GRS wall models constructed with a non-

energy reflecting back boundary at the back of the strong box container used in the 

shaking table tests. 

1.4 Outline of the thesis 

This thesis is in manuscript format and comprises 13 chapters. Chapter 1 is “Introduction”, 

Chapter 13 is “General Discussion” and Chapter 14 is “Summary, Conclusions and 

Recommendations”.  Chapters 2 to 12 are considered separate manuscripts for publication and 

hence can be read in isolation. At the time of writing, Chapters 2, 3 and 4 have appeared in print 

in the archival journal record and Chapters 5 and 7 are in review. Additional information has 

been added to Chapter 3 in order to provide a permanent record of additional test results that 

were not included in the published version. In order to reduce the length of some unpublished 

chapters, some sections on literature review, test methodology and material properties have been 

abbreviated and reference made to earlier chapters for details.  

Chapter 1 (this chapter) contains an outline of the thesis and the main objectives of this research 

program. 

In Chapter 2, a numerical model using the commercial program FLAC is developed to simulate 

the results of reduced-scale shaking table tests on EPS seismic buffer models performed at RMC 



 

 

 

10

and reported by Gaskin (2000), Bathurst et al. (2007) and Zarnani and Bathurst (2007). 

Simulations of five physical tests constructed with expanded polystyrene (EPS) geofoam 

materials having different modulus values and a control case with no geofoam inclusion were 

carried out. A simple linear elastic–plastic model with Mohr–Coulomb (M-C) criterion and 

Rayleigh damping is used for the component materials.  Material and interface properties are 

based on results of independent laboratory experimental testing and back-calculation from 

shaking table test measurements. Dynamic horizontal wall forces and buffer compression 

predicted by numerical simulations are compared against physical results. This chapter forms the 

basis of the published paper by Zarnani and Bathurst (2008).  

Chapter 3 investigates the influence of constitutive model for component materials (soil backfill 

and EPS geofoam) on prediction outcomes using the FLAC numerical model in Chapter 2. The 

first model is the linear elastic–plastic model with Mohr–Coulomb criterion and Rayleigh 

damping used in Chapter 2. The second is the equivalent-linear method (ELM) which 

incorporates hysteretic load-unload cycles using Masing-type functions and strain-dependent 

shear modulus and damping ratio functions. Properties for the simulations with the ELM model 

were taken from published data for resonant column and cyclic uniaxial tests on EPS and sand 

materials. This chapter forms the basis of the published paper by Zarnani and Bathurst (2009a).  

In Chapter 4 the verified FLAC numerical code (with linear elastic-plastic M-C constitutive 

model) in Chapters 2 and 3 is used to investigate the influence of wall height; EPS geofoam 

type, thickness, and stiffness; and excitation record on seismic buffer performance. The influence 

of parameter values was examined by computing the maximum forces on the walls, the buffer 
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compressive strains, and the relative efficiency of the buffer system. This chapter forms the basis 

of the published paper by Zarnani and Bathurst (2009b). 

Chapter 5 describes a simple numerical FLAC model (with linear elastic-plastic M-C 

constitutive model used in previous chapters) that was developed to simulate the dynamic 

response of two instrumented reduced-scale model reinforced soil walls reported by El-Emam 

(2003) and El-Emam and Bathurst (2004, 2005, 2007). The physical tests were carried out 

using a 1-g shaking table at RMC that has since been replaced by a new larger shaking table 

described in the chapters to follow. The models were 1 m high by 1.4 m wide by 2.4 m long and 

were constructed with a uniform size sand backfill, a polymeric geogrid reinforcement material 

with appropriately scaled stiffness, and a structural full-height rigid panel facing. The wall toe 

was constructed to simulate a perfectly hinged toe (i.e. toe allowed to rotate only) in one model 

and an idealized sliding toe (i.e. toe allowed to rotate and slide horizontally) in the other. Physical 

and numerical models were subjected to the same stepped amplitude sinusoidal base acceleration 

record. The material properties of the component materials (e.g. backfill and reinforcement) were 

determined from independent laboratory testing (reinforcement) and by back-fitting results of a 

numerical FLAC model for direct shear box testing to the corresponding physical test results. The 

numerical results are also compared to closed-form solutions for reinforcement loads. The chapter 

summarizes important lessons learned and implications to the seismic design and performance of 

reinforced soil walls.  

Chapter 6 describes details of a new shaking table facility that was built at the Royal Military 

College of Canada (RMC) and a research program to investigate the seismic performance of GRS 

retaining walls under dynamic loading conditions using reduced-scale GRS models constructed 



 

 

 

12

on this new table. Details of the new shaking table facility are described in Appendix A. The 

model tests were constructed with typically one test detail varied from the control structure in a 

suite of 11 models. The walls were dynamically excited in stages to bring them to failure. This 

chapter provides a description of the experimental design, instrumentation, the application of 

particle image velocimetry (PIV) as a non-contact measurement method, and selected test results. 

To demonstrate the experimental methodology some typical measurements of facing movement, 

acceleration response of the system, reinforcement loads, wall toe loads and PIV results, are 

presented for two of the walls. To the best knowledge of the writer, the non-contact particle 

image velocimetry (PIV) method was used for the first time to measure GRS wall model response 

during 1-g shaking table tests. The data from this pair of walls are used to demonstrate the 

influence of wall toe boundary condition on model response to simulated earthquake loading. 

Connection load data are also compared to predicted values using current methods found in the 

literature that are adaptations of M-O theory.  

Chapter 7 focuses on the back-calculation of dynamic backfill soil properties from acceleration 

measurements taken during shaking table tests described in Chapters 2 and 6. The measurements 

from vertical arrays of accelerometers located inside the backfill soil are used to calculate shear 

strain and shear stress developed in the backfill soil at different elevations and at different input 

excitation levels. These values are then used to develop shear stress-strain hysteresis loops from 

which soil secant shear modulus and damping ratios can be back-calculated. These parameters are 

used to generate shear modulus degradation curves and damping ratio variation curves with 

respect to shear strain which in turn can be used as input values for the ELM soil constitutive 

model. The back-calculated curves from acceleration measurements are compared against similar 
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data reported in the literature and from resonant column tests carried out on the sand materials 

used in the reduced-scale 1-g shaking table tests. 

In Chapter 8, accelerometer data from 1-g shaking table model tests reported in Chapter 6 are 

used to compute acceleration amplification factors (ratios) using four different methods: a) 

measured accelerations; b) fast Fourier transformation (FFT) amplitude of accelerations, c) root 

mean square accelerations, and; d) average peak point in accelerograms. The advantages and 

disadvantages of each method are discussed in the context of implications to interpretation of 

model performance and to design. 

Chapter 9 focuses on the combined use of EPS geofoam and geosynthetic reinforcement in GRS 

model walls under simulated seismic loading conditions. Results of four shaking table tests with 

and without EPS geofoam are presented and analyzed. The influence of an EPS geofoam 

inclusion between the wall facing and the backfill soil is investigated in these shaking table tests 

with respect to: wall horizontal movements, wall toe loads, acceleration response of the backfill 

soil and wall facing, reinforcement strains, reinforcement connection loads and development of 

failure mechanisms in the backfill. 

In Chapter 10, the influence of the strong box back boundary condition in shaking table tests is 

investigated. Model GRS walls reported in the literature have been constructed within strong 

boxes with a rigid back boundary which can be expected to generate reflected energy. In one of 

the shaking table tests in current experimental program, a layer of EPS geofoam was placed 

between the backfill soil and the rigid back boundary in order to simulate an idealized non-energy 

reflecting free-field boundary condition. The general conclusion from the comparison of the two 
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physical tests was that the dynamic behaviour of the two wall models was the same up to the 

critical acceleration of the models but was detectably different at larger base excitation levels. 

Chapter 11 presents the results of five shaking table tests on reduced-scale model GRS walls that 

were performed as part of the current research program. The parameters that were investigated in 

this chapter included the influence of predominant frequency of input excitation and 

reinforcement length and stiffness. To demonstrate the influence of each parameter, 

measurements of facing movement, acceleration response of the system, reinforcement loads and 

wall toe loads are presented. These measurements were also compared with predictions using 

closed-form solutions published in the literature. Implications to current seismic design practice 

for GRS walls are made. 

In Chapter 12 FLAC numerical models are used to simulate the seismic response of seven 

shaking table tests from the suite of eleven tests described in Chapters 6, 10 and 11. The 

influence of backfill soil constitutive model is investigated using the nonlinear hysteresis model 

implemented in the ELM approach and the linear elastic-plastic M-C model described in earlier 

chapters. The dynamic properties of the soil were determined from resonant column tests and also 

back-calculated from accelerometer measurements during the shaking table experiments 

(Chapter 7). The predictions by numerical models with two different constitutive models are 

compared against measured values from the shaking table tests. The performance parameters of 

interest that were investigated include: wall horizontal displacement, wall toe loads, 

reinforcement connection loads and failure planes in the backfill soil. Also the influence of free-

field back boundary condition on the numerical simulations is investigated and the predictions are 
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compared against the measurements of shaking table test with EPS geofoam placed at the back 

boundary reported in Chapter 10. 

Chapter 13 provides a general discussion and identifies some of the important contributions of 

the work to the subject area. 

Chapter 14 presents a summary of the major conclusions from this research program, 

implications to seismic design of GRS walls and seismic buffers, and provides recommendations 

for future research. 
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Chapter 2 

Numerical Modelling of EPS Seismic Buffer Shaking Table Tests1 

2.1 Introduction 

The concept of reducing static earth forces against rigid wall structures by placing a compressible 

vertical inclusion between the wall and the backfill has been demonstrated using small-scale 

laboratory tests (McGown and Andrawes 1987; McGown et al. 1988; Reeves and Filz 2000) 

and monitored field installations (Partos and Kazaniwsky 1987; Hoppe 2005, 2006). Some 

recent small-scale laboratory tests using EPS geofoam for static earth pressure reduction in 

expansive soils have also been reported by Ikizler et al. (2008). 

Inglis et al. (1996) reported the first documented field case of a rigid basement wall constructed 

with a compressible expanded polystyrene (EPS) geofoam layer for the purpose of reduction of 

seismic-induced earth loads. The design of the structure was carried out using the program FLAC. 

The results of numerical modelling predicted that a 1 m-thick layer of EPS geofoam placed 

between a 10 m-high wall and granular backfill could reduce lateral loads during an earthquake 

event by 50% compared to the unprotected wall option. 

Reduced-scale physical models using shaking table tests have since demonstrated quantitatively 

that the technique first used by Inglis et al. can significantly reduce large seismic-induced forces 

during simulated earthquake (Hazarika et al. 2003; Zarnani et al. 2005; Bathurst et al. 2007a; 

Zarnani and Bathurst 2007). Hazarika et al. used a high compressibility sponge material to 

                                                      
1 A version of this chapter has been published as: 
 
Zarnani, S. and Bathurst, R.J. 2008. Numerical modeling of EPS seismic buffer shaking table tests. 
Geotextiles and Geomembranes, 26(5): 371-383. 
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create the compressible layer. The writer and co-workers have used EPS materials to perform the 

same function. The tests reported by the writer and co-workers have demonstrated that peak 

lateral loads acting on the compressible model walls during simulated earthquake loading were 

reduced by as much as 40% of the value measured for the nominally identical structure but with 

no compressible inclusion.  

Parametric studies using a finite element model (FEM) code to model rigid wall structures with a 

compressible inclusion have been reported in the literature for the static loading case by 

Karpurapu and Bathurst (1992). Their FEM results were first verified against the physical 

model tests reported by McGown and Andrawes (1987) and McGown et al. (1988) and then 

used to generate design charts. The design charts can be used to select the combination of 

geofoam buffer thickness and modulus required for different combinations of wall height and 

granular backfill soils to minimize static earth forces.  

Since the work of Inglis et al. (1996), numerical modelling studies of the seismic geofoam buffer 

concept have been reported by Pelekis et al. (2000), Hazarika (2001), Hazarika and Okuzono 

(2002, 2004), Armstrong and Alfaro (2003) and Athanasopoulos et al. (2007).  However, with 

the exception of Athanasopoulos et al., results of numerical models developed by these 

researchers have not been compared against the results of instrumented physical test results. 

While qualitative features of many of the unverified numerical results appear reasonable, 

quantitative accuracy cannot be assessed.  Athanasopoulos et al. used the program PLAXIS to 

simulate the results of a control wall and two other walls reported by Zarnani and Bathurst 

(2007) and demonstrated good agreement with measured peak loads recorded at peak base 

acceleration events. They used the same program to carry out a parametric analysis of prototype-
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scale seismic buffer configurations. In a related application, EPS geofoam has been investigated 

in numerical studies for blast-induced stress wave attenuation in civil defence engineering (Wang 

et al. 2006). 

In this chapter, a numerical model using the program FLAC is described that was used to 

simulate the dynamic response of 1 m-high reduced-scale models of rigid walls with and without 

a geofoam seismic buffer. This chapter is an expanded version of two conference papers by 

Zarnani and Bathurst (2005, 2006) that reported preliminary numerical modelling efforts. The 

physical tests were carried out on a shaking table at the Royal Military College of Canada 

(RMC). The physical test program, material properties and example test results are reported in 

detail by Zarnani et al. (2005), Zarnani and Bathurst (2007) and Bathurst et al. (2007a). The 

modelling efforts reported here differ from those reported by Athanasopoulos et al. (2007) 

because a simpler numerical model is used for the geofoam materials in the current study, the 

recorded base accelerogram is used to excite the numerical models rather than the target 

accelerogram, numerical results are compared against six physical tests, a larger number of 

physical response features are compared, and finally the numerical results reported here (where 

they can be compared to the PLAXIS model) give results that are in closer agreement with 

measured load results, particularly at the beginning of the tests.  

2.2 RMC shaking table tests 

A brief description of the RMC shaking table tests is given here for completeness. One metre-

high by 1.4 m-wide by 2 m-long models were constructed in a strong box bolted to a large steel 

shaking table. The strong box side walls were constructed with Plexiglas and the inside surfaces 

covered with lubricated polyethylene sheets to minimize side wall friction with the model sand. A 

rigid wall constructed from a stiffened aluminium bulkhead was attached to the shaking table 
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platform and used to retain a synthetic granular soil. The aluminium wall provided a rigid vertical 

boundary that moved only in the horizontal direction with the shaking table platform (Bathurst et 

al. 2007a).  The rigid wall was attached to load cells to record total horizontal and vertical loads 

transmitted to the wall at end of construction and during subsequent horizontal shaking. 

Accelerometers were also installed to record accelerations recorded at the wall boundary and 

within the backfill. A geofoam buffer 150 mm thick was placed between the rigid wall and the 

backfill. A control test without the geofoam seismic buffer was also carried out to quantify the 

performance benefit due to the presence of the geofoam buffer to reduce dynamic loads on the 

rigid wall. Potentiometer-type displacement devices were mounted on the front of the rigid wall 

to record the horizontal movements of small metal plates attached to the geofoam-sand interface. 

A cross-section of the experimental shaking table tests with the location of the instruments is 

shown in Figure 2.1. A stepped-amplitude sinusoidal acceleration record with a frequency of 5 

Hz was applied to the base of the models in all tests. The acceleration amplitude was increased at 

5-second intervals (0.05g increments) up to peak base acceleration amplitude in excess of 0.8g 

and the test terminated. Despite the rigid vertical boundaries at either end of the strong box in 

these tests, back-analysis of accelerogram records from the accelerometers in Figure 2.1 showed 

that there was acceleration amplification with height above the table platform and significant out-

of-phase horizontal deformations of the soil backfill in all tests. Hence, the soil did not act as a 

rigid body during shaking. 

2.3 Numerical models 

The numerical simulations were carried out using the program FLAC (Itasca 2005). The FLAC 

numerical grid for the simulation of the geofoam buffer tests is shown in Figure 2.2. The height 

of each model and the backfill width were kept at 1 m and 2 m, respectively in all tests. The 
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thickness of the geofoam was taken as 150 mm to match the physical tests. The numerical mesh 

was generated using nodes placed on a square grid with 0.05 m centres. The dynamic calculation 

time step was set automatically by FLAC at 1.18E-5 seconds. In this investigation, the results of 

five numerical simulations with five different geofoam densities are reported together with a 

control test without the geofoam buffer. The results of simulation runs are compared to the results 

from the corresponding tests in the physical test program.  

2.3.1 Material properties  

The backfill soil was modelled as a purely frictional, elastic-plastic material with Mohr-Coulomb 

failure criterion. This model allows elastic behaviour up to yield (Mohr-Coulomb yield point 

defined by the friction angle), and plastic flow at post-yield under constant stress.  The soil model 

is described by constant values of shear and bulk elastic modulus for pre-yield behaviour. The 

results of direct shear box tests on specimens of the same sand material have been reported by El-

Emam and Bathurst (2004, 2005, 2007) and are summarized in Table 2.1. They also carried out 

numerical simulations of the direct shear tests using a FLAC code to back-calculate the “true” 

peak plane strain friction angle of the soil and modulus values. The peak plane strain friction 

angle from the shear box simulations was ps = 58°, which is consistent with the value predicted 

using the equation by Bolton (1986) to convert the peak friction angle deduced from conventional 

direct shear box tests to the true plane strain friction angle of the soil. The soil properties for the 

backfill sand used in the numerical analyses are also summarized in Table 2.1. 

The geofoam buffer material was modelled as a linear elastic-plastic material. While a more 

advanced nonlinear strain hardening model could have been implemented in the FLAC code, the 

simple constitutive model adopted here was judged to be sufficient since the measured 

compressive strains in most of the physical models were less than the elastic strain limit of 1% 
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determined from rapid uniaxial compression tests reported by the manufacturer (BASF 1997). 

The elastic properties assumed for the geofoam materials in this investigation are shown in Table 

2.2. Two different types of EPS geofoam were modelled in these simulations: non-elasticized 

(types I and XI based on the ASTM C578-06 standard) and elasticized EPS geofoam. Elasticized 

EPS is manufactured by applying a load-unload cycle after manufacture or using a thermal 

process (Horvath 1995). As a result of this additional treatment, the EPS linear-elastic behaviour 

is extended to about 10% strain under compression, compared to about 1% strain for the non-

elasticized material. However, the elasticized EPS geofoam has a lower elastic modulus 

compared to the non-elasticized material with the same density. The elastic properties of non-

elasticized EPS geofoam have been shown to vary linearly with EPS density. Bathurst et al. 

(2007a) used relationships found in the literature to estimate the initial Young’s tangent modulus 

based on the density of non-elasticized geofoam. The average value and spread for the initial 

elastic modulus based on these correlations are shown in Table 2.2. The maximum, minimum 

and average modulus values from shaking table experiments are also presented in this table. 

These values were back-calculated from the cyclic displacement and force measurements during 

the experiments as described by Zarnani and Bathurst (2007). Also presented in the table are 

the modulus values that were used for each type of geofoam in this numerical study. The selected 

values can be seen to fall within the range of back-calculated values. The values for Poisson’s 

ratio and yield strength have been estimated using relationships proposed by Horvath (1995) for 

non-elasticized EPS geofoam material with densities higher than 10 kg/m3. The yield strength 

value for elasticized material (Wall 4) may not be accurate for this material. However, physical 

test results showed that this material remained within the elastic range for the duration of the test.  
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In the numerical simulations the elastic material properties were defined in program FLAC as 

equivalent shear and bulk modulus values. Two additional geofoam materials were manufactured 

by removing material from intact EPS slabs by coring and cutting strips. Hence the unmodified 

density of 12 kg/m3 was reduced to 6 kg/m3 in two cases (Walls 5 and 6) and 1.32 kg/m3 for Wall 

7 (Bathurst et al. 2007a; Zarnani and Bathurst 2007). These tests allowed the influence of 

compressible inclusion stiffness to be investigated over a wider range of values than is possible 

with unmodified commercial products trimmed to 150 mm thickness. 

Karpurapu and Bathurst (1992) showed that it is the combination of elastic modulus (E) and 

thickness (t) of the compressible inclusion that controls the magnitude of earth pressure reduction 

in static load applications. The same is true for the seismic buffer application (Bathurst et al. 

2007b). Hence, it is the buffer stiffness defined as K = E/t that is the practical quantity of interest 

for analysis and design.  Values for elastic buffer stiffness are shown in Table 2.2. The model 

scale used in the physical tests was selected to be 1/6 the prototype size. This value is used later 

to select the fundamental frequency of the model excitation record using the scaling laws 

proposed by Iai (1989). Using these same scaling laws, the value of buffer stiffness K is 

independent of model scale. Hence, the load attenuation reported for each physical and numerical 

buffer configuration in this chapter can apply to any 6 m-high wall system provided it has the 

same buffer stiffness value (i.e. suitable combination of elastic modulus and thickness) and the 

same backfill soil properties as the model. For example, some commercially available gum rubber 

materials or tire chips may be candidate materials as seismic buffers. Of course, durability and 

cost issues will also be factors in the choice of buffer material in field installations.  
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Constant Rayleigh damping of 3% was used for both sand and buffer materials during 

simulations.  This value resulted in good agreement with physical test results and is consistent 

with values expected for the range of dynamic elastic strains that were computed over large 

portions of the soil mass during simulation runs. Nevertheless, changing the damping ratio by a 

few percent had no significant effect on the numerical results. The reason is that hysteretic 

damping occurred during numerical load-unload cycles when peak soil shear stresses reached 

failure values defined by the Mohr-Coulomb failure criterion. 

2.3.2 Boundary conditions  

A no-slip boundary at the bottom of the sand backfill was assumed to simulate the rough 

boundary in the physical tests (i.e. a layer of sand was epoxied to the bottom of the strong box 

container). A slip and separation interface between the buffer and the soil was specified. This 

interface allowed the soil and buffer to separate with no tensile stress. An interface friction angle 

of 15 was assumed for the rough geofoam-sand interface based on back-calculated values from 

the experimental shaking table test results (Zarnani and Bathurst 2007). Aluminium-sand 

interface shear strength data was not available from the physical test data for the control Wall 1 

structure. A value of 17 degrees was assumed based on metal-sand friction angles reported in 

textbooks (e.g. Kramer 1996). Based on recommendations in the FLAC manual (Itasca 2005), 

the normal and shear stiffness of the buffer-soil interface were set to about 10 times the 

equivalent stiffness of the stiffest neighbouring material, which is the backfill soil for the example 

geofoam buffer tests and the aluminium bulkhead for the control case. For the FLAC slip and 

separation interface, the elastic properties of the interface have no physical meaning, however 

they must be selected carefully to ensure numerical stability (i.e. neither too large nor too small 

compared with the adjacent materials).  
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The vertical boundaries at the ends of the model were constrained to uniform displacement in the 

X (horizontal) direction in order to simulate the rigid wall at one end of the model and the back 

wall of the strong box in the shaking table tests at the other end (Figure 2.2). 

2.3.3 Dynamic loading 

The same target stepped-amplitude sinusoidal record with a frequency of 5 Hz was used as the 

horizontal base excitation history in all physical models (Figure 2.3a). A 5 Hz frequency (i.e. 0.2 

s period) at 1/6 model scale corresponds to 2 Hz (i.e. 0.5 s period) at prototype scale according to 

the scaling laws proposed by Iai (1989). Frequencies of 2 to 3 Hz are representative of typical 

predominant frequencies of medium to high frequency earthquakes (Bathurst and Hatami 

1998), and fall within the expected earthquake parameters for North American seismic design 

(AASHTO 2002). The displacement amplitude (i.e. actuator stroke) was increased at 5-second 

intervals up to peak base acceleration amplitude in excess of 0.8g and the test terminated. This 

simple base excitation record is more aggressive than an equivalent true earthquake record with 

the same predominant frequency and amplitude (Bathurst and Hatami 1998; Matsuo et al. 

1998). However, it allowed all numerical and experimental models to be excited in a similar 

manner and this allowed valid quantitative comparisons to be made between different wall 

configurations. Finally, it should be noted that the models were only excited in the horizontal 

cross-plane strain direction to be consistent with the critical orientation typically assumed for 

seismic design of earth retaining walls (AASHTO 2002). Figure 2.3a illustrates the target base 

excitation history which was applied to the shaking table platform using an equivalent velocity 

record and Figure 2.3b illustrates the measured acceleration history recorded at the shaking table 

platform using an accelerometer attached to the table. For each numerical simulation the 

measured accelerogram was first filtered to 12 Hz and linearly baseline corrected to ensure zero 
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displacement at the end of the excitation. The computed horizontal velocity record from the 

corrected accelerogram was applied to the bottom horizontal boundary and the two vertical 

boundaries of the corresponding numerical model. 

During base excitation, numerical data was saved at an equivalent sampling rate of 100 Hz. A 

high sampling rate is required to avoid aliasing effects and to capture the peak values of dynamic 

wall response induced by base shaking. A similar high sampling rate was used in the physical 

tests. 

2.3.4 Fundamental frequency of the numerical model 

Retaining walls of typical height (H < 10 m) are considered as short-period structures and 

therefore, their seismic response is dominated by their fundamental frequency (Hatami and 

Bathurst 2000). Hence, the fundamental frequency of the numerical model walls was evaluated 

to ensure that the predominant frequency of the input motion would not generate a resonance 

condition which could in turn control system response and lead to premature failure. This analysis 

was carried out by measuring the response of the models during free vibration.  The free vibration 

response was initiated after sinusoidal excitation at 5 Hz and peak amplitude of 0.1g. 

Figure 2.4 shows examples of fast Fourier transformation (FFT) analysis results from a free 

vibration test simulation on Wall 2 (EPS geofoam density of 16 kg/m3). The displacement 

response data in this wall at other locations was in the range of 29 to 24 Hz. The higher value was 

recorded at the bottom of the wall where soil confinement was greater. Displacement-based FFT 

results are summarized in Table 2.3 for points located at different elevations equidistance from 

the soil vertical boundaries for three of the wall cases. For the control rigid wall case, there was 

no change in fundamental frequency with elevation. However, the fundamental frequency 
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response in the sand backfill decreased with decreasing geofoam buffer density and increasing 

elevation above the foundation base.  

Based on one and two-dimensional (2-D) elastic theory of vibration, the fundamental frequency 

of a linear-elastic media can be expressed as: 

[2.1]    
4H

V
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ρ

G

4H

1
GFf s

11    

where GF is a geometrical factor used to modify the one-dimensional elastic theory expression 

(i.e. solution with GF = 1) to account for 2-D boundary effects, H is wall height, G is shear 

modulus,  is density and Vs is shear wave velocity of the material. Values for GF matching the 

geometry of the numerical/physical tests under discussion are in the range of 1.24 to 1.8 using 

solutions published by Matsuo and Ohara (1960), Wu and Finn (1996) and Scott (1973). 

These solutions with GF computed for the rigid wall case give f11 = 21 to 31 Hz, which includes 

the numerical value of 30.5 Hz for the rigid wall case reported in Table 2.3. The free vibration 

results show that the numerical models used in this investigation were excited at a predominant 

frequency well below the fundamental frequency of these structures. Hence, numerical and 

physical test results were not complicated by proximity to model resonance.  

2.3.5 Construction of the numerical model 

The plane strain models were constructed in one step. Next, gravity was turned on in one step and 

the model was allowed to come to equilibrium. A constant amplitude sinusoidal base excitation 

record of 0.1g and a frequency of 9 Hz was then applied for 5 seconds to simulate the gentle 

shaking (vibro-compaction) that was used in the physical tests to compact the sand backfill in 200 

mm-thick lifts. It was noted that the initial lateral forces on the numerical walls were about 25% 
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higher and closer to the physical test results using this method rather than simply turning gravity 

on after the entire soil mass was in place. The increased load is due to the transient plasticity that 

was developed in the soil during hysteretic load-unload cycles. This simulated construction 

process captured what are believed to be initial locked-in stresses developed during the 

construction of the physical tests. 

Following compaction, the system was brought to equilibrium once again. The base and the two 

vertical boundaries of the models were then excited using the recorded base input accelerogram in 

the physical tests. Simulation runs took about 10 hours on a personal computer with a P4-3.6 GHz 

CPU and 1 GB of RAM memory. 

2.4 Numerical results 

2.4.1 Wall forces 

Wall force measurements are the most important parameter to quantify the wall performance with 

and without a geofoam buffer inclusion during dynamic loading. Figures 2.5 to 2.8 provide a 

summary of wall force versus time for both physical and numerical experiments. The vertical axis 

is the horizontal earth force on a per-metre running length of wall basis. For clarity in the figures, 

only maximum (peak) horizontal forces acting against the rigid wall structure are presented. 

The results of FLAC wall force predictions along with experimental results for Walls 1 (control), 

2 and 3 are presented in Figures 2.5a, 2.5b and 2.5c, respectively. There is good qualitative and 

quantitative agreement between the FLAC calculated total maximum wall forces and the 

experimental results. For Wall 3 there is some under-prediction of wall force in the FLAC 

simulation at the beginning of the test (the first 10 seconds of base excitation). This is believed to 

be due to possible locked-in stresses developed in the experimental test during backfill 
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compaction which could not be reproduced by the FLAC numerical model. However, after these 

stresses are exceeded the FLAC simulation results match the experimental record reasonably 

well.  

Figures 2.6 and 2.7 present the wall force-time results for Walls 4 and 6 with EPS geofoam 

buffer densities of 14 kg/m3 (elasticized) and 6 kg/m3. The numerical model results are 

consistently lower than the physical test results for these two walls but the overall qualitative 

trends are in good agreement (Figures 2.6a and 2.7a). The discrepancy may be due to locked-in 

compaction stresses discussed above. Alternatively, the back-calculated dynamic elastic modulus 

values for the EPS materials from the physical experiments (Zarnani and Bathurst 2007) may 

not be accurate for the static loading condition for these two cases. For example, if the initial 

static wall load is subtracted from the total measured values the numerical and physical tests are 

in good agreement (Figures 2.6b and 2.7b). These response curves can be interpreted as the 

dynamic component of wall force due to simulated earthquake loading.  

It should be noted here that no attempt was made to better match the predicted and measured wall 

load-deformation response after each test was returned to a static condition by adjusting the 

material properties. A range of horizontal stresses acting against the seismic buffers at the end of 

base shaking is possible, depending on the magnitude of outward or inward accelerations that 

existed at the instant the test was terminated. This may explain the large quantitative differences 

in measured and predicted load- and deformation-time response at the end of the corresponding 

plots in this chapter. In the paper by Zarnani and Bathurst (2007) it was noted that there was 

time-dependent stress relaxation recorded at the buffer. This is a complex mechanism that 

requires a constitutive model for both the soil and EPS material that is much more advanced than 
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the models used in this study that is focused on dynamic response of the soil-buffer system. 

However, from a practical point of view it is important to get the maximum seismic-induced wall 

force correct for design since this will control the design of the rigid wall behind the buffer. If the 

wall fails during earthquake loading the residual load level prediction is of no practical 

consequence. 

The results for Wall 7 with the lowest EPS geofoam density (1.3 kg/m3) are plotted in Figure 2.8. 

The qualitative and quantitative agreement between the FLAC results and the experimental 

results is judged to be very good. 

Figure 2.9 presents computed maximum force values from the physical tests and corresponding 

numerical values plotted against elastic modulus. The data confirm that there is generally good 

agreement between physical test values and numerical predictions with the possible exception of 

Walls 4 and 6 with EPS modulus of 1.6 and 0.7 MPa, respectively. 

Figure 2.10 shows a plot of the influence of EPS elastic modulus on the ratio of the total buffer 

load to the load measured by the control wall at the same peak base acceleration value. The data 

correspond to target peak acceleration amplitude levels ranging from 0.2g to 0.8g (see Figure 

2.3a). Both the physical test data and numerical results show the same log-linear trend of 

increasing load reduction (i.e. decreasing load ratio) with decreasing logarithm of buffer elastic 

modulus. However, the FLAC model generally under-estimates the force ratio on average, 

although there is an overlap in the range of data for the two sets of results.  The average ratio 

from numerical results ranges from 78 to 49% (corresponding to an average reduction in total 

earth force from 22 to 51%) which is close to the range of 83 to 56% (corresponding to an 
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average reduction in total earth force from 17 to 44%) from the physical test results for the range 

of EPS modulus and acceleration levels investigated in these simulations.  

2.4.2 Seismic buffer compression-time response 

During an applied load cycle in the physical tests each potentiometer at the buffer-sand interface 

recorded a cycle of deformation versus time. Included in this cycle is a maximum compression 

value. However, the maximum compression value was not, in general, the same for all four 

potentiometers. The plots in Figure 2.11 show the average maximum compression value from all 

four potentiometer responses during a load cycle. Also plotted are the ranges of maximum 

compression values recorded by the four potentiometers during each load cycle. This range 

appears as the shaded region in each of the plots in Figure 2.11. The physical data show that the 

range of compression values was least for the stiffest geofoam case (Wall 2) and greatest for the 

softest geofoam case (Wall 7).  

For Walls 2, 3 and 4 the maximum buffer compression was less than the 1% elastic strain limit 

during the entire model excitation. For Wall 6 the maximum buffer compression exceeds the 1% 

elastic strain limit at about 55 seconds from the beginning of dynamic loading corresponding to 

about 0.5g base acceleration magnitude. For Wall 7, the corresponding time and acceleration 

magnitude are 50 seconds and 0.5g, respectively. Hence, over a large part of the peak acceleration 

range for the two walls with the least stiff geofoam buffer, the material was within the elastic 

limit, while later in the same tests non-recoverable (plastic) deformations occurred (Zarnani and 

Bathurst 2007). 

Superimposed on these plots are the average compression values from the corresponding 

numerical simulations. There is reasonably good qualitative agreement between data sets and in 
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some cases the quantitative compression-time responses are very close. It should be noted that 

during trial simulations conducted during this study, small adjustments in the modulus values 

from those selected here were observed to give better compression-time response but at the 

expense of load-time accuracy. The discrepancies between physical results and numerical 

predictions reported here are likely due to a combination of model simplicity and physical 

measurement accuracy. 

The data points shown in the plots of Figure 2.12 trace the buffer compression profile at the time 

the maximum buffer compression value was recorded along the height of the buffer in each test. 

Hence the data points are time coincident. Consistent with the data in Figure 2.11, measured 

compression values increase with decreasing geofoam modulus (or density). Furthermore, the 

shape of the compression profile changes from monotonically increasing deformation with height 

above base for the stiffest buffer case, to a sigmoidal shape for the softest material. 

The non-uniform profiles suggest that lateral earth pressure along the height of the geofoam 

buffers was not uniform during dynamic loading (Zarnani and Bathurst 2007). For the 

unmodified EPS buffer models (Walls 2, 3 and 4) there is good agreement between physical and 

numerical results. However, the FLAC model did not capture the sigmoidal shape for buffer 

compression profiles for the walls with the modified EPS geofoam material. The sigmoidal shape 

of the buffer compression profiles for Walls 6 and 7 is consistent with evidence of lateral out-of-

phase deformations of the sand backfill along the height of the buffer based on measurements 

from embedded accelerometers. In all tests the retained soil mass did not move monolithically 

with time. Different deformation mode shapes for the sand–geofoam buffer systems during 

excitation are likely the result of the stiffness of the buffer materials.  Nevertheless, the numerical 
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values and range of physical test results overlap and average buffer compression values are in 

reasonable agreement (Figures 2.11d and 2.11e). 

2.5 Conclusions  

A series of numerical simulations are reported using a FLAC model to predict the dynamic load-

compression response of seismic buffers placed against a rigid wall and excited using a large 

shaking table. The constitutive models used for the component materials in the simulations (i.e. 

soil and EPS geofoam) were kept purposely simple as a first attempt to simulate the physical test 

results. For example, hysteresis damping was modelled during load-unload cycles when soil shear 

stresses reached failure values defined by the friction angle of the cohesionless backfill. 

Qualitative total earth force-time response features were captured by the model and in most cases 

the quantitative values were in good agreement. The model performed very well when the 

dynamic wall forces generated during base excitation were compared to the corresponding values 

computed from the physical test results. Buffer compression-time response was less accurate 

using dynamic elastic modulus values back-calculated from the physical tests that used modified 

EPS geofoam materials. Nevertheless, the range of predicted compression values was judged to 

be reasonably accurate in all simulations results.  

The FLAC model described here holds promise as a tool to investigate the prototype-scale 

response of seismic buffers using a wider range of geofoam or other buffer products, 

compressible layer thickness, wall heights, seismic records and different soil backfills. However, 

the accuracy of the model with respect to deformation-time response is likely restricted to 

relatively stiff seismic buffer systems with simple deformation mode shapes.  
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Table  2.1 Soil properties (from El-Emam and Bathurst 2004, 2005, 2007). 

Property Value 

 
From direct 

shear box tests* 

Back-calculated from direct shear 

box test simulations using FLAC 

Peak angle of friction (degrees) 51 58 

Residual friction angle  (degrees) 46 46 

Cohesion 0 0 

Peak dilation angle  (degrees) 15 15 

Shear modulus (MPa) - 7 

Bulk modulus (MPa) - 6 

Bulk unit weight (kN/m3) 15.7 

* specimens 10 cm by 10 cm in plan area 
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Table  2.2 EPS geofoam buffer properties. 

Wall 
number 

Geofoam 
type a 

Density, 
 

(kg/m3) 

Elastic modulus, Ei   

(MPa) Buffer 
stiffness g, 

K=E/t  
(MN/m3) 

Poisson’s 
ratio h 

Yield 
strength 
(kPa) h Literature 

Back-calculated from 
physical tests 

Value used in 
FLAC 

simulations Min. Max. Ave. 

1 Control wall with no EPS geofoam buffer 

2 I 16 
4.7 e 

(5.08 ±1.89) f 
4.1 5.3 4.8 4.5 30 0.1 60.9 

3 XI 12 
3.1 e 

(3.31 ±1.48) f 
2.0 4.9 3.2 3.3 22 0.1 33.6 

4 Elasticized 14 0.27 e 0.89 2.1 1.3 1.6 10.7 0.1 47.2 

5 i XI 6 b - 0.4 0.62 0.53 --- --- --- --- 

6 XI 6 c - 0.38 0.71 0.6 0.7 4.7 0.1 16.8 

7 XI 1.32 d - 0.21 1.9 0.38 0.4 2.7 0.1 8.0 

 
Notes:     a: ASTM C 578-06 (2006) classification system. Note: Since the original experimental work was carried out a modified classification system for geofoam has been 

published as ASTM D 6817-06 (2006); b: 50% of material removed by cutting strips, density of intact EPS geofoam = 12 kg/m3; c: 50% of material removed by coring, density of 

intact EPS geofoam = 12 kg/m3; d: 89% of material removed by coring, density of intact EPS geofoam = 12 kg/m3; e: manufacturer’s literature; f: average modulus and standard 

deviation using published correlations with density (Bathurst et al. 2007a); g: t = thickness of the geofoam buffer which was 150 mm in all tests; h: from correlations proposed by 

Horvath (1995); i: numerical simulations were not carried out for this model because the density of the EPS buffer was the same as for Wall 6 
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Table  2.3 Fundamental frequency in the sand backfill at locations equidistant from the vertical 
boundaries of the backfill (based on displacement-time response from FLAC free vibration 
simulations). 
 

Wall 

number 
Type 

Height above foundation base 

0.2 m 0.5 m 
1 m (top of 

backfill) 

Fundamental frequency (Hz) 

1 Rigid 30.5 30.5 30.5 

2 
EPS geofoam 

= 16 kg/m3 
29 29 23.8 

7 
EPS geofoam 

= 1.3 kg/m3 
27.5 27.5 19 
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Figure 2.1 Experimental shaking table test arrangement. 

 

 

Figure 2.2 FLAC numerical grid showing geofoam buffer, sand backfill and boundary 
conditions. 
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Figure  2.3 Stepped-amplitude sinusoidal base input excitation record. 
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Figure  2.4 Fundamental frequency of the numerical model for wall with EPS geofoam density of 
16 kg/m3 (Wall 2) based on free vibration simulations: a) horizontal displacements at mid-height 
on the geofoam-soil interface; b) horizontal displacements at the middle of the backfill; c) 
accelerations at the middle of the backfill; d) total wall force measurements. Note: Middle of 
backfill corresponds to the location of ACC2 in Figure 2.1. 
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Figure  2.5 Maximum wall force-time response for: a) Wall 1, no geofoam; b) Wall 2, EPS 
density = 16 kg/m3; c) Wall 3, EPS density = 12 kg/m3. 
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Figure  2.6 Wall 4 (Elasticized EPS density = 14 kg/m3) force-time response: a) maximum total 
wall force; b) dynamic component of wall force. 
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Figure  2.7 Wall 6 (EPS density = 6 kg/m3) force-time response: a) maximum total wall force; b) 
dynamic component of wall force. 
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Figure  2.8 Maximum wall force-time history for Wall 7 (EPS density = 1.32 kg/m3). 
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Figure  2.9 Experimental and numerical maximum total wall force for different walls at three 
different peak base acceleration levels. 

 

 

Figure  2.10 Ratio of total seismic buffer force to total force on control wall at the same peak base 
acceleration level versus elastic modulus of geofoam buffer. 
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Figure  2.11 Buffer compression-time response for all walls: a) Wall 2; b) Wall 3; c) Wall 4; d) 
Wall 6; e) Wall 7. 
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Figure  2.12 Time-coincident buffer compression profiles over the wall height at peak 
compression for all walls: a) Wall 2; b) Wall 3; c) Wall 4; d) Wall 6; e) Wall 7. 
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Chapter 3 

Influence of Constitutive Model on Numerical Simulation of EPS 

Seismic Buffer Shaking Table Tests1 

3.1 Introduction 

Experimental evidence in support of the seismic buffer concept to reduce earthquake-induced 

dynamic loads against rigid walls has been reported by Bathurst et al. (2007) and Zarnani and 

Bathurst (2007). They reported the results of a series of shaking table tests carried out on a rigid 

wall with different expanded polystyrene (EPS) materials used as a vertical seismic buffer placed 

between the rigid wall and a sand backfill. The physical results showed that the total lateral earth 

load reduction at peak accelerations from 0.2g to 0.8g for walls with seismic buffers varying only 

with respect to elastic modulus (or density) ranged from 17 to 44% compared to the control wall. 

The writer used the program FLAC (Itasca 2005) to simulate the physical test results cited above. 

These results are reported in Chapter 2 (Zarnani and Bathurst 2008a). The simulations were 

carried out using a linear elastic-plastic constitutive model with Mohr-Coulomb criterion and 

Raleigh damping. The same model type was used for the seismic buffer and the sand backfill. 

Comparison between physical test results and numerical simulations showed that qualitative total 

earth force-time response features were captured by the model and in many cases the quantitative 

values were in good agreement. However, there were some quantitative differences particularly at 

large base excitation levels that may be due to the limitations of the simple model employed. In 

this chapter the influence of constitutive model type on load-time history of three of the walls is 

                                                      
1 A version of this chapter has been published as: 
 
Zarnani, S. and Bathurst, R.J. 2009. Influence of constitutive model on numerical simulation of EPS 
seismic buffer shaking table tests. Geotextiles and Geomembranes, 27(4): 308-312. 
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examined. Numerical simulations using the simple model reported in Chapter 2 are compared to 

physical test results and predictions using an advanced nonlinear cyclic model with hysteresis 

damping for the component materials. The numerical mesh was generated using nodes placed on 

a square grid with 0.05 m centres. The dynamic calculation time step was set automatically by 

FLAC at 1.18E-5 and 4.67E-6 seconds for M-C model and ELM model, respectively. This 

chapter is an expanded and modified version of a paper that appears in the proceedings of the 

First Pan American Geosynthetics Conference (Zarnani and Bathurst 2008b). 

3.2 Constitutive models 

The finite difference numerical program FLAC was used to simulate the shaking table tests. A 

description of the boundary conditions employed, construction simulation and base excitation 

history applied to the models can be found in Chapter 2 (Zarnani and Bathurst 2008a).  

3.2.1 Linear elastic-plastic model 

The first model is linear elastic-plastic with Mohr-Coulomb criterion and Raleigh damping (3%). 

The model is shown in Figure 3.1. The model captures hysteretic load-unload behaviour if 

plasticity occurs. The material properties for the elastic-plastic model and how they were selected 

are reported in Chapter 2 and for brevity are not repeated here. 

3.2.2 Equivalent linear method (ELM) 

The second model, first introduced by Seed and Idriss (1969), is more sophisticated and is called 

the equivalent linear method (ELM). This model simulates nonlinear cyclic behaviour including 

shear modulus degradation with shear strain and strain-dependent damping ratio. The model is 

illustrated conceptually in Figure 3.2. The inclination of each loop is dependent on the material 

stiffness described by the secant shear modulus (G). The breadth of the hysteresis loop is related 

to the area inside the loop which is a measure of energy dissipation and can be described by the 
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damping ratio  (Figure 3.2a). The tips of the hysteresis loops at different cyclic shear strain 

amplitudes create a locus of points which form the backbone curve (Figure 3.2b). Cyclic shear 

strain amplitude affects the secant shear modulus of soils; at low strain amplitudes the secant 

shear modulus is high but it decreases as the strain amplitude increases. The slope of the 

backbone curve at the origin corresponds to the maximum tangent shear modulus (Gmax) but at 

greater cyclic shear strain amplitudes the modulus ratio G / Gmax will drop to values less than one. 

This variation of shear modulus ratio with shear strain is graphically represented by a modulus 

reduction curve which provides the same information as the backbone curve. The breadth of the 

hysteresis loops also increases with increasing cyclic shear strain amplitude which indicates that 

the damping ratio increases with increasing strain amplitude. The ELM hysteresis option has been 

implemented in the FLAC model. In this method, modulus degradation curves imply a nonlinear 

stress-strain curve. For an ideal soil in which the stress depends only on the strain (not on the 

number of cycles or time) the incremental constitutive relation can be derived from the 

degradation curves and used in the numerical time-domain simulation in the form of: 

[3.1]     γMγτ sec                                                                                      

where maxGττ   is the shear stress normalized by the maximum tangent shear modulus,  is 

shear strain and Msec() is the strain-dependent secant modulus. The normalized tangent modulus 

Mtan is then obtained by: 

[3.2]     
dγ

dM
γγM

dγ

τd
M sec

sectan                                                            

The tangent shear modulus during each calculation step is updated to Gmax × Mtan, rather than 

using a constant value of Gmax.  
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The implemented hysteretic model uses a continuous function to represent the modulus 

degradation curve. In this study a sigmoidal function was used for the EPS geofoam and a default 

FLAC function used to model the sand as discussed later. 

To complete the ELM method introduced above, two Masing rules are used in FLAC to specify 

the behaviour at the strain reversal points. These rules state that a new (but inverted) function is 

initiated at the reversal point which implies that the initial tangent unload modulus at the reversal 

point is also equal to Gmax. All other cycles are scaled by a factor of two compared to the first 

quarter-cycle of the loading (the backbone curve in the positive shear stress/strain quadrant). 

Another rule used in this method is that the original loading path is restored if a sub-cycle (or a 

small unload-reload loop) occurs (Cundall 2006).  

Degradation curves for the equivalent linear method (ELM) were used along with the shear yield 

strength for both geofoam and backfill soil described by the Mohr-Coulomb failure criterion. 

Below the yield strength the response remains continuously nonlinear. The FLAC hysteresis 

response was fitted to cyclic laboratory results, and plasticity parameters (e.g. cohesion and 

friction angle) were matched to static laboratory strength tests. 

3.2.3 Modulus degradation and damping properties for EPS geofoam 

Little research has been done on the dynamic properties of EPS geofoam materials. O’Brien 

(2001) carried out cyclic uniaxial unconfined compression tests on cylindrical EPS geofoam 

specimens with densities ranging between 20 and 55 kg/m3. He showed that the stiffness of 

geofoam diminished with increasing strain amplitude. Duskov (1998) determined the dynamic 

elastic modulus for two grades of EPS geofoam (EPS15 and EPS20 – densities of 15 kg/m3 and 

20 kg/m3, respectively) using an electro-dynamic method and cyclic uniaxial compression tests. 

Duskov showed that there was no change in stiffness of geofoam during cyclic loading provided 
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stress levels were within the elastic range of the material. However, O’Brien and Duskov did not 

generate shear modulus degradation and damping ratio curves that could be used in the ELM 

approach described in the current study.  

Athanasopoulos et al. (1999, 2007) carried out cyclic uniaxial and triaxial tests, resonant column 

and bender element tests to quantify the dynamic properties of different types of EPS geofoam 

with densities ranging from 12 to 30 kg/m3. These densities capture the range of densities for the 

two EPS seismic buffers used in the physical tests reported later.  The resonant column and cyclic 

uniaxial tests were performed under zero confining pressure. In the cyclic uniaxial tests the 

loading frequency ranged between 0.01 to 2 Hz and the cyclic axial strains ranged between 0.2 

and 8% (Athanasopoulos et al. 1999). In the resonant column tests the frequency of vibration for 

the geofoam specimens ranged from 30 to 70 Hz. For the bender element tests the wave 

frequency ranged from 6.5 kHz to 10 kHz and the amplitude of vibration was less than 10-6 

(Athanasopoulos et al. 2007). Dynamic shear modulus and damping ratio were calculated for 

each test at different cyclic shear strain amplitude.  It was found that the loading frequency did 

not affect the dynamic modulus of elasticity but the value of damping ratio decreased with 

increasing frequency. Also, there was no significant difference in damping ratio value for the 

different types of EPS geofoam.  

Ossa and Romo (2008) also carried out resonant column and cyclic triaxial tests (frequency of 1 

Hz) on EPS geofoam specimens with constant confining pressures varying from 0 to 60 kPa. 

However, the materials tested had higher densities (24 to 32 kg/m3) than the materials in the 

RMC physical shaking table tests. Nevertheless, Ossa and Romo also showed the same 

qualitative features for modulus degradation and damping ratio as a function of cyclic strain level 
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reported by Athanasopoulos et al. (1999, 2007). They also showed that confining pressure and 

density had a negligible effect on damping ratio. 

The three-parameter sigmoidal function available in FLAC was used to simulate the shear 

modulus degradation curve for EPS geofoam. The function is expressed as: 

[3.3]    
  bxLexp1

a
M

0
sec 

                                                                  

Here, L = log10  and a, b and x0 are constants determined by fitting to experimental data. In 

order to find the best fit, separate FLAC simulations with different cyclic shear strain amplitudes 

were performed on unit volumes in this study. These simulations were carried out for a range of 

cyclic strain levels (i.e. Figure 3.2b) and the resulting ratio of G / Gmax and damping ratio were 

calculated for each case. The values of Gmax for geofoam and soil were the same values used in 

the linear elastic-plastic models. The collected data points were then compared to degradation 

curves reported by Athanasopoulos et al. (1999, 2007) and best-fit parameters selected through 

trial and error.  

Figure 3.3a shows the 3-parameter sigmoidal function available in FLAC fitted to the average 

modulus degradation curve reported in the papers by Athanasopoulos et al. (1999, 2007) for EPS 

geofoam with densities between 12 and 30 kg/m3. Data reported by Ossa and Romo (2008) for 

shear modulus degradation of geofoam specimens with density of 24 kg/m3 under three different 

confining pressures are also shown in Figure 3.3a. There is generally good agreement between 

all physical test results and predictions using the FLAC sigmoidal function with a = 1.1, b = -0.5 

and x0 = -0.08.  
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Figure 3.3b illustrates the 3-parameter sigmoidal function available in FLAC fitted to the 

damping ratio versus shear strain data reported by Athanasopoulos et al. (1999) and Ossa and 

Romo (2008). Experimental shaking table results reported by the writer showed that the 

compressive strains in the unmodified EPS geofoam were less than 1%. Hence, there is 

satisfactory agreement between the sigmoidal function and the experimental data for the damping 

ratio over the range of shear strains of interest (i.e. up to about 1%).  

Additional dynamic element tests on EPS geofoam materials were performed by the writer after 

the original version of this chapter was published as Zarnani and Bathurst (2009). This data is 

now added here. Resonant column tests (RC) were carried out using specialized equipment at the 

University of Waterloo. Two different EPS geofoam materials were tested having densities of 15 

and 29 kg/m3. The cylindrical specimens had diameter of 70 mm and height 150 mm. The 

specimens were tested at zero and 20 kPa confining pressures. Cyclic uniaxial tests (CUX) were 

performed at Queen’s University on EPS geofoam specimens with density of 15 kg/m3 and the 

same dimensions as the RC specimens. One-Hz cyclic loading was applied under both 

displacement-controlled (CUX-D) and load-controlled (CUX-L) modes. These test results are 

plotted (red symbols) with the original published data in Figures 3.3a and 3.3b. The results show 

that there is reasonably good agreement between the new data points and different sets of older 

data. Where there are discrepancies (e.g. stiffer response in the vicinity of 0.3% strain) this may 

be due to the larger size of the specimens tested by the writer. Based on the writer’s experience 

during performing RC tests on EPS geofoam, the treatment of the interface between EPS 

geofoam specimen and the top cap of RC test equipment can also influence RC test results. 

Nevertheless, the shape of the new data shows reasonably good agreement with the 3-paramter 

sigmoidal function used in FLAC simulations. 
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3.2.4 Modulus degradation and damping properties for sand backfill  

Resonant column and cyclic test results on the sand backfill used in the physical shaking table 

tests were not available at the time the original chapter was published as Zarnani and Bathurst 

(2009). Instead, the (default) shear modulus degradation function for sandy soils proposed in the 

FLAC manual was used (Seed and Idriss 1970). The S-shaped curve of modulus versus 

logarithm of cyclic shear strain can be represented by a cubic equation with zero slope at both 

low strain and high strain. Thus: 

[3.4]    
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where L = log10  and L1 and L2 are the extreme values of logarithmic strain (i.e. the values at 

which the tangent slope becomes zero).  This simpler default function rather than the more 

complicated sigmoidal function described in the previous section was selected for numerical 

modelling purposes together with typical parameters recommended in the FLAC manual.  

The shear modulus degradation curve and the damping ratio variation adopted for the sand are 

illustrated in Figure 3.4a and 3.4b, respectively. The FLAC curve in this plot was generated by 

assuming L1 = -3.325 and L2 = 0.823. The curves in these figures show that the FLAC model falls 

within the range of shear modulus and damping ratio values reported by Seed and Idriss (1970).  

RC tests were performed on the soil after the paper by Zarnani and Bathurst (2009) appeared 

using the same specialized equipment at the University of Waterloo and specimen size described 

earlier. The soil specimens were tested at 47 and 80 kPa confining pressure. These data are 

plotted as symbols in Figure 3.4. These data show good agreement with the functions used in the 
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FLAC simulations and the range of data reported by Seed and Idriss (1970). Additional data 

from the RC tests on this backfill soil are presented in Chapter 7. 

3.3 Numerical results 

In this chapter the results of three numerical simulations representing the control case (with no 

geofoam seismic buffer) and configurations with two EPS geofoam densities (16 kg/m3, 14 kg/m3 

elasticized) are compared to the corresponding experimental results. The most important 

performance feature of interest is the magnitude of lateral force acting on the rigid wall through 

the seismic buffer. The maximum wall force versus time response curves are presented in Figure 

3.5. Rayleigh damping at a constant value of 3% was used in the simulations with elastic-plastic 

constitutive models. While not shown here, there was no visually obvious improvement in load-

time response using a value of 5%.  

Three general observations can be made from the plots in Figure 3.5: 1) Both the linear-elastic 

plastic and ELM models capture qualitative trends in the measured data during base excitation; 2) 

With increasing time, numerical predictions using the ELM approach are larger than results using 

the elastic-plastic model; and 3) Quantitative accuracy of each numerical model varies with test 

configuration and elapsed time (or peak base excitation level).  

For the control case (wall with no geofoam buffer, Figure 3.5a) the numerical results using the 

ELM approach gave higher values at elapsed time greater than (say) 20 seconds, compared to the 

numerical results with Rayleigh damping and the experimental data. 

The results for the walls with EPS geofoam seismic buffers (Figures 3.5b, 3.5c) show that both 

numerical approaches give almost identical results at elapsed times less than 50 to 60 seconds. 

Despite the simplicity of the first constitutive model, it was able to capture hysteresis and 



 

62 

 

damping effects in the soil indirectly by allowing the soil to achieve plasticity (as illustrated in 

Figure 3.1). Transient plasticity was confirmed in the numerical simulations by tracking the 

stress paths of numerical grid points during simulation runs.  

The advanced ELM model gave predictions that were closer to the measured results for Wall 4 

with the most compressible EPS when model accelerations and total wall forces were greatest. It 

may be argued that the ELM approach has the advantage that predictions are more conservative 

(safer) for design particularly at high base excitation levels. However, if only the dynamic 

component of earth load is considered (i.e. subtract the initial static load in each test from the 

total peak load response curve) the simpler elastic-plastic predictions are visually more accurate 

for the two seismic buffer configurations.  

The numerical under-prediction at the beginning of Tests 1 and 4 is related to the challenge of 

capturing the initial locked-in stresses that were generated at the time the physical test was gently 

vibro-compacted during construction. The initial numerical under-prediction is greater for the 

wall with the more compressible elasticized geofoam. It may be reasoned that this wall 

configuration (in the physical test) was able to deform more during vibro-compaction leading to 

initially higher locked-in lateral stresses against the geofoam buffer.  

Both methods over-estimated the wall forces after the model was returned to a static condition. 

Nevertheless, it is important to capture the test results at the highest acceleration levels since 

these results will determine the structural requirements of the rigid wall in a practical design 

application. Additional discussion on initial test conditions and system response at the end of base 

shaking can be found in Chapter 2.  
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3.4 Conclusions 

The results of three physical shaking table tests using geofoam seismic buffers reported by 

Bathurst et al. (2007) and Zarnani and Bathurst (2007, 2008a) were compared to numerical 

predictions using two different modelling approaches implemented within a FLAC code. The first 

approach used a simple linear elastic-perfectly plastic model for the geofoam and sand backfill. 

The second approach adopted the equivalent linear method (ELM) to model nonlinear cyclic and 

hysteresis damping behaviour of the EPS geofoam and sand backfill. 

Both methods captured the qualitative trends in the measured load-time history of the walls and in 

many instances were in good quantitative agreement with measured data. However, the ELM 

approach typically gave higher predictions of total peak wall forces particularly at greater 

excitation levels.  The advanced ELM model gave predictions that were closer to the measured 

results for the seismic buffer test with the most compressible EPS when model accelerations and 

total wall forces were greatest. However, if only the dynamic increment of force is considered, 

the simpler model can be argued to be sufficiently accurate over much of the load-time history of 

the systems for practical purposes. 

Both methods offer the possibility to investigate the seismic response of systems with a range of 

seismic buffer configurations that cannot be investigated practically using shaking table tests. 

Numerical modelling of seismic buffer systems with different material properties and subject to a 

suite of earthquake records can be carried out to optimize the selection of geofoam thickness and 

density for project-specific conditions. 
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Figure  3.1 Cyclic loading condition in elastic-plastic model with Mohr-Coulomb failure 
criterion. 

 

 

 

 

 

Figure  3.2 Typical cyclic hysteresis behaviour: a) nonlinear backbone curve illustrating damping 
ratio; b) different cycles of unload-reload with hysteresis behaviour. 
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Figure  3.3 Variation of: a) shear modulus; b) damping ratio with cyclic shear strain amplitude for 
EPS geofoam. 
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Figure  3.4 Variation of: a) shear modulus; b) damping ratio with cyclic shear strain amplitude for 
sand.  
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Figure  3.5 Total peak wall force versus time for: a) rigid control wall and, walls with EPS 
geofoam seismic buffer: b) density of 16 kg/m3; c) density of 14 kg/m3 (elasticized). 
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Chapter 4 

Numerical Parametric Study of EPS Geofoam Seismic Buffers1 

4.1 Introduction 

Previous research has shown that placing a suitable compressible vertical inclusion against a rigid 

structure can reduce static earth pressures to values that are close to the minimum theoretical 

active earth pressure (Partos and Kazaniwsky 1987; McGown and Andrawes 1987; McGown 

et al. 1988). Karpurapu and Bathurst (1992) carried out a parametric study using a finite 

element method (FEM) numerical model that was first verified against physical test results 

reported by McGown and Andrawes (1987) and McGown et al. (1988). Their results were 

presented in the form of design charts for selection of a minimum thickness and modulus for the 

compressible inclusion to achieve a minimum earth pressure condition when in combination with 

a range of cohesionless backfill materials compacted at different densities. The application was 

extended by Hatami and Witthoeft (2008) who reported the results of numerical modelling of 

compressible inclusions placed between the reinforced soil zone and retained soil zone in 

geosynthetic reinforced soil walls. They showed that the total forces used in external sliding and 

overturning modes of failure could be reduced by about 30 and 25%, respectively. 

Today the choice for the compressible inclusion is block-molded low-density expanded 

polystyrene (EPS), or geofoam according to modern geosynthetics terminology. EPS geofoam is 

typically classified based on nominal density, which can be correlated to other mechanical 

properties.  

                                                      
1 A version of this chapter has been published as: 
 
Zarnani, S. and Bathurst, R.J. 2009. Numerical parametric study of EPS geofoam seismic buffers. Canadian 
Geotechnical Journal, 46(3): 318-338. 
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Rigid soil retaining wall structures including basement walls and bridge abutments may be 

required to resist much greater earth pressures during an earthquake than under static conditions. 

The first documented field installation of an EPS seismic buffer is reported by Inglis et al. 

(1996). FLAC numerical modelling was used to design the system. The models predicted that a 1 

m-thick layer of EPS geofoam placed between a 10 m-high wall and granular backfill could 

reduce lateral loads during an earthquake event by 50% compared to the unprotected wall option. 

4.2 Review of related work 

The application of the compressible inclusion concept to dynamic loading conditions has been 

investigated by Zarnani and Bathurst (2007a) and Bathurst et al. (2007a) using a shaking table 

located at the Royal Military College of Canada (RMC). The tests were carried out on 1 m-high 

rigid walls with and without EPS seismic buffers, and a cohesionless soil backfill extending 2 m 

beyond the rigid wall (or buffer). The wall, seismic buffer and sand backfill were contained 

within a rigid strong box fixed to the shaking table. The thickness of the geofoam was kept 

constant at 0.15 m. Five different geofoam materials with densities of 16, 14 (elasticized 

geofoam), 12, 6 and 1.3 kg/m3 were used. The densities below 12 kg/m3 were achieved by 

removing material by drilling holes or cutting strips from the virgin geofoam sheets. A stepped-

amplitude sinusoidal base excitation record with predominant frequency of 5 Hz and maximum 

acceleration amplitude of about 0.8g was applied to the shaking table. The experimental results 

showed that by placing a geofoam compressible inclusion at the back of the rigid wall the seismic 

earth forces at peak base excitation amplitude of about 0.7g could be reduced by 15 to 40% 

compared to the rigid wall case. The greatest force reduction occurred for the geofoam buffer 

with lowest density corresponding to the material with the lowest initial elastic tangent modulus. 
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Numerical modelling has been carried out to study the performance of EPS seismic buffers for 

dynamic load attenuation (Zarnani and Bathurst 2005, 2006; Hazarika 2001; Hazarika et al. 

2003).  However, parametric numerical studies to investigate the seismic buffer performance as a 

function of buffer geometry, buffer properties, and dynamic loading is restricted to the studies 

described below. 

Pelekis et al. (2000) used a finite element method (FEM) model to investigate the influence of 

different variables on a cantilever soil retaining wall with an EPS geofoam seismic buffer. The 

height of the wall was H = 3.3, 4.8 and 7 m. The thickness of the EPS geofoam layer placed 

between the backfill material and the retaining wall was varied from 0.2 to 0.8 m. The initial 

shear modulus of the EPS geofoam varied between 2, 3.5 and 5 MPa, with zero Poisson’s ratio. 

The initial shear modulus for the backfill soil was taken as 40, 80 and 140 MPa with Poisson’s 

ratio equal to 0.3. The input excitation records that were applied to the bottom horizontal 

boundary of the model were actual earthquake accelerograms with predominant frequency of 3 

Hz and 2 Hz. The peak acceleration amplitude was varied by scaling the accelerograms to 0.1g, 

0.25g and 0.5g. Pelekis et al. (2000) concluded that the thickness of the EPS geofoam had a 

pronounced effect on the magnitude of seismic load reduction, especially for geofoam thickness 

up to about 0.05H. They also showed that the intensity of motion (peak acceleration) did not 

affect the seismic load attenuation significantly. 

Armstrong and Alfaro (2003) used a FLAC finite difference method (FDM) model to simulate a 

10 m-high rigid retaining wall with and without an EPS seismic buffer. Two different 

cohesionless backfill materials with friction angle of 30° and 35° were considered. Only one 

seismic buffer material with a density of 30 kg/m3, initial elastic modulus of 4 MPa and Poisson’s 

ratio of 0.1 was investigated. Four different buffer thickness values of 250, 500, 750 and 1000 
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mm were examined. Five percent Rayleigh-type damping was applied to the system during 

shaking. The dynamic input excitation was applied to the base of the model by a sinusoidal 

velocity record with a frequency of 1.5 Hz for 2 seconds. The peak input velocity was 0.2 m/s, 

which was equivalent to a peak acceleration of about 1.9g. The results were presented in the form 

of charts with normalized contact stress (i.e. horizontal wall pressure using geofoam inclusion 

divided by pressure for the corresponding control case computed from an analytical solution) 

versus normalized height of the wall for different thickness of geofoam buffer and the two 

different backfill materials. The excitation record and duration, geofoam properties and problem 

geometry were very different from parameters assumed in the current investigation and hence 

quantitative comparisons are difficult to make. 

A numerical parametric study of EPS seismic buffers was carried out by Athanasopoulos et al. 

(2007) using the FEM program PLAXIS. The flexibility of the retaining wall and its effect on the 

performance of the EPS seismic buffer was first investigated. They showed that as wall flexibility 

increased, the isolation efficiency of the seismic buffer (ratio of change in wall force between 

rigid and seismic buffer cases divided by peak wall force without buffer) also improved (became 

greater). The difference in response between perfectly rigid walls and walls with typical modulus 

values was found to be less than 16%. Hence, they focused their study on the performance of 

perfectly rigid retaining walls with and without a seismic buffer. EPS geofoam densities of 15, 20 

and 25 kg/m3 were examined. The thickness of the geofoam was varied between 0.05H and 0.4H. 

Two wall heights H = 4 and 8 m were investigated. The base input excitation was a harmonic 

sinusoidal record with peak acceleration magnitude of 0.1g, 0.3g and 0.5g. The frequency of the 

input excitation varied between 0.5 Hz and 20 Hz. It was observed that the dynamic load 

attenuation of the seismic buffers decreased with increasing wall height especially for the 
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stronger ground motions. However, the model results illustrating the effect of wall height do not 

correspond to the same ratio of excitation frequency to natural frequency of the wall. In other 

words the effect of wall height may have been masked by the effect of different input excitation 

frequency ratios. In the current study the effect of wall height is investigated systematically. 

Athanasopoulos et al. (2007) found that the isolation efficiency of the seismic buffers was 

reduced significantly when the excitation frequency was in the vicinity of the fundamental 

frequency of the buffer-backfill system. They concluded that the seismic isolation system 

remained fully effective only when the predominant frequency of base input excitation was less 

than 30%, or greater than 200% of the fundamental frequency of the system. Finally, 

recommendations were given in the form of a chart for selection of buffer thickness for three 

different peak acceleration magnitudes that will give a 50% reduction in seismic load for walls 

with heights from 4 to 8 m using a seismic buffer with EPS density of 20 kg/m3. For shorter walls 

(H < 2.5 m) they proposed that for the same EPS material a seismic buffer with minimum 

thickness of about 0.04H was required to achieve the same load reduction.  

Athanasopoulos et al. (2007) also investigated whether load attenuation is due to the low density 

of the geofoam or its high compressibility (low modulus) relative to the soil materials. They 

conducted two identical simulations: in one, the EPS density was kept at its original value but its 

modulus was changed to the modulus of the backfill soil; in the other simulation, the density of 

the geofoam was changed to the density of soil but its modulus was kept at its original value. 

Numerical results showed that for both weak and strong excitations the isolation efficiency of 

geofoam is derived almost entirely from its low modulus rather than its low unit weight. Hence, 

in the current numerical investigation references to density of the geofoam buffer materials are 
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used largely to distinguish one material from another while the corresponding modulus and 

thickness values are understood to be the practical properties of interest.  

4.3 Current investigation 

In this chapter the influence of wall height, EPS geofoam type, buffer thickness, and base input 

excitation on seismic buffer performance are investigated using a FDM model.  

An important distinction between this parametric study and previous numerical studies by Pelekis 

et al. (2000) and Armstrong and Alfaro (2003) is that the numerical model used here has been 

verified against the results of the RMC experimental shaking table tests described earlier 

(Zarnani and Bathurst 2007a). The qualitative and quantitative agreement between the physical 

and numerical simulation results in the previous study was achieved using a simple linear-elastic 

perfectly plastic constitutive model for the soil and buffer materials (Zarnani and Bathurst 2008 

– Chapter 2). Zarnani and Bathurst (2009) (Chapter 3) repeated numerical simulations using 

the equivalent linear method (ELM) which incorporates hysteretic load-unload cycles using 

Masing-type functions and strain-dependent shear modulus and damping ratio functions. The 

ELM constitutive models were applied to both the geofoam buffer and sand backfill in both 

approaches. However, the simpler linear-elastic perfectly plastic model was demonstrated to be 

sufficiently accurate for practical purposes particularly when the focus of design is on the 

reduction of the dynamic force increment against a rigid structure. 

The numerical study reported here differs from that reported by Athanasopoulos et al. (2007) 

because a varying amplitude sinusoidal base excitation record is used rather than a constant 

amplitude function. The former is believed to be a better representation of seismic-induced time-

varying base excitation in the field. This chapter is an expanded version of a conference paper by 

Zarnani and Bathurst (2007b) and reports new results corresponding to a wider range of buffer 
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thickness, wall heights and base input excitation records including actual and synthetic 

earthquake records. 

4.4 Numerical parametric study with FLAC 

Program FLAC (Itasca 2005) was used to carry out the numerical simulations in this 

investigation. The program can be run in large-strain mode, which is desirable to capture system 

response at high accelerations. Four different model heights were examined: H = 1, 3, 6 and 9 m. 

An example numerical grid is shown in Figure 4.1. The walls were modeled as fully rigid with 

no lateral or rotational degrees of freedom. The width to height ratio of the retained soil in all 

simulations was constant at B/H = 5. This ratio was selected based on experience with similar 

numerical parametric studies on reinforced soil walls using FLAC and reported by Bathurst and 

Hatami (1998). They showed that the magnitudes of wall response (lateral displacements and 

axial reinforcement loads) are influenced by the volume of the soil behind the reinforced soil 

zone in numerical simulations. For example, the larger the volume, the greater the wall 

deformations and reinforcement loads. However, they also showed that there is diminishing effect 

of backfill volume on these response features for B/H > 5. Hence this ratio was fixed at 5 in the 

current study in order to minimize the numerical grid size and computation time. The thickness of 

the geofoam seismic buffers (t) was varied according to the ratio t/H = 0.025, 0.05, 0.1, 0.2 and 

0.4. In order to minimize the possible influence of numerical grid refinement on model response, 

the same numerical grid density was used in all models. For example, for 1 m-, 3 m-, 6 m- and 9 

m-high wall models, the mesh was generated using nodes placed on a square grid with 0.05, 0.15, 

0.3 and 0.45 m centres, respectively. The mesh density was selected to match the value in the 

original FLAC simulations by Zarnani and Bathurst (2008) that were used to verify the 

numerical model in the current study. Nevertheless, a check on the sensitivity of the numerical 
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results to mesh density was carried out by repeating simulations for a 6 m-high wall with mesh 

sizes of 0.3, 0.15 and 0.05 m. The difference between maximum wall forces was about 1%, which 

is negligible.  

The rigid wall was modeled with a fixed velocity boundary condition in the X direction. The far-

end boundary of the retained soil had fixed velocity in both X and Y directions. The fixed X-Y 

velocity condition for the far-end boundary was adopted because in some simulations carried out 

at high excitation frequencies and only X direction fixed, the soil could flow over the top of the 

wall and cause numerical instability. Numerical simulations were carried out to investigate the 

influence of far-end boundary conditions on model results. It was found that the difference in 

maximum measured wall force between the two cases (far-end boundary with fixed velocity in X 

direction only, or fixed velocity in both X and Y directions) at low excitation frequencies was 

about 1%, which is negligible. Further details regarding the dynamic loading of the wall models 

are presented later in the chapter. 

4.5 Material properties 

4.5.1 Backfill soil 

The properties of the backfill soil were kept constant for all simulations in order to limit the 

number of variables. The backfill soil was modeled essentially as a frictional material with elastic 

perfectly plastic soil and the Mohr-Coulomb failure criterion with a very low cohesion value (3 

kPa). This small cohesion was used in all models to ensure numerical stability at the unconfined 

soil surface when models were excited at high frequencies. The properties of the backfill material 

are presented in Table 4.1. These properties are considered typical of loose to medium dense 

sand. 
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The fundamental (natural) frequency of the backfill material was estimated using theoretical and 

numerical methods. The fundamental frequency (f1) of an equivalent 1-D linear-elastic model can 

be estimated based on the height (H), shear modulus (G) and density of the soil () as shown in 

Equation 4.1: 

[4.1]    
ρ

G

4H

1
f1                                                                               

Hatami and Bathurst (2000) and Bathurst and Hatami (1998) showed that the natural 

frequency (f11) of plane strain retaining wall models could be estimated reasonably accurately 

using a relationship proposed by Wu (1994) that introduces a shape factor (GF) for a 2-D model. 

The shape factor takes into account the height (H) and width (B) of the 2-D model, and the 

Poisson’s ratio () of the medium as shown in Equation 4.2: 
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The fundamental frequencies of the wall with different height and width using these equations are 

summarized in Table 4.2. Also shown in the table are the fundamental frequencies of wall 

models from numerical free-vibration analyses immediately following the end of model 

excitation. Fundamental frequency values can be seen to be essentially independent of the 

presence of the seismic buffer in numerical simulations and are in good agreement with 



 

78 

 

predictions using elastic theory.  This result may be expected since the volume of the seismic 

buffer inclusion compared to the sand volume is very small. 

4.5.2 EPS geofoam 

EPS geofoam materials are classified according to density using the ASTM D6817-06 standard. 

In this numerical study, EPS19, EPS22 and EPS29 materials were assumed which correspond to 

EPS with minimum densities of 18.4, 21.6 and 28.8 kg/m3, respectively. The EPS geofoam was 

modeled as a linear-elastic purely cohesive material. Independent laboratory testing has shown 

that EPS geofoam typically behaves linearly elastic up to about 1% strain. There are correlations 

available in the literature that relate the density of geofoam to initial tangent Young’s modulus, 

Poisson’s ratio, compressive strength and tensile strength (Bathurst et al. 2007a; Horvath 

1995). Properties of geofoam used in this study are summarized in Table 4.3 and have been 

computed using correlations with density reported by Horvath (1995) and data reported by 

Bathurst et al. (2007a).  

The interaction between the geofoam and backfill was modeled by introducing a slip and 

separation interface with zero thickness. The interface friction angle of 20° was back-calculated 

from physical tests reported by Zarnani and Bathurst (2007a). Normal and shear interface 

stiffness values varied between 30 and 90 GPa and were selected based on recommendations in 

the FLAC manual to optimize the calculation time step and to ensure a stable numerical solution 

(Itasca 2005).  

4.5.3 Model excitation and parameter matrix 

Table 4.4 summarizes the range and values for the parameters in this numerical study. The 

horizontal excitation record that was applied to the bottom horizontal boundary and the two 

vertical boundaries of the model was a variable-amplitude sinusoidal wave with peak acceleration 
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amplitude of 0.7g (Figure 4.2) and frequencies ranging from f = 0.7 Hz to 21 Hz. The frequency 

values were selected to investigate the influence of proximity of input predominant frequency to 

the fundamental frequencies of the models (ratio f / f11 in Table 4.4). The duration and peak 

acceleration amplitude of the excitation was the same in all simulations (tmax = 17s and amax = 

0.7g, respectively). A variable-amplitude excitation record was selected because it is relatively 

simple to characterize compared to an actual earthquake accelerogram. Furthermore, it is not as 

aggressive as the same sinusoidal record applied with constant or stepped peak acceleration 

amplitude (Bathurst et al. 2002). The application of an actual earthquake accelerogram may 

appear attractive but the choice of which earthquake record to use is problematic. Nevertheless, 

the effect of earthquake record on model response is investigated later in the chapter. 

4.6 Numerical results and discussion 

The function of an EPS geofoam seismic buffer is to attenuate dynamic earth pressures or loads. 

Hence, the most important performance measurements of interest are the time-varying total wall 

force response predictions for each test configuration and the relative performance values 

between simulations with and without an EPS inclusion. An example of a typical wall force-time 

response curve for a rigid wall control case (i.e. no seismic buffer) is plotted in Figure 4.3. This 

structure was 3 m high and was excited at a frequency that was 30% of the fundamental 

frequency of the system. Superimposed on the figure are the peak force-time envelopes for the 

same wall without and with seismic buffers of varying thickness. The plot shows that wall forces 

are attenuated when a geofoam seismic buffer is placed against the back of the rigid wall 

compared to the control case, and the magnitudes of peak wall force decrease with increasing 

buffer thickness. 
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In this section the results of numerical simulations are presented as the maximum measured total 

wall force against the rigid wall versus time or using an isolation efficiency parameter. This 

parameter is computed as the difference in total measured wall force with and without seismic 

buffer (force attenuation) divided by the wall force for the control case (without buffer) in 

percent.  Hence, an isolation efficiency parameter value of zero means there is no load reduction. 

All reported efficiency values correspond to the peak wall force occurring at the instant of the 

applied peak acceleration magnitude (i.e. 0.7g at elapsed times of about 4 to 4.5 s). 

4.6.1 Influence of EPS geofoam buffer thickness 

Figure 4.4a illustrates the effect of geofoam buffer thickness on wall force reduction for a 6 m-

high wall constructed with an EPS19 seismic buffer and excited at different ratios of the wall 

natural frequency. Figure 4.4b shows the corresponding isolation efficiency variation with buffer 

thickness for each of the cases illustrated in Figure 4.4a. The data show that as the thickness of 

the geofoam buffer increases the wall forces decrease and the isolation efficiency of the seismic 

buffer increases but at a diminishing rate. At excitation frequency of 30% of the fundamental 

frequency, the total forces on a 6 m-high wall are reduced by about 23%, if an EPS geofoam with 

density of 19 kg/m3 and thickness of 0.3 m (0.05H) is placed at the back of the rigid wall. This 

attenuation increases to about 40% if the geofoam thickness is increased to 1.2 m (0.2H). It 

should be kept in mind that the computed isolation efficiencies will also be affected by the type of 

backfill soil. Hence the values reported in this chapter apply only to the backfill material used in 

this study. 

4.6.2 Influence of EPS geofoam type 

Figure 4.5 shows the magnitude of isolation efficiency for different combinations of EPS 

geofoam type and thickness for four different wall heights excited at 30% of their fundamental 
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frequency. Consistent with previous comments in this chapter, the data plots show that isolation 

efficiency increases with decreasing EPS density (or modulus). The maximum isolation 

efficiency value for a 9 m-high wall is 55% when constructed with a 3.6 m-thick layer (0.4H) of 

the most compressible geofoam type (see Figure 4.5d - EPS19). For the same wall with a buffer 

thickness of 0.9 m (0.1H) the corresponding isolation efficiency is 36%. The following additional 

observations can be made from the plots in this figure: (1) efficiency values are nonlinear with 

height of wall; (2) for low height walls (H = 1 to 3 m) there is an initially large load attenuation 

with increasing buffer thickness ratio followed by an essentially linear increase in isolation 

efficiency up to a ratio of t/H = 0.4, and; (3) the influence of buffer type (density and modulus) 

becomes more pronounced as the height of wall increases. It is important to note that there is not 

a monotonic increase in isolation efficiency with height of wall for the same type and thickness of 

seismic buffer. The influence of wall height is discussed in more detail later in the chapter. 

Figure 4.6 illustrates results for the same models but excited at 140% of their fundamental 

frequency. The plots in these figures are smoother than the comparable data for the same walls 

excited below the fundamental frequency of the system. In particular there is not a conspicuous 

change in slope for low height walls at the lowest buffer thickness ratio. Furthermore, the 

difference in isolation efficiency values due to geofoam density (or modulus) is apparent at all 

wall heights.  

Figure 4.7 illustrates the variation of difference in isolation efficiency between EPS19 and 

EPS29 with wall height at different frequency ratios when the thickness of the geofoam is 0.2H. 

The results show that at the highest frequency ratio (i.e. f/ f11 = 1.4) there is consistent difference 

in isolation efficiencies between EPS19 and EPS29 that is essentially independent of wall height. 

At lower frequency ratios there is no systematic difference due to input frequency over the range 
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of 0.3 to 1.2 × f11 but there is a general trend of increasing difference in isolation efficiency 

between EPS19 and EPS29 with wall height. The practical implication of these data is that for 

low height walls excited below the fundamental frequency of the system the choice of EPS type 

may not be important. 

4.6.3 Influence of base input excitation frequency 

The influence of predominant frequency of the base input excitation on model response was also 

investigated. The predominant frequency was normalized with respect to the fundamental 

(natural) frequency of the buffer-soil system (identified hereafter as the input frequency ratio) 

because it is the proximity of the predominant frequency of the excitation record to the wall 

fundamental frequency that affects the seismic response of the wall. The fundamental frequency 

of the buffer-soil systems was calculated using Equation 4.2. Three of the five frequencies were 

below the fundamental frequency of the buffer-soil system at 30, 50 and 85% of the natural 

frequency. The other two frequencies were 20 and 40% above the fundamental frequency of the 

wall. Figure 4.8 illustrates the variation of maximum total wall force versus input frequency ratio 

for different wall heights and buffer thickness ratios with EPS19 geofoam. It should be noted that 

for 1 m-high walls with geofoam seismic buffer, excited at 1.2 × f11, the models became 

numerically unstable after about 5 to 6 seconds. Hence, in Figure 4.8a the maximum wall force 

data for these models are not presented. The results show that the total wall force typically 

increases as the input excitation frequency approaches the fundamental frequency of the wall. 

Resonance can be expected to occur in the vicinity of the fundamental frequency of the buffer-

soil system. In the current investigation this was manifested as numerical instability.  

Based on vibration theory, at frequencies below the natural frequency of the wall a selected 

displacement or load response of the wall will be in phase with the dynamic force applied to the 
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model and hence the response increases with increase in input frequency. As frequencies increase 

beyond the natural frequency of the wall, the wall response decreases at a greater rate than the 

increase in wall response observed at frequencies below the fundamental frequency. This general 

decreasing trend in dynamic response can reach values smaller than the static response at 

frequencies higher than √2 × f11 (Chopra 2007). The results presented in Figure 4.8 match the 

expected trends based on fundamental vibration theory. However, frequencies higher than √2 × 

f11 were not investigated here. 

Figure 4.9 shows the variation in isolation efficiency values with input frequency ratio for the 

same data cases in Figure 4.8. In Figure 4.9a, the isolation efficiency data corresponding to 1 m-

high walls with geofoam, excited at 1.2 × f11 are not presented due to numerical instability as 

noted earlier. In all four plots, the data for narrow buffer cases excited below the natural 

frequency of the buffer-soil system show a trend of decreasing isolation efficiency as the input 

frequency gets closer to the natural frequency of the wall. For thicker geofoam buffers this effect 

becomes less pronounced. In general, as the relative thickness of the geofoam inclusion 

decreases, the influence of proximity to the fundamental frequency becomes greater.   

The influence of excitation frequency and buffer thickness on isolation efficiency can also be 

examined in Figure 4.10. The results show that typically the maximum isolation efficiency 

occurs at the lowest frequency value (0.3 × f11) and the minimum isolation efficiency was 

observed to occur at frequencies close to the fundamental frequency of the buffer-soil system (i.e. 

0.85 × f11). These results are also consistent with the findings of Athanasopoulos et al. (2007) 

who showed that the seismic isolation efficiency of EPS geofoam is reasonably constant when the 

predominant frequency of base excitation is less than 0.3 × f11 or greater than 2 × f11. 
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4.6.4 Influence of wall height 

Four different wall heights were examined: H = 1, 3, 6 and 9 m. The variation of isolation 

efficiency with buffer thickness ratio is presented in Figure 4.11 for walls constructed to different 

heights with EPS19 and excited at different input frequency ratios. Note that for H = 1 m and f/f11 

= 1.2 the model was not stable and hence these data do not appear in Figure 4.11d. The plots 

show that the variation in isolation efficiency is nonlinear with thickness ratio for all wall heights. 

There is a general trend towards increasing isolation efficiency with increasing wall height for 

cases with t/H ≥ 0.1 and f/f11 ≥ 0.85. At lower input frequency ratios there is not a consistent 

trend with wall height. The combined influence of wall height, buffer thickness and proximity of 

the input excitation frequency to natural frequency of the system is clearly complex. The lack of a 

consistent trend in the data plots in these figures may be ascribed to different modes of vibration 

that develop for different wall heights and different input excitation frequencies.   

However, in an attempt to identify useful trends in the data, the same results can be re-plotted as 

shown in Figure 4.12. The data shows that for walls constructed with geofoam buffer EPS19 to 

heights H = 3 to 9 m and thickness ratios of t/H = 0.05, 0.2 and 0.4, the isolation efficiency values 

fall within narrow bands. The average value of isolation efficiency and the slope of the banded 

data with wall height increase with normalized buffer thickness. As shown in this figure, the 

behaviour of 1 m-high walls was different from the higher walls examined in this study which 

may be due to different modes of vibration as noted earlier. In addition, the influence of the close 

proximity of the bottom boundary condition may be a factor. However, from a practical point of 

view, wall heights of 1 m may be unusual.  
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4.6.5 Influence of buffer stiffness  

Zarnani and Bathurst (2008) pointed out that the practical quantity of interest to attenuate 

dynamic loads using a seismic buffer is the buffer stiffness defined as K = E/t where E is elastic 

modulus and t is thickness. Hence, combinations of materials with different modulus and 

thickness can provide the same dynamic load reduction. Parameter K has been used to describe 

the mechanical properties of seismic buffers in displacement-based sliding block models for 

seismic buffer systems by Bathurst et al. (2007b) and Wang and Bathurst (2008). To illustrate 

this point, data presented earlier are re-plotted in Figure 4.13 with K as the independent 

parameter.  For each wall height, isolation efficiency versus stiffness curves fall into narrow 

bands based on frequency ratio and these curves are independent of buffer density. The difference 

in curves based on predominant frequency values of 0.3f11 and 1.4f11 diminishes with increasing 

wall height.  In all cases there is a highly nonlinear reduction of isolation efficiency with 

increasing buffer stiffness. Taken together, the data plots suggest that K ≤ 50 MN/m3 is the 

practical range for the design of these systems. 

4.6.6 Seismic buffer compression 

Monotonic compression of EPS materials to large strains will lead to densification and hardening 

characterized by a compressive stress-strain curve with a pronounced sigmoidal shape (Horvath, 

1995). In order for the simple linear elastic-plastic model used in this study to be a useful 

approximation, strains must remain below the onset of significant hardening (i.e. strain level 

beyond which EPS tangent modulus increases with strain). These strains are in the range of 40 to 

60% depending on the EPS type (Horvath 1995; Hazarika 2006). In this investigation, the 

largest compression strains for each configuration were transient peak strains recorded during 

shaking. These values were 1 to 2% greater than the residual strains at end of shaking for those 

buffers loaded past yield (1.5% strain). In this study, the largest peak strains were recorded for the 
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highest wall (H = 9 m) in combination with the lowest modulus EPS (EPS19) as shown in Figure 

4.14a. Nevertheless, the largest strains in this figure were about 35% and thus below values for 

significant strain hardening as noted above. Figure 4.14b shows strain data for walls with H = 9 

m and the largest modulus EPS used in this investigation (EPS 29). For brevity, similar data plots 

for other wall heights, buffer configurations and excitation are not reproduced here. These data 

showed that for the same wall height, buffer thickness and excitation, strains decreased with 

increasing buffer modulus. Furthermore, the curves for peak strain response were observed to 

monotonically decrease with increasing thickness (or decreasing stiffness) for all cases. For the 

walls with EPS29 and heights of 1, 3 and 6 m, the peak strains in the buffer were below 2.5% for 

all frequency ratios and buffer thicknesses. For the walls with EPS19 and heights of 1, 3, and 6 m, 

the peak strains in the buffer were below 0.7, 3 and 19%, respectively, for all frequency ratios and 

buffer thicknesses. As in other data presentation, proximity of the excitation record to the 

fundamental frequency of the buffer-soil system (frequency ratio) is important. The largest strains 

were recorded for frequency ratio of 0.85×f11 in all test sets. For the 9 m-high walls excited well 

away from resonance, or walls H = 6 m or less, peak compressive strains in the geofoam 

decreased as the buffer thickness increased and (or) wall height decreased and all other factors 

remained the same. 

A practical concern for the design of a seismic buffer is the magnitude of buffer compression. 

Performance curves such as those in Figure 4.14 can be used to estimate peak (or residual) 

horizontal displacements close to the buffer system where damage to adjacent structures due to 

large ground movements is a concern. Hence, to reduce deformations (computed as strain times 

thickness) a narrower buffer in combination with a higher-modulus EPS may be used to replace a 

lower modulus material.    
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4.6.7 Influence of base input excitation record 

The type of base input excitation record can be expected to influence the measured response of 

the models in this study. Hence, actual recorded and synthetic earthquake accelerograms were 

also applied to the models after scaling to 0.7g to match the harmonic record used previously. 

Figure 4.15 illustrates the acceleration history and the fast Fourier transformation (FFT) of the 

selected earthquake records.  

Two measured earthquake records from El Centro (1940) and Kobe (1995) earthquakes were 

used. Only the first 17 seconds of these records was applied to the models in order to not exceed 

the duration of harmonic excitation used previously. The FFT results of each record give 

predominant frequencies of 1.47 and 1.41 Hz for the first 17 seconds of El Centro and Kobe 

earthquakes, respectively.  

Two synthetic earthquake records developed by Atkinson and Beresnev (1998) were also 

applied to the models after being scaled to 0.7g (Figures 4.15c,d). One was developed for eastern 

Canada (city of La Malbaie - M7, R20) and the other for western Canada (Vancouver - M6.5, 

R30) with a predominant frequency of 3.4 and 1.3 Hz, respectively. Here, M = earthquake 

moment magnitude and R = distance of earthquake from the city.  

The frequency contents of the four records were not adjusted. Comparison with previous results 

was done using walls excited with harmonic records with a closest frequency match to the actual 

and synthetic records. A summary of accelerogram data and model matching is given in Table 

4.5. 

Figures 4.16 and 4.17 illustrate the results for models excited with the El Centro (1940) and 

Kobe (1995) earthquake record, respectively, together with matched harmonic base input 
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excitation records. In all simulations the seismic buffer type was EPS22. The trends in data plots 

are similar for actual and harmonic excitation records and in many instances there is close 

quantitative agreement. The largest discrepancies are for the 9 m-high wall in Figure 4.16c and 

the 3 m-high wall in Figure 4.17a.  

Figure 4.18 shows example simulation results for two models excited with synthetic records and 

matched harmonic records. Again, the trends in data are reasonably consistent but there are 

notable quantitative differences for the data in Figure 4.18b. An additional observation for some 

plots in Figures 4.17 and 4.18 is that the traces for actual and synthetic data are smoother than for 

the matching harmonic data curves when t/H ≤ 0.05. 

Figure 4.19 summarizes the results for wall force and isolation efficiency for the common 9 m-

high wall case excited by scaled actual, scaled synthetic and best-match harmonic excitation 

record (f/f11 = 0.85) (see Table 4.5). The maximum calculated wall force varies between cases, 

particularly at low buffer thickness ratios (Figure 4.19a). However, the data plots appear to 

converge as t/H → 0.4 suggesting that the excitation content for accelerograms scaled to the same 

peak acceleration value may be less important when relatively thick seismic buffers are used.  

Figure 4.19b shows that when isolation efficiencies versus buffer thickness ratio for the four 

records are plotted together, they fall within a narrow band with a range of about ±10% 

efficiency. While not shown here, the same observation was made for other wall heights. 

4.7 Conclusions 

A verified numerical model is used to perform a parametric study of the influence of a number of 

parameters on the dynamic load attenuation of EPS geofoam seismic buffers in rigid wall-sand 

backfill applications. The variables that were investigated include the thickness (t) and type of 
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geofoam (elastic modulus, E), wall height, buffer stiffness (K = E/t), proximity of input frequency 

to the natural frequency of the buffer-soil system, and the influence of input excitation record. 

Based on the scope of the investigation the following conclusions are made: 

 A significant reduction in seismic loads was achieved by introducing a vertical layer of 

EPS seismic buffer at the back of simulated rigid retaining walls of variable height. Load 

attenuation improved at a diminishing rate as the thickness of the buffer increased. The 

maximum load reduction with respect to the control case was as great as 55% for a buffer 

to wall height ratio t/H = 0.4. 

 The lower the EPS geofoam modulus, the greater the seismic load attenuation when all 

other conditions are the same. 

 The fundamental frequency of rigid-wall-sand systems with and without a vertical EPS 

seismic buffer inclusion was essentially the same and reasonably well predicted using 

linear-elastic theory. This is attributed to the observation that the seismic buffer volume is 

very small compared to the volume of the backfill subjected to ground excitation. 

 The total wall force typically increases (and isolation efficiency decreases) as the input 

excitation frequency approaches the fundamental (natural) frequency of the buffer-soil 

system. This decrease in efficiency of a seismic buffer is more pronounced for thin 

buffers. 

 The combined influence of wall height, buffer thickness and proximity of the input 

excitation frequency to natural frequency of the system is clearly complex. However 

there was a trend towards greater isolation efficiency with increasing wall height for 

walls 3 m or higher together with buffer thickness to height ratios greater than about 0.05.  
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 At the highest frequency ratio examined (i.e. 140% of the natural frequency), wall height 

did not influence the difference in isolation efficiency using the maximum or minimum 

compressible EPS geofoam materials investigated. At all other frequency ratios, the 

difference in isolation efficiency increased as wall height increased. 

 The practical quantity of interest to attenuate dynamic loads using a seismic buffer is the 

buffer stiffness defined as K = E/t. For the range of parameters investigated in this study, 

K ≤ 50 MN/m3 was observed to be the practical range for the design of these systems to 

attenuate earthquake loads. 

 Transient peak buffer compressive strains were observed to increase with increasing wall 

height, decreasing modulus, decreasing thickness and increasing proximity of the 

predominant excitation frequency to the fundamental frequency of the buffer-soil system. 

Different combinations of EPS modulus and thickness may be required to keep horizontal 

deformations in the vicinity of the seismic buffer to levels that do not damage adjacent 

structures. 

An important observation from the results of this investigation was that the choice of earthquake 

record affects the magnitude of maximum earth force even when different records are scaled to 

the same peak acceleration and have the same predominant frequency. However, when wall 

response is presented in terms of isolation efficiency, the data from scaled accelerograms with the 

same predominant frequency fall within a relatively narrow band when plotted against relative 

buffer thickness. This is of practical interest to designers. However, it is understood that while the 

investigation presented here is systematic, results are based on simulations with simple linear-
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elastic constitutive models for the component materials, single peak acceleration amplitude, a 

single sand backfill material and idealized boundary conditions.  
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Table  4.1 Backfill soil properties. 

Property Value 

Unit weight (kN/m3) 18.4 

Friction angle (degrees) 38 

Cohesion (kPa) 3 

Dilation angle (degrees) 2 

Shear modulus (MPa) 6.25 

Bulk modulus (MPa) 8.33 

Shear wave velocity (m/s) 58 

 

 

Table  4.2 Estimates of buffer-soil fundamental frequency. 

Wall height (H) × 

backfill width (B) 

(m × m) 

Eq. 1& 2 

FLAC 

With EPS 
Without 

EPS 

Hz Hz Hz 

1 × 5 15.1 16.7 17 

3 × 15 5 5.5 5.6 

6 × 30 2.5 2.8 2.8 

9 × 45 1.7 1.8 1.8 
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Table  4.3 EPS properties used in FLAC models. 

Property 
Type 

EPS19 EPS22 EPS29 

Density (kg/m3) 19 22 29 

Yield (compressive) strength (kPa) 81.4 102 150 

Cohesion (shear strength) (kPa) 40.7 51 75 

Young’s modulus (MPa) 5.69 6.9 9.75 

Poisson’s ratio 0.1 0.12 0.16 

Note: Strength and elastic properties computed using correlations with density reported by 
Horvath (1995) and Bathurst et al. (2007a); EPS designations based on ASTM D6817-06 
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Table  4.4 Variables in parametric study. 

Parameter Value or type 

Wall height (H) × backfill width (B) (m × m) (1 × 5), (3 × 15), (6 × 30), (9 × 45) 

Type of EPS geofoam* EPS19, EPS22, EPS29 

Buffer thickness, t (m) 0 to 3.6 

Normalized thickness of geofoam (t / H) † 0, 0.025, 0.05, 0.1, 0.2, 0.4 

f / f11 
‡ 0.3, 0.5, 0.85, 1.2, 1.4 

Geofoam stiffness, K = E/t (MN/m3) 

 

1.58 to 113.8 (for EPS19)  

1.92 to 138 (for EPS22) 

2.71 to 195 (for EPS29) 

* based on ASTM D6817-06 
† t = seismic buffer thickness 
‡ f = predominant frequency of the input excitation and  
  f11 = fundamental (natural) frequency of the buffer-soil system 
Note: duration of excitation record tmax = 17s and peak input acceleration amax = 0.7g in all 
simulations with variable-amplitude sinusoidal record 
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Table  4.5 Summary of accelerograms used to investigate the influence of input excitation record 
on wall response. 

Accelerogram  
Closest numerical model match using 

variable-amplitude harmonic records 

Name 
Predominant 

frequency (Hz) 

Wall height 

(m) 

Natural 

frequency (f) 

(Hz) 

Input 

frequency 

ratio (f/f11) 

El Centro, 1940 (first 17 

seconds) 
1.47 

3 1.51 0.3 

6 1.26 0.5  

9 1.43 ** 0.85 

Kobe, 1995 (first 17 

seconds) 
1.41 

3 1.51 0.3 

6 1.26 0.5 

9 1.43 ** 0.85 

Synthetic record, eastern 

Canada; M7, R20 * 
3.4 6 3.53 1.4 

Synthetic record, western 

Canada; M6.5, R30  * 
1.3 9 1.43 ** 0.85 

* Atkinson and Beresnev (1998) 
** harmonic records presented in Figure 4.19 
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Figure  4.1 FLAC numerical grid showing geofoam buffer, sand backfill and boundary 
conditions. 

 

 

 

Figure  4.2 Variable-amplitude sinusoidal excitation at 1.25 Hz frequency. 
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Figure  4.3 Typical wall force-time response for a 3 m-high wall with EPS22 excited at 0.3 × f11. 

 

 

 

Figure  4.4 Influence of buffer thickness ratio on performance of seismic buffers: a) maximum 
total wall force; b) isolation efficiency. Note: f = base excitation frequency, f11 = fundamental 
frequency of system. 
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Figure  4.5 Influence of geofoam type on buffer performance for walls with different heights 
excited at 30% of their natural frequency: a) H = 1 m; b) H = 3 m; c) H = 6 m; d) H = 9 m. Note: 
f = base excitation frequency, f11 = fundamental frequency of system. 
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Figure  4.6 Influence of geofoam type on buffer performance for walls with different heights 
excited at 140% of their natural frequency: a) H = 1 m; b) H = 3 m; c) H = 6 m; d) H = 9 m.  
Note: f = base excitation frequency, f11 = fundamental frequency of system. 
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Figure  4.7 Influence of wall height on the performance difference between EPS19 and EPS29 at 
different frequency ratios (geofoam thickness = 0.2H). 
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Figure  4.8 Influence of predominant frequency of the input excitation on peak total wall force for 
walls with different heights and EPS19 geofoam seismic buffer (models for 1 m-high walls were 
numerically unstable at 1.2 × f11 after about 5 to 6 seconds): a) H = 1 m; b) H = 3 m; c) H = 6 m; 
d) H = 9 m. 
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Figure  4.9 Influence of predominant frequency of the input excitation, wall height and EPS19 
geofoam buffer of different thickness on isolation efficiency (models for 1 m-high walls were 
numerically unstable at 1.2 × f11 after about 5 to 6 seconds): a) H = 1 m; b) H = 3 m; c) H = 6 m; 
d) H = 9 m. 
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Figure  4.10 Influence of EPS29 geofoam buffer thickness on isolation efficiency for 9 m-high 
wall subjected to different excitation frequencies. 
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Figure  4.11 Influence of wall height and buffer thickness ratio on isolation efficiency for walls 
with EPS19 excited at different frequency ratios: a) f = 0.3×f11; b) f = 0.5×f11; c) f = 0.85×f11; d) f 
= 1.2×f11; e) 1.4×f11. 
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Figure  4.12 Influence of wall height on isolation efficiency for walls with EPS19, different buffer 
thickness ratios and excited at different frequency ratios: a) t / H = 0.05; b) t / H = 0.2; c) t / H = 
0.4. 
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Figure  4.13 Influence of buffer stiffness on isolation efficiency for walls with different EPS type 
and height, and excited at different frequency ratios: a) H = 1 m; b) H = 3 m; c) H = 6 m; d) H = 9 
m. 
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Figure  4.14 Peak compressive strains in the buffer for 9 m-high walls with: a) EPS19; b) EPS29, 
excited at different frequency ratios. 
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Figure  4.15 Acceleration records and FFT plots for input earthquake records: a) El Centro 
record; b) Kobe record; c) synthetic record for eastern Canada; d) synthetic record for western 
Canada. 
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Figure 4.15 (continued) Acceleration records and FFT plots for input earthquake records: a) El 
Centro record; b) Kobe record; c) synthetic record for eastern Canada; d) synthetic record for 
western Canada. 
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Figure  4.16 Results of models excited with El Centro earthquake record: a) H = 3 m, f = 0.3 × 
f11; b) H = 6 m, f = 0.5 × f11; c) H = 9 m, f = 0.85 × f11. 



 

113 

 

 

Figure  4.17 Results of models excited with Kobe earthquake record: a) H = 3 m, f = 0.3 × f11; b) 
H = 6 m, f = 0.5 × f11; c) H = 9 m, f = 0.85 × f11. 
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Figure  4.18 Results of models excited with synthetic earthquake records: a) H = 6 m, EPS19, f = 
1.4 × f11; b) H = 9 m, EPS22, f = 0.85 × f11. 
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Figure  4.19 Comparison of results for 9 m-high wall with EPS22 excited with selected 
accelerograms with similar peak acceleration and predominant frequency: a) maximum wall 
force; b) isolation efficiency. 
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Chapter 5 

Comparison of Numerical and Analytical Solutions with Physical 

Results from Reinforced Soil Retaining Wall Shaking Table Tests1 

5.1 Introduction 

Geosynthetic reinforced soil (GRS) retaining walls are now a mature technology since their 

introduction in the late 1970s (Allen et al. 2002). Design and analysis methods for walls in static 

load environments are also well-established and the accuracy of internal stability design methods 

for these structures has been assessed through comparison with full-scale instrumented structures 

(e.g. Allen et al. 2003; Bathurst et al. 2008). There is also a growing body of literature that 

shows that GRS walls have behaved well during earthquake compared to conventional soil 

retaining walls. A description of some of these structures can be found in the case studies noted 

by Bathurst et al. (2002) and Koseki et al. (2006). Nevertheless, the development of analytical 

and numerical methods to predict the behaviour of GRS walls under seismic loading lags that for 

static loading conditions. This situation is largely due to the practical difficulty of monitoring 

full-scale structures subjected to earthquake and the complexity of the mechanical interactions 

between wall components under dynamic loading conditions. A strategy to improve our 

understanding of the response of GRS walls to earthquake is to carry out numerical simulations 

using numerical models that have been verified against physical models constructed on a 

centrifuge or 1-g shaking tables.  

                                                      
1 Material presented in this chapter has been included in: 
 
Zarnani, S., El-Emam, M. and Bathurst, R.J. 2011. Comparison of numerical and analytical solutions with 
physical results from reinforced soil retaining wall shaking table tests. Geomechanics and Engineering, in 
review. 
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This chapter first provides a review of related work in which numerical model results of GRS 

walls under simulated earthquake loading have been compared to the results of physical tests 

using centrifuge or 1-g shaking tables. The major focus of the chapter is on the development of a 

FLAC numerical model for two 1-g reduced-scale model shaking table tests previously reported 

by El-Emam (2003) that were constructed with very different boundary conditions (i.e. hinged 

toe and sliding toe conditions). Simulation results using this model are compared to a wide range 

of physical measurements. Numerically predicted and measured reinforcement loads are then 

compared to values using three different pseudo-static closed-form solutions found in the 

literature and in current North American design guidance documents. The chapter concludes with 

lessons learned and some implications of numerical, closed-form and physical test results to the 

internal stability design and performance of geosynthetic reinforced soil walls subject to 

earthquake loading. 

5.2 Previous related work 

Previous related work on numerical modelling of the seismic response of geosynthetic reinforced 

soil (GRS) walls can be divided into different categories: a) parametric investigations using 

programs that were not verified against physical tests, and; b) numerical parametric investigations 

that were based on numerical simulations verified against results of centrifuge shaking table tests, 

full-scale 1-g shaking table tests and reduced-scale 1-g shaking table tests. This partition is useful 

since the value of previous numerical simulation studies is influenced by whether or not the 

accuracy of numerical models was investigated by comparison with physical test results and the 

type of physical tests that were used in the comparison. 

There are a large number of studies that fall into the first category. For brevity these studies are 

not reviewed in this chapter. Nevertheless, later in the chapter reference is made to some of these 
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studies which were used to guide numerical modelling in the current investigation or to 

corroborate lessons learned. Examples of useful unverified numerical investigations are the work 

reported by Cai and Bathurst (1995), Bathurst and Hatami (1998), Hatami and Bathurst 

(2000, 2001), Hatami et al. (2005), Vieira et al. (2006), Guler and Enunlu (2009).   

5.2.1 Centrifuge shaking table tests 

Ling et al. (2004) used a nonlinear dynamic finite element model (FEM) program to simulate the 

dynamic behaviour of five 0.15 m-high reinforced soil wall models mounted on a centrifuge 

shaking table. The sandy backfill soil was modelled with a 15-parameter generalized plasticity 

model which was able to simulate pressure-dependent stress-strain-dilatancy behaviour of the 

backfill. The uniaxial cyclic behaviour of the geogrid layers was modelled with a nine-parameter 

bounding surface model. The numerical analyses were conducted using the dimensions of the 

centrifuge models but the results transformed to prototype scale. They compared acceleration 

response in the backfill, wall facing movement and backfill surface settlement between the 

numerical and experimental results and concluded that the numerical procedure was able to 

simulate the dynamic behaviour of the model walls; however, the validity of centrifuge model 

results transformed to full-scale structures could not be guaranteed. Ling et al. (2005a) used the 

same dynamic FEM program to conduct a numerical parametric study on the static and seismic 

behaviour of 6 m-high modular block GRS retaining walls constructed on a 3 m-thick soil 

foundation. The parameters investigated in this study were: the dilatancy and cyclic hardening 

behaviour of the backfill soil, the weight of the concrete blocks used to construct the facing, 

interface friction angle between the blocks and the backfill, the vertical spacing and length of the 

reinforcement layers and earthquake motions as input excitation of numerical models (with non-

matching peak acceleration magnitudes and predominant frequencies). They concluded that the 

lateral displacement of the wall and the wall crest settlement were influenced by soil cyclic 
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behaviour, reinforcement layout and earthquake motion characteristics. The loads in the 

reinforcement layers were influenced by the earthquake record and vertical spacing of 

reinforcement layers. Amplification of acceleration was affected by the soil behaviour and 

earthquake record but not by the reinforcement layout. The effects of reinforcement vertical 

spacing were more significant compared to the length of the reinforcement. 

Fujii et al. (2006) used a FEM numerical code to simulate the dynamic response of 13 variations 

(cases) of a 0.15 m-high GRS wall tested in a 50g centrifuge. The variables were the type of input 

excitation, frequency and amplitude. The numerical model was developed to simulate prototype 

scale (i.e. 7.5 m-high wall). The calculated and measured values of acceleration response, wall 

displacement and horizontal earth pressure behind the wall were compared. They concluded that 

the maximum response acceleration for all cases calculated by the numerical analysis was about 

10 to 20% larger than the values measured in the tests. Lateral wall displacements were judged to 

be in good agreement. However, the predicted maximum horizontal earth pressures behind the 

wall were up to 400% larger than measured values. They suggested that this discrepancy may be 

attributed to the choice of interface model between the wall facing and backfill soil. 

While centrifuge testing of complex reinforced soil structures can provide useful qualitative 

insights regarding system response, their use is problematic if the objective is accurate 

quantitative predictions of structure response at prototype scale. For example, in the work by 

Ling et al. (2004), the 0.2 mm-thick model reinforcement layer at 50g becomes 10 mm at 

prototype scale which is not reasonable. If wall performance at failure is an objective, then the 

influence of sand particle size on shear band behaviour is also an issue (Tatsuoka et al. 2010).  
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5.2.2 One-g shaking table tests 

Helwany et al. (2001) used the finite element method program DYNA3D (Hallquist and 

Whirley 1989) to simulate the experimental results of a shaking table test on a 0.9 m-stack of 

segmental (modular) blocks reinforced with five geotextile layers. While all components in the 

physical test were prototype-scale, the stack was very short and not typical of these structures in 

the field. They used a hysteretic energy dissipating model (Ramberg-Osgood model) to simulate 

the sandy backfill. They compared the measured and calculated wall response (wall displacement 

and acceleration response) at 0.5g base acceleration and concluded that there was close agreement 

between the numerical and experimental results. Helwany and McCallen (2001) used the 

verified numerical model to investigate the effects of wall facing details on the seismic behaviour 

of a 6 m-high segmental reinforced retaining wall subjected to a recorded earthquake loading (El 

Centro 1940), including nonlinear contacts between various wall components and nonlinear 

hysteretic energy dissipation soil behaviour. The writers concluded that the predicted small 

earthquake-induced lateral facing deformations, connection loads, and axial strains in the 

geosynthetic layers suggest that the retaining wall in their study would not experience any 

significant distress if subjected to the El Centro earthquake. 

Lee et al. (2010) used the finite element method program LS-DYNA to numerically simulate the 

dynamic performance of three of four large-scale shaking table walls reported by Ling et al. 

(2005b). The sand soil in these simulations was modelled by a cap model which required more 

than 10 parameters. However, hysteretic behaviour and soil dilatancy is not captured in this 

model. The geogrid layers were modelled with shell elements having a plastic-kinematic model 

which required four parameters. Different response values from numerical simulations were 

compared against physical measurements such as: lateral earth pressure, wall displacement, 

bearing pressure, reinforcement tensile load, backfill settlement and acceleration response. 
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However, because there are no estimates of the accuracy of physical measurements, Lee et al. 

(2010) concluded that the predictive accuracy of their numerical model required further 

investigation.  

Ling et al. (2010) used the results of four large-scale shaking table walls reported by Ling et al. 

(2005b) to verify their numerical models developed with a small-deformation, nonlinear dynamic 

finite element procedure (DIANA-SWANDYNE-II, Chan 1993). The sand was modelled with a 

uniform generalized plasticity model based on the concept of critical state which requires 16 

parameters. The geogrid was modelled using a one-dimensional bounding surface concept 

described by 10 parameters. The selection of Rayleigh damping coefficients for the soil was 

investigated by Ling et al. (2010) who determined that for models with a peak acceleration of 

0.4g, a 15% damping value produced the most satisfactory results. For models with maximum 

acceleration of 0.8g, the damping was lowered to 5%. Predicted wall deformations, backfill 

settlement, reinforcement loads and acceleration response were compared to measured values. 

They concluded that the time response of wall accelerations at different locations in the walls was 

satisfactory but not deformations. Tensile loads in the reinforcement were slightly over-estimated. 

They also acknowledged that the effect of Rayleigh damping on the response of numerical 

models required further investigation. 

Fakharian and Attar (2007) carried out numerical simulation of the same two RMC walls in the 

current study. They used the program FLAC and a hysteretic nonlinear model (Equivalent Linear 

Method in FLAC) for the soil. They reported satisfactory agreement between measured and 

predicted results for wall face deformations, reinforcement loads and toe loads. However, this 

good agreement may be fortuitous since the far-field boundary condition in their model did not 

match the physical test, the measured base acceleration record was not applied to the numerical 
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models and, the assumed soil stiffness and strength properties did not match values from 

independent laboratory tests. Furthermore, numerical stiffness values for soil-boundary and soil-

reinforcement interfaces were selected to improve the match between measured and predicted 

wall response. 

5.2.3 Remarks 

The large-scale 1-g physical models reported by Ling et al. (2005b) are the best candidates for 

numerical modelling verification currently available in the literature. Nevertheless, despite 

complex constitutive models for the component materials the accuracy of predictions was not 

always satisfactory (Ling et al. 2010; Lee et al. 2010). Another important factor not discussed in 

these physical tests is the truncated soil volume extending behind the facing units (i.e. B/H = 1.3 

where B is the toe to far-field boundary and H is the height of structure). Inertial effects during 

shaking can be expected to increase with size of retained soil volume as demonstrated in 

parametric analyses reported by Bathurst and Hatami (1998). The advantage of the reduced-

scale 1-g tests used in the current study is that the ratio of B/H = 2.4 which is demonstrated to be 

sufficient to contain the disturbed zone of soil in both physical and numerical models. Not 

available in the papers by Ling et al. (2005a, b) are any estimates of the accuracy of physical 

measurements of reinforcement load. As demonstrated in the current study, qualitative 

assessments of the accuracy of any numerical model should be influenced by the spread in 

physical measurements. Stated alternatively, the accuracy of a numerical model need only be as 

accurate as the physical measurements against which comparisons are made. Nevertheless, 1-g 

shaking table model tests of the type described in this chapter are carried out under confining 

stress levels that are lower than prototype scale. Hence, the response of stress-dependent soils 

may be different between model and field-scale structures and thus quantitative and qualitative 

projections of model behaviour to field scale must be made with caution. Despite this 
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shortcoming, parametric numerical studies using numerical models verified against results of 

reduced-scale shaking table tests are the most practical strategy available today to develop an 

understanding of retaining wall behaviour due to earthquake (Muir Wood et al. 2002).   

5.3 Current study 

This chapter describes the development of a numerical model using FLAC (Itasca 2005) and its 

verification against quantitative measurements from two well-instrumented 1/6-scale models 

tested on a large 1-g shaking table (El-Emam and Bathurst 2004, 2005). This chapter is an 

expanded version of two earlier conference papers (El-Emam et al. 2001, 2004). The two 

physical tests described in this chapter are from a series of 14 model tests carried out at RMC 

(wall models 7 and 8) (El-Emam 2003). This chapter briefly describes: a) the two physical test 

model walls that varied only with respect to toe boundary condition; b) numerical approach, and; 

c) material constitutive models adopted and the selection of model parameters from independent 

laboratory tests. Numerical results are compared to measured facing panel lateral displacements, 

soil shear zones, reinforcement loads, horizontal and vertical toe loads, and accelerations at 

different locations.   

In previous related work by other researchers, constitutive models of widely varying complexity 

were used for the component materials. An important feature of the current study is that simple 

linear elastic-plastic models with M-C failure criterion were judged to give satisfactory 

predictions. Previous related studies have compared numerical predictions to wall displacements, 

reinforcement strains, foundation pressures and accelerations. A unique feature of the current 

study is that numerical predictions are also compared to vertical and horizontal boundary toe 

loads. This is not only an important check on the accuracy of numerical results but also highlights 

the importance of wall toe compliance on wall response under both static and dynamic loading 
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conditions. Finally, the current study also compares numerical simulation predictions of 

reinforcement loads and measured values to closed-form (analytical) solutions found in the 

literature and in North American design guidance documents.  

5.4 Physical wall models 

A schematic cross section of the 1/6-scale model walls including instrumentation is shown in 

Figure 5.1. For brevity only a brief description of the physical test arrangement is reported here. 

Details are reported by El-Emam (2003) and El-Emam and Bathurst (2004).  

The reinforcement vertical spacing was Sv = 0.225 m and the reinforcement length to height ratio 

was L/H = 0.6. Similitude rules proposed by Iai (1989) were used so that geosynthetic 

reinforcement arrangement and stiffness satisfied a model to prototype scale ratio of 1/6. At 

prototype scale the reinforcement spacing and length are typical of current practice. The two 

models were nominally identical structures except for the toe boundary. In the one model wall 

(hinged toe), the toe was restrained from relative movement (i.e. relative to the shaking table) in 

the vertical and horizontal directions, while it was free to rotate. In the companion model wall 

(sliding toe), the toe was free to slide horizontally and rotate, but was restrained from vertical 

movement. It can be argued that field walls fall between these two idealized conditions because 

field walls are typically constructed with toe embedment and a footing that provide some 

horizontal compliance (Huang et al. 2010).  

In each model wall, the wall facing panel consisted of a column of rectangular hollow steel 

sections bolted together to form a 1 m-high rigid facing with a thickness of 76 mm and a width of 

1.4 m. The reinforcement connections with the facing panel were designed to be perfectly rigid to 

prevent slippage of the reinforcement layers at the facing and thereby simplify the interpretation 

of results. The friction between the backfill soil and sides of the test box was minimized by 
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placing a composite arrangement of Plexiglas and lubricated polyethylene sheets over the side 

walls. 

The backfill was poorly graded sand with angular to sub-angular particles (maximum particle size 

= 2 mm) resulting in high friction angle. This material is a commercial sand-blasting material and 

was purposely selected because it is silica-free and therefore satisfied health and safety 

regulations for indoor laboratory environments. The sand was placed and gently vibro-compacted 

(using the shaking table) in 100 mm-lifts while the wall facing was externally braced. At the end 

of soil placement the external braces were removed and an initial static load condition 

established.  

The soil reinforcement was a knitted polyester (PET) geogrid. Numerical modelling of reinforced 

soil walls (Rowe and Ho 1998; Bathurst and Hatami 1998; Hatami et al. 2001) and results of 

instrumented reinforced soil walls in the field under static loading conditions (Allen and 

Bathurst 2002) have clearly identified that reinforcement stiffness (rather than tensile strength at 

rupture) is a key parameter to accurately predict reinforcement loads under typical operational 

conditions. Therefore the reinforcement material was selected to have a tensile stiffness that when 

scaled to prototype scale was typical of geogrid materials used in field walls. 

An instrumented footing was used to decouple vertical and horizontal toe load components of the 

facing panel. For the sliding toe model the horizontal load cells at the wall toe were removed after 

construction (Figure 5.1). The horizontal movement of the wall facing was measured using 

displacement potentiometers mounted against the facing panel on the shaking table platform. 

Reinforcement strains were measured using strain gauges that were bonded directly to the 

polyester geogrid longitudinal members and extensometers that were attached to selected geogrid 
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junctions. Acceleration response during shaking was measured using two accelerometers attached 

to the facing panel and four accelerometers buried at different locations in the backfill. 

The target horizontal base acceleration was a stepped-amplitude sinusoidal function with a 

frequency of 5 Hz (Figure 5.2). The excitation record was applied in 0.05g increments of 5 

seconds duration. The excitation stages were applied until excessive model deformation occurred. 

A stepped-acceleration amplitude base excitation record has been shown to be more aggressive 

than actual earthquake records scaled to the same peak acceleration in physical shaking table tests 

(Murata et al. 1994) and numerical modelling (Hatami and Bathurst 2001). However, a 

stepped record simplifies interpretation of dynamic wall response. 

5.5 Numerical approach 

The finite difference-based program FLAC (Fast Lagrangian Analysis of Continua) (Itasca 2005) 

was used to develop the plane strain numerical model and to simulate the static and dynamic 

response of the reinforced soil models. The backfill, facing panel and soil were modelled as 

continuum zones (Figure 5.3). The reinforcement layers were modelled with two-noded one-

dimensional structural cable elements with tensile strength and negligible compressive strength. 

The reinforcement layers were rigidly attached to the corresponding grid point on the back of the 

facing panel zone matching the attachment detail in the physical models.  

The model wall foundation in the numerical model was assumed to be rigid. The back of the wall 

(i.e. far-end boundary) was modelled using a rigid zone. The model wall facing toe boundary 

condition was modelled with two-noded one-dimensional beam elements with three plastic hinges 

(Figure 5.3b). The numerical mesh size in Figure 5.3a (0.04 m-wide zones), was selected based 

on a series of preliminary numerical analyses to concurrently optimize numerical accuracy and 

computation time. Five to six rows of soil zones were used between reinforcement layers to 
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prevent numerical effects due to coarse level of discretization. Large strain mode was used in the 

model to account for large deformations. The dynamic calculation time step was set automatically 

by FLAC at 7.4E-6 seconds. 

The numerical grid was constructed in layers to simulate soil placement. However, there was no 

significant difference in numerical results by constructing the entire numerical domain 

instantaneously. This outcome may be expected since the wall facing in the physical tests was 

braced during construction. Sequential numerical construction is important to accurately simulate 

wall response if the wall facing column is constructed sequentially with no external support as is 

the case for modular block walls as demonstrated by Huang et al. (2009). The models were 

brought to static equilibrium following removal of the external props. Next, the full width of the 

foundation and back wall of the numerical model were subjected to the velocity-time record 

computed from the measured base acceleration record applied to the physical shaking table 

model.  

For the case of numerical simulation of reinforced soil walls under static load conditions, both 

Ling (2003) and Huang et al. (2009) have demonstrated that increasing the complexity of 

constitutive models for component material properties does not guarantee improved simulation 

accuracy. Zarnani and Bathurst (2008, 2009a) carried out a series of numerical simulations of 

physical seismic buffer tests using the same shaking table and model size as reported here. They 

showed that up to about 0.7g peak base excitation there was no practical advantage of using the 

well-known equivalent linear method (ELM) (first introduced by Seed and Idriss (1969)) for the 

soil, compared to the same linear-elastic plastic M-C model used in the current study. The 

explanation for this apparent contradiction is that hysteretic unload-reload behaviour, nonlinear 

shear modulus degradation of the soil and increasing damping with increasing shear strain that are 
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explicit components of the ELM approach is a natural outcome at post-yield using the linear 

elastic-plastic M-C model (e.g. Itasca 2005; Ishihara 1996; Muir Wood 2004) (Figure 5.4). 

Based on prior experience with numerical modelling of the simulated seismic response of seismic 

buffer tests using the same shaking table and the same soil backfill, the numerical simulations in 

the current study were carried out using a simple linear-elastic M-C model. The predictions using 

this simple soil constitutive model are shown later in the chapter to do very well in most cases. 

5.6 Material properties 

5.6.1 Soil Properties 

The soil was modelled as a cohesionless material with linear elastic-plastic response, Mohr-

Coulomb (M-C) failure criterion and dilation angle. The values of peak friction angle and dilation 

angle were first estimated from boundary loads and displacements measured in conventional 

laboratory direct shear box tests with soil prepared to a unit weight of 15.7 kN/m3 (i.e. matching 

the wall model tests). However, the 2-D numerical model of reinforced soil walls in FLAC 

requires plane strain soil parameters as input values. For example, the peak shear strength of 

dense frictional sand is greater under plane strain conditions than values deduced from direct 

shear conditions (Bolton 1986). The peak soil friction angle measured from direct shear tests was 

increased and soil initial shear modulus, Go, and initial bulk modulus, Ko adjusted until the 

equivalent stress-deformation response of the FLAC model (Figure 5.5a) gave a good fit to 

physical test results (Figure 5.5b). During this calibration, the dilation angle, ψ was kept 

constant. Soil shear properties deduced from the combination of physical direct shear box tests 

and simulations are summarized in Table 5.1a. These values were used in the reinforced soil wall 

simulations. The table also reports the measured sand residual friction angle from physical direct 

shear box tests as 46 degrees. However, a residual friction angle was not used in the numerical 
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model in order to minimize the number of model parameters. Cyclic shear box testing at a model 

frequency of 5 Hz was not required since the peak friction angle of sand material under cyclic 

loading has been demonstrated to be unchanged from the value deduced from static loading 

conditions (Bathurst et al. 2002; Ishihara 1996; Prakash 1981). 

5.6.2 Reinforcement 

The reinforcement material was modelled using linear elastic-plastic cable elements with no 

compressive strength (Table 5.1b). Based on a review of experimental data for geogrid 

reinforcement materials at small strain, the influence of soil confinement on tensile properties of 

these materials is negligible (Shinoda and Bathurst 2004; Walters et al. 2002) and the axial 

stiffness (modulus) for polyester geogrids is sensibly rate-of-strain independent (Bathurst and 

Cai 1994). Therefore, the stiffness properties of the geogrid reinforcement in this investigation 

were determined from in-isolation, rapid strain-rate (i.e. 6, 12 and 22% strain/min) tensile tests. In 

a separate series of tensile tests, strain gauges were bonded directly to longitudinal members. A 

linear curve was fitted to the tensile load-strain data up to about 2% strain (Figure 5.6). Tensile 

strains varied between parallel longitudinal members which explains the spread in data points. A 

first-order linear equation and prediction limits at ±2 standard deviations were fitted to the data 

and used later to compute reinforcement loads and to provide an estimate of load prediction 

accuracy. 

5.6.3 Mass and stiffness damping 

To avoid low-level oscillation, stiffness and mass proportional Rayleigh damping in conjunction 

with hysteresis damping was used (Itasca 2005). In this study, a constant damping ratio of  = 

5% was selected and assigned to backfill soil and facing elements only. A parametric numerical 

study of a 6 m-high GRS wall model by Bathurst and Hatami (1998) showed that there was 
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only a small effect on dynamic model response (facing displacement and reinforcement load) for 

damping ratios in the range of 5 to 10%. Nevertheless, the choice of damping type and magnitude 

can be expected to influence numerical outcomes as demonstrated in other related work 

(Bathurst and Hatami 1998; Lee et al. 2010; Ling et al. 2010).   

5.6.4 Boundaries 

Four-noded, linear-elastic continuum zones were used to model the full height-rigid-facing panel, 

shaking table and far-end boundary. These zones were assigned unit weight, shear modulus and 

bulk modulus values of 17.2 kN/m3, 1000 MPa, and 1100 MPa, respectively. It was found that 

larger values of bulk and shear modulus for the facing panel resulted in numerical instability due 

to the large difference in these values between adjoining soil and facing panel zone. 

5.6.5 Interfaces 

The reinforcement (cable) elements in the numerical model were attached to soil grid points to 

simulate a perfect bond. This attachment ensured compatibility of displacement between 

reinforcement structural nodes and backfill soil grid points. As noted later in the chapter, possible 

slip between the soil and top reinforcement layer in the physical tests may have contributed to 

relatively less accurate reinforcement load prediction. However, in the absence of physical test 

data to guide the selection of interface stiffness values a perfect bond simplifies the modelling 

and interpretation of results. Fakharian and Attar (2007) used the FLAC cable element with the 

grout option. They assumed a normal stress-dependent (grout) interface shear angle of 0.75 

where  is the (unadjusted) friction angle of the soil (i.e. 51 degrees). However, there is no 

independent justification in their study for the selection of this value.  

The interface between the backfill soil and the foundation was modelled using a thin (0.02 m 

thickness) soil layer placed directly on the foundation (Figure 5.3). The material properties of 
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this layer were the same as those of the backfill material consistent with the rough sand bottom 

(glued layer of sand) in the physical tests. 

The interface between the reinforced soil and the facing panel was modelled using a thin (0.015 

m thick) soil column directly behind the facing panel (Figure 5.3). The soil-facing panel interface 

material properties were the same as the backfill properties except for the friction angle (). This 

value was computed at peak base acceleration intervals from measured loads in the physical test 

wall with a hinged toe according to the following equation:  

 

[5.1]     1 V f

H i

R W
tan

R T

 

    
                                                                                             

 

Here, RV and RH are the measured vertical and horizontal components of the toe reaction, 

respectively, Wf is the weight of the facing panel, and Ti is the sum of the total connection 

loads. Back-calculated values are shown in Figure 5.7. A value of  = 0.75ps = 44º was judged to 

be reasonable and was implemented in all numerical simulations.  

5.7 Comparison of numerical and physical test results 

As noted earlier in the chapter, the physical tests were continued to a peak base excitation of 

about 0.8g corresponding to test duration of about 65 seconds (Figure 5.2). The numerical 

simulations were terminated after about 50 to 55 seconds due to numerical instability. However, 

at the end of numerical simulations, the peak base excitations were in excess of 0.3 g which is 

judged to be a significant dynamic load particularly when the excitation record has stepped 

sinusoidal amplitude. The data points in some of the plots to follow correspond to values at peak 

positive acceleration in the direction towards the wall facing.   
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5.7.1 Model wall fundamental frequency 

An often over-looked response feature of soil-structures is the fundamental frequency of the 

system. In design practice it is desirable that the predominant frequency of the input motion 

(design earthquake) be different from the model wall fundamental frequency to prevent premature 

failure due to a resonance condition (e.g. Zarnani and Bathurst 2009b). Retaining walls of 

typical height (say H < 10 m) are short-period structures and thus their seismic response is 

dominated by their fundamental frequency (Hatami and Bathurst 2000). In the current study, 

fundamental frequency was determined experimentally for the hinged toe model (El-Emam and 

Bathurst 2004) and numerically using the free vibration method. In the numerical simulations the 

model walls were subjected to a sinusoidal input excitation with predominant frequency of 5 Hz 

for about 6 seconds. Then the models were allowed to vibrate freely with zero input acceleration. 

The frequency response of the models with respect to acceleration and wall displacement was 

monitored during the free vibration period and the fundamental frequencies identified as shown in 

Figure 5.8. The values of fundamental frequency calculated from experimental and numerical 

free vibration tests were similar (i.e. f11 = 22 and 21 Hz, respectively). Figure 5.8a shows that the 

model wall toe boundary condition has negligible effect on the magnitude of the fundamental 

frequency in numerical simulations which is consistent with previous parametric numerical 

analyses reported by Hatami and Bathurst (2000). The fundamental frequency values are very 

close to the values of 21 to 22Hz predicted using closed-form solutions based on elastic theory 

(e.g. Wu and Finn 1996). Furthermore, these values are well above the input excitation 

frequency of 5Hz which means that the response of the physical and numerical models in this 

study is not complicated by close proximity to the fundamental frequency of the systems. 
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5.7.2 Wall facing displacements 

Post-construction predicted and measured time histories of the peak lateral displacement at the 

top of the wall facing panel for hinged and sliding toe model walls are shown in Figures 5.9a and 

5.9b, respectively, and at the base of the sliding toe model in Figure 5.9c. The predicted lateral 

displacements at the top and bottom of the sliding toe wall are judged to be in good agreement 

with the experimental data. The predicted top lateral displacements of the hinged toe model wall 

(Figure 5.9a) show very good agreement with the measured data up to about 35 seconds; 

thereafter numerical simulation results become progressively greater.  

The results in Figure 5.9 show that both hinged and sliding toe model walls experienced a large 

increase in rate of lateral deformation at about 35 to 40 seconds from the start of the tests when 

the measured input base acceleration amplitude became greater than 0.25g to 0.3g. This critical 

acceleration is highlighted in Figure 5.10 using peak base acceleration as the independent 

parameter. Sharp increases in displacement versus peak base acceleration can be found in the 

literature for similar reduced-scale model shaking table tests of conventional walls, and soil 

reinforced retaining walls and abutments (Tatsuoka et al. 2009; Murata et al. 1994). Sakaguchi 

et al. (1992) carried out shaking table tests on 1.5 m-high geosynthetic reinforced soil wall 

models with block facing treatments and reported critical acceleration amplitudes in the range of 

about 0.3g to 0.4g when soil response was judged to have changed from elastic to plastic 

behaviour. The numerical models for both walls in the current study are judged to have predicted 

the critical acceleration reasonably well. However, the post-critical acceleration responses are 

close for the numerical simulations but dissimilar for the two physical tests. For example, the 

hinged toe model generated less deformation at the wall top. Furthermore, for base acceleration 

greater than 0.5g, the predicted top wall displacements for the hinged toe model were greater than 

the sliding toe model which is the reverse trend for the physical tests.  
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5.7.3 Mass movements and ground motion amplification 

Plots of shear zones within the reinforced soil and retained soil zones from the numerical hinged 

toe model are shown in Figure 5.11. The numerical results show the development of a wedge of 

soil that grows from a single wedge to a larger bi-linear wedge with increasing base acceleration. 

This mechanism is clear from numerical modelling but was not easily detectable during physical 

testing. The exception is Figure 5.11d close to the end of the base shaking. In this physical test 

an array of thin flexible plastic tubes was inserted through the height of the soil and then filled 

with a resin after the test was completed. The hardened resin captured (froze) the location of 

major soil disturbance. When the failure surface points from these (inclinometer) tubes are 

connected to the observed failure scarp at the far end of the soil surface there is judged to be a 

reasonably good agreement with the bottom of the soil shear zone predicted by the numerical 

model.  

The reinforced soil zone can be observed to have deformed as a parallelogram indicating that the 

combination of rigid facing panel, soil and reinforcement layers creates a monolithic block. A 

swale at the soil surface at the end of the reinforcement zone was also observed in the physical 

test consistent with the block deformation pattern observed in the numerical simulation. A similar 

parallelogram block movement has been reported by Tatsuoka et al. (1998) from similar but 

smaller-scale reinforced soil wall tests with a rigid facing.   

Superimposed on the figures are linear failure surfaces inclined at angle AE from the horizontal 

computed using a solution to Mononobe-Okabe wedge theory (Zarrabi 1979): 

[5.2]     
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The parameter a2 in Equation 5.2 is given by: 

[5.3]      )cot()tan(1)cot()tan()tan(a2   

 

Here,  = soil friction angle,  = wall-soil interface friction angle;  = wall/slope face inclination 

(positive in a clockwise direction from the vertical);  = backfill surface inclination angle (from 

horizontal); and the seismic inertia angle  = tan-1[kh / (1  kv)]. Quantities kh and kv are 

horizontal and vertical seismic coefficients, respectively, expressed as fractions of the 

gravitational constant, g. Calculations are simplified in this investigation because  = kv =  = 0.  

Three different combinations of soil friction angle and interface friction angle were investigated 

to see if the boundaries of the disturbed soil zone could be matched to failure surfaces predicted 

using Equation 5.2.  In all cases the single wedge computed using values of  = 58º and  = 44º 

(i.e. values used in the soil constitutive model) under-predicted the volume of the disturbed soil 

zone. Only at the end of the test was there a reasonable correspondence between the orientation of 

the physical observed failure surface in the retained soil zone and the failure surface orientation 

from the closed-form solution.  Similar under-estimation of the volume of the shear zone has been 

reported by Koseki et al. (1998) in reinforced soil model wall shaking table tests and with 

numerical results (Bathurst and Hatami 1998). 

Figures 5.11c and 5.11d illustrate that the bottom reinforcement layers are important in resisting 

seismic forces at higher input base acceleration amplitudes. In this test the failure surface(s) 

propagated further from the wall facing with increasing base excitation and eventually fully 

contained the top reinforcement layers. Therefore, the seismic load was transferred to the bottom 

reinforcement layers which still had sufficient anchorage length within the resisting soil zone. An 
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important conclusion from the numerical results is that the internal failure surface (based on a 

single wedge propagating from the wall toe) used for internal stability design in current design 

codes may under-predict the reinforcement length required to satisfy the pullout limit state. 

Finally, the numerical model indicated that large strains occurred at the back of the facing panel 

(i.e. facing panel-soil interface) which is consistent with the numerical results obtained by 

Bathurst and Hatami (1998) and evidence of high connection loads presented later. 

Ground motion amplification can vary up the height of an earth retaining wall structure 

depending on the height of wall, soil type and base excitation characteristics (Hatami et al. 2005; 

Nouri et al. 2008; Carotti and Rimoldi 1998; Matsuo et al. 1998; Ling et al. 2004, 2005b; 

Murata et al. 1994; Krishna and Latha 2007). Accelerometers were mounted on the shaking 

table and at different locations on the wall face and in the soil in the physical experiments 

(Figure 5.1). The fast Fourier transform (FFT) was computed for each accelerometer record up to 

the end of the numerical simulation and from the matching numerical experiment for the same 

time interval and location in the physical test. Acceleration amplification is defined here as the 

ratio of the accelerometer FFT at locations above the shaking table to the accelerometer FFT 

record for the shaking table. Figure 5.12a shows these ratios. The physical tests show that 

acceleration amplification increases with height above the table and is greater at the face than in 

the soil. The largest amplification ratios from the physical tests are in the range of 1.8 to 1.4. 

However, in the numerical tests the predicted values for both model walls are sensibly constant at 

about 1.15 to 1.1. Figure 5.12b shows the acceleration amplification factors calculated as the 

ratio of root mean square (RMS) acceleration as described in Chapter 8. Acceleration 

amplification factors calculated by the RSM method were detectably slightly higher than 

amplification factors calculated by the FFT method for both numerical results and experimental 
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measurements. However, the predicted values from numerical simulations are smaller than 

experimental measurements using both methods. From a practical point of view both FFT and 

RMS methods gave similar results. Clearly, the numerical experiments behave more as a 

monolithic block than the physical experiments.  This may be due to the low height of the 

physical test walls.   

5.7.4 Reinforcement load-time histories  

Examples of the predicted and measured time histories of the axial reinforcement load at the back 

of the facing panel (i.e. connection loads) for both hinged and sliding toe model walls are shown 

in Figure 5.13. The range bars in the figure represent ±1 standard deviation on the estimate of 

reinforcement loads deduced from strain gauge readings close to the back of the facing (Figure 

5.6). The figures show that predicted connection loads accumulate with time during base shaking. 

With the exception of the top reinforcement layers in both model walls, the numerical predictions 

are judged to be in satisfactory agreement with reinforcement connection loads for the first 25 

seconds of the test, when base accelerations are < 0.35g. For base acceleration amplitudes greater 

than 0.35g, the numerical model over-predicted the reinforcement connection loads for both 

hinged and sliding toe models. This may be due to slip between the reinforcement and sand soil 

due to low confining pressure which is not captured in numerical simulations using a perfect 

bond.  

5.7.5 Reinforcement load distribution 

Figure 5.14 shows the measured and predicted reinforcement loads with distance from the back 

of the facing panel, at the end of construction and at different peak input base acceleration. Peak 

values at all locations were essentially time-coincident in both physical and numerical 

experiments. In most plots, the numerically predicted magnitude and distribution of 
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reinforcement loads are judged to be in good agreement with the measurement data falling within 

1 standard deviations. The largest discrepancies between measured and predicted values are for 

the sliding toe model at relatively large base excitation (Figure 5.14d) which is possibly due to 

low confining pressure in the physical 1-g models as noted earlier. 

In most cases, the increase in tensile load in the vicinity of the facing panel is captured. This is 

believed to be due to down-drag of reinforcement layers when the soil behind the wall moves 

down as the facing moves outward. This phenomenon has been noted in hard-faced full-scale 

field walls (Allen and Bathurst 2006) and full-scale laboratory model walls (Bathurst et al. 

2000) at the end of construction.  

5.7.6 Distribution of connection and toe loads  

The distribution and magnitude of the measured and predicted reinforcement connection loads are 

plotted in Figures 5.15 and 5.16 for hinged and sliding walls, respectively, at the end of 

construction (i.e. static loading) and at different input base accelerations (i.e. dynamic loading). 

The peak connection loads in both numerical and physical tests are time-coincident. The range 

bars represent ±1 standard deviation on measured loads as discussed in previous sections. 

Superimposed on the figures are the connection loads calculated using three different seismic 

design methods for geosynthetic reinforced soil walls (i.e. Bathurst and Cai 1995; NCMA 2009; 

FHWA 2009 and AASHTO 2010). 

The analysis method for reinforced soil walls proposed by (Bathurst and Cai 1995) assumes a 

distribution of internal earth pressure and assigns reinforcement load to each reinforcement layer 

proportional to the tributary area, Sv corresponding to that layer. In addition, the inertial force due 

to the contributory portion of the facing column, khWf is added to the reinforcement loads under 

seismic loading. Hence the total tensile load, T, in the reinforcement layer is calculated as: 
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[5.4]     sta h f dynT T k W T       

                                                                                         

In Equation 5.4, the quantity Wf = SvLff is the weight of the facing panel increment falling 

within the contributory area, Sv of the reinforcement layer. Parameters Lf and f are the facing 

panel width and unit weight, respectively. Quantity kh is the horizontal seismic coefficient 

expressed as a fraction of the gravitational constant, g. The static component, Tsta of the 

reinforcement load is calculated as follows: 

[5.5]     sta AH vT K zS      

where  is soil unit weight and z is distance from the crest of the wall to the reinforcement layer. 

The additional earth pressure beyond the static pressure (dynamic earth pressure) is assumed to be 

trapezoidal shaped with larger dynamic pressure at the top of the wall than at the bottom. The 

corresponding dynamic component, Tdyn of the reinforcement load is calculated as follows: 

[5.6]     dyn dyn(H) v

z
T 0.8 0.6 K HS

H
     
   

 

where Kdyn(H) is the equivalent pseudo-static coefficient of dynamic load. Details are given in the 

paper by Bathurst and Cai (1995). 

In Equation 5.5, the quantity, KAH is the horizontal component of the static earth pressure 

coefficient, calculated from Coulomb earth pressure theory. The calculation of dynamic 

components, Tdyn of reinforcement load in Equation 5.6 is based on the assumption that the 

resultant of the dynamic component is located at 0.6H above the base of reinforced soil mass 

(Bathurst and Cai 1995) which is consistent with the pseudo-static design of anchored sheet pile 
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walls (Ebling and Morrison 1993). As a consequence of this assumption, the relative proportion 

of load carried by uniformly spaced reinforcement layers closest to the crest of a wall increases 

with increasing horizontal acceleration. The NCMA (2009) design guidance document simplifies 

Equation 5.6 by removing the term in brackets. This is equivalent to a uniform dynamic pressure 

increment at the back of the wall facing. 

AASHTO (2010) and FHWA (2009) guidelines use different procedures to calculate and assign 

reinforcement loads to each reinforcement layer. The dynamic earth load is calculated as Pdyn = 

AmWA , where Am is the maximum wall acceleration coefficient at the centroid of the wall mass, 

Am = (1.45-kh)×kh, kh is horizontal acceleration coefficient and WA is the weight of the static 

internal failure wedge. The distribution of the dynamic load increment, Pdyn between the 

reinforcement layers is weighted based on the total anchorage length embedded in the resistance 

zone. Therefore, the reinforcement dynamic load increment, Tdyn is calculated according to: 

[5.7]     a
dyn dyn n

a

L
T ΔP

L



        

where: n = number of reinforcement layers; and La = anchorage length of the reinforcement layer 

(i.e. the portion of the layer extended beyond the failure surface). This approach leads to 

redistribution of dynamic load to the lower reinforcement layers for internal stability calculations 

in structures with uniform reinforcement length. Furthermore, the FHWA/AASHTO design 

guidelines are less likely to result in an increased number and length of reinforcement layers at 

the top of the reinforced soil wall to accommodate shallower internal failure surfaces with 

increasing horizontal acceleration, which is often the case using the Bathurst and Cai (1995) and 

NCMA (2009) approaches.  
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Figure 5.15 shows that the accuracy of predicted (numerical) connection loads for the hinged toe 

model wall is reasonably good for base acceleration amplitudes up to 0.3g. The distribution of 

connection loads using closed-form solutions also fall within ±1 standard deviation of measured 

values for acceleration amplitudes up to 0.3g. However, at 0.43g input base acceleration (Figure 

5.15e) only the AASHTO (2010) method predicts loads that fall consistently within measurement 

range bars. Nevertheless, none of the analytical methods consider the contribution of toe restraint 

to wall load capacity which is significant in this case. For example, the measured toe load was 

larger than the best-estimate of reinforcement load at all base excitation stages demonstrating that 

a horizontally restrained toe can attract significant wall force and possibly reduce the load 

demand on the reinforcement layers. Hence, the good agreement between measured and 

analytical predictions may be fortuitous. The potential load capacity of a restrained or partially 

restrained toe at end of construction (static load conditions) for walls with a hard facing has been 

demonstrated in full-scale physical wall tests (Bathurst et al. 2006) and in numerical parametric 

analyses (Huang et al. 2010).   

The numerical and measured connection loads for the sliding toe model wall (Figure 5.16) are in 

good agreement except for the bottom-most layer at the highest acceleration shown. Numerical 

and physical test results show that without the restraint offered by the wall toe much larger loads 

are carried by the lowermost reinforcement layer.  However, the analytical solutions tend to 

increasingly over-estimate the top reinforcement layer load as base acceleration increases. Of the 

three analytical methods used, it can be argued that the AASHTO (2010) approach is most 

accurate when compared to the physical test results, but nevertheless under-estimates load in the 

bottom-most layer. 
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5.7.7 Toe loads 

Time histories of the measured and predicted vertical toe load for the sliding toe model wall are 

shown in Figure 5.17a. Vertical and horizontal toe load responses for the hinged toe model wall 

during base excitation are shown in Figure 5.17b. The predicted qualitative trends in vertical and 

horizontal toe loads are judged to be in satisfactory agreement with the measured values for both 

model walls during base excitation. However, there is under-prediction of toe loads early in the 

tests and over-prediction at longer times. For both walls, the self-weight of the facing panel is 

much less than measured and predicted vertical loads at the wall toe due to soil down-drag at the 

back of the wall facing. It can be seen that the numerical simulations captured the trend of slightly 

higher magnitude of the vertical toe load measured for the hinged toe model wall compared to the 

sliding toe model wall during shaking. The greater magnitude of the vertical toe load in the 

hinged toe model is consistent with a larger soil mass that rotated outward above the heel of the 

wall facing (i.e. compared to sliding toe case).  

5.7.8 Earth load magnitude and elevation 

The variation of measured total earth load acting against the facing panel with base acceleration is 

compared to numerical modelling results in Figure 5.18 for both hinged and sliding toe model 

walls. The total earth load was calculated as the summation of all reinforcement connection loads 

(i.e. ∑Ti) in the sliding toe model wall, and as the summation of reinforcement connection loads 

plus the facing toe horizontal reaction (i.e. ∑Ti
 
+ RH) in the hinged toe model wall. 

Within the accuracy of the experimental measurements, the predicted horizontal earth forces at 

the back of the facing panel obtained from numerical models are in agreement with the measured 

data for the hinged toe model wall for base accelerations up to (say) 0.35g. However, the 

predicted earth load values for the sliding toe model subjected to strong base shaking (e.g. > 0.3g) 
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are greater than measured values. The difference between the predicted and measured total earth 

forces behind the facing may be attributed to the slippage of reinforcement within the backfill soil 

which results in lower reinforcement connection loads compared to the case when the slippage of 

reinforcement is prevented. The results shown in Figure 5.18 indicate that closed-form seismic 

design solutions under-estimate measured and predicted values of the total earth load behind the 

hinged toe model wall. However, for the sliding toe model wall, the calculated values based on 

analytical methods fall between measured and numerically predicted total earth load values with 

the AASHTO (2010) values doing very well when compared to physical test results only.  

5.8 Conclusions  

This chapter describes the results of numerical modelling of two reduced-scale reinforced soil 

wall models tested on a shaking table. The physical test walls were heavily instrumented. The 

numerical simulations were carried out using the commercially available dynamic finite 

difference program FLAC (Itasca 2005). Direct shear laboratory tests were modelled using 

FLAC to back-calculate input material properties for the soil and in-isolation tensile tests were 

carried out to characterize the load-strain properties of the reinforcement material. The model 

walls were subjected to the same input base acceleration record as that measured in the physical 

tests. A unique feature of this study is that a wide range of response parameters were predicted for 

two nominally identical walls in which only the toe boundary condition was different. Some 

important lessons from this study are summarized below:  

 
 A simple elastic-plastic soil model was shown to be sufficient to predict wall 

deformation, footing and reinforcement loads provided that the values of shear and bulk 

modulus of the backfill soil are selected accurately. Plane strain properties of the backfill 
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sand that were back-calculated from numerical simulation of direct shear tests were 

required to accurately model the physical reinforced soil wall tests. 

 A strain-rate independent polyester (PET) geogrid material was shown to be particularly 

well suited for numerical modelling and its axial stiffness properties were easily 

determined from conventional in-isolation constant rate-of-strain tensile tests. The in-

isolation material properties were judged sufficient to model the reinforcement stiffness 

but the assumption of a perfect bond between the reinforcement and soil may have 

contributed to differences between predicted and measured loads due to reinforcement-

soil slip in the 1-g physical tests with low confining pressure. 

 Both physical and numerical modelling results showed that the magnitude and 

distribution of reinforcement connection loads during static and dynamic loading are 

affected by the toe boundary condition. 

 The numerically predicted zones of soil plasticity (failure wedges) increased beyond the 

static failure wedge (i.e. became shallower) as the input base acceleration amplitude 

increased. This observation is inconsistent with current North American practice that 

assumes the orientation of the internal failure plane for reinforcement design is described 

by the static load condition [AE (kh = kv = 0)]. A consequence of this deficiency is that 

current limit-equilibrium methods may under-estimate reinforcement anchorage lengths 

close to the top of the wall using pseudo-static design, which is non-conservative. 

Furthermore, the numerical results and measurements of mass movement at large base 

accelerations showed the development of a bi-linear failure mechanism which is not 

predicted using closed-form solutions that are variants of pseudo-static methods. 
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 Ground acceleration amplifications based on FFT and RMS analysis were sensibly 

constant at about 1.1 and 1.2, respectively, at all locations in the numerical models. 

However, in the physical tests acceleration amplification varied between walls and 

between monitoring locations. This discrepancy warrants further investigation since an 

assumption in current closed-form analytical solutions for earthquake-induced 

reinforcement loads is that ground acceleration is constant throughout the soil backfill.     

The experimental data reported from the reduced-scale model walls in this study is unique in the 

literature for instrumented reinforced soil walls under base excitation because a reinforcement 

material with scaled tensile stiffness was used together with a wide array of instrumentation 

including measurement of the load developed at the toe of the facing panel. The latter is 

necessary for verification of any numerical model and to quantify the important contribution of 

the wall facing to resist earth loads.  

While there were detectable differences between physical results and numerical outcomes in 

many cases, the numerical simulations with simple constitutive models for the component 

materials were judged to have done reasonably well particularly when numerical values are 

compared against estimates of reinforcement load measurement accuracy. Where there was 

relatively poorer correspondence this may be due to the low confining pressure close to the top of 

the physical models. This is a common deficiency of reduced-scale 1-g models with frictional 

soils but may be less problematic if the FLAC-based model developed in this investigation is 

used to predict the response of full-scale walls. A strategy to improve reinforcement load 

predictions at the top of the model walls is to include an interface slip mechanism. However, the 

stiffness and strength of this interface is difficult to quantify from independent laboratory testing.  
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The writer examined predictions reported by Fakharian and Attar (2007) for the same two wall 

models in the current study. Fakharian and Attar used a more complicated nonlinear cyclic 

hysteretic model for the soil which required unqualified selection of input parameter values or did 

not match independent laboratory physical measurements. In addition, the magnitudes of 

interface properties were selected to improve numerical predictions. Nevertheless, predictions in 

the current study that can be compared to values reported by Fakharian and Attar were more 

accurate with the exception of the reinforcement loads computed for the top reinforcement layer. 

This gives some support to the need to include an interface slip mechanism with the 

reinforcement layers in 1-g models where these materials are placed in frictional soils under low 

confining pressure. 

In this investigation closed-form solutions gave predicted reinforcement loads that were typically 

within the range of estimated reinforcement loads. However, this may not be the case if nominal 

similar physical test walls could be carried out at prototype scale. For example, the relative 

influence of toe support, deformation modes and ground amplification can be expected to change 

with wall height. Furthermore, a very simple and aggressive accelerogram was used to excite the 

models in this investigation. Comparisons between numerical results and closed-form solutions 

should be carried out with models simulating field-scale walls and a range of actual earthquake 

records and possibly site-specific synthetic records before final recommendations regarding the 

accuracy of pseudo-static design methods are made. A verified numerical model of the type 

described in this chapter holds promise to explore a wide range of wall response features for walls 

of different types, geometry, material properties and seismic loading. 

5.9 References 

Allen, T.M. and Bathurst, R.J. 2002. Soil reinforcement loads in geosynthetic walls at working 
stress conditions. Geosynthetics International, 9(5-6): 525-566.  



 

147 

 

Allen, T.M. and Bathurst, R.J. 2006. Design and performance of an 11-m high block-faced 
geogrid wall. Proceedings of the 8th International Conference on Geosynthetics, 
Yokohama, Japan, September 2006, pp. 953-956. 

Allen, T.M., Bathurst, R.J. and Berg, R.R. 2002. Global level of safety and performance of 
geosynthetic walls: An historical perspective. Geosynthetics International, 9(5-6): 395-
450. 

Allen, T.M., Bathurst, R.J., Holtz, R.D., Walters, D.L. and Lee, W.F. 2003. A new working stress 
method for prediction of reinforcement loads in geosynthetic walls. Canadian 
Geotechnical Journal, 40(5): 976-994. 

American Association of State Highway and Transportation Officials (AASHTO) 2010. LRFD 
Bridge Design Specifications. 5th ed., AASHTO, Washington, DC, USA. 

Bathurst, R.J. and Cai, Z. 1994. In-isolation cyclic load-extension behavior of two geogrids. 
Geosynthetics International, 1(1): 3-17. 

Bathurst, R.J. and Cai, Z. 1995. Pseudo-static seismic analysis of geosynthetic reinforced 
segmental retaining walls. Geosynthetics International, 2(5): 789-832. 

Bathurst, R.J. and Hatami, K. 1998. Seismic response analysis of a geosynthetic reinforced soil 
retaining wall. Geosynthetics International, 5(1-2): 127-166. 

Bathurst, R.J., Hatami, K. and Alfaro, M.C. 2002. Geosynthetic Reinforced Soil Walls and 
Slopes: Seismic Aspects, (S.K. Shukla Ed.): Geosynthetics and Their Applications. 
Thomas Telford Ltd., London, UK, pp. 327-392. 

Bathurst, R.J., Miyata, Y., Nernheim, A. and Allen, T.M. 2008. Refinement of K-stiffness method 
for geosynthetic reinforced soil walls. Geosynthetics International, 15(4): 269-295. 

Bathurst, R.J., Vlachopoulos, N., Walters, D.L., Burgess, P.G. and Allen, T.M. 2006. The 
influence of facing rigidity on the performance of two geosynthetic reinforced soil 
retaining walls. Canadian Geotechnical Journal, 43(12): 1225-1237. 

Bathurst, R.J., Walters, D., Vlachopoulos, N., Burgess, P. and Allen, T.M. 2000. Full scale 
testing of geosynthetic reinforced walls. Keynote paper, ASCE Special Publication No. 
103, Advances in Transportation and Geoenvironmental Systems using Geosynthetics, 
Proceedings of Geo-Denver 2000, 5-8 August 2000, Denver, Colorado, pp. 201-217. 

Bolton, M.D. 1986. The strength and dilatancy of sand. Geotechnique, 36(1): 65-78. 

Cai, Z. and Bathurst, R.J. 1995. Seismic response analysis of geosynthetic reinforced soil 
segmental retaining walls by finite element method. Computers and Geotechnics, 17(4): 
523-546. 



 

148 

 

Carotti, A. and Rimoldi, P. 1998. A nonlinear model for the seismic response analysis of 
geosynthetic-reinforced soil structures. Geosynthetics International, 5(1-2): 167-201. 

Chan, A.H.C. 1993. User manual for Diana-Swandyne-II. Dept. of Civil Engineering, University 
of Glasgow, Glasgow, UK. 

Ebling, R.M. and Morrison, E.E. 1993. The Seismic Design of Waterfront Retaining Structures. 
Naval Civil Engineering Laboratory Technical Report ITL-92-11 NCEL TR-939, Port 
Huenene, CA, USA, 329 p. 

El-Emam, M. 2003. Behaviour of reinforced soil walls under earthquake loading. Ph.D. 
Dissertation, Queen’s University, Kingston, Ontario, Canada, 411 p. 

El-Emam, M. and Bathurst, R.J. 2004. Experimental design, instrumentation and interpretation of 
reinforced soil wall response using a shaking table. International Journal of Physical 
Modelling in Geotechnics, 4(4): 13-32. 

El-Emam, M. and Bathurst, R.J. 2005. Facing contribution to seismic response of reduced-scale 
reinforced soil walls. Geosynthetics International, 12(5): 215- 238. 

El-Emam, M., Bathurst, R.J. and Hatami, K. 2004. Numerical modeling of reinforced soil 
retaining walls subjected to base acceleration. Proceedings of the 13th World Conference 
on Earthquake Engineering, Vancouver, BC, 1-6 August 2004, 15 p. 

El-Emam, M., Bathurst, R.J., Hatami, K. and Mashhour, M.M. 2001. Shaking table and numerical 
modelling of reinforced soil walls. Proceedings of the International Symposium on Earth 
Reinforcement, IS Kyushu 2001, Kyushu, Japan, November 2001, Vol. 1, pp. 329-334 

Fakharian, K. and Attar, I.H. 2007. Static and seismic numerical modeling of geosynthetic-
reinforced soil segmental bridge abutments. Geosynthetics International, 14(4): 228–243. 

Federal Highway Administration (FHWA) 2009. Design and Construction of Mechanically 
Stabilized Earth Walls and Reinforced Soil Slopes — Vols 1 and 2. FHWA-NHI-10-024, 
(eds. R.R., Berg, Christopher, B.R., Samtani, N.C.), Federal Highway Administration, 
Washington, DC, USA. 

Fujii, T., Izawa, J., Kuwano, J., Ishihara, M. and Nakane, A. 2006. Prediction of deformation of 
retaining walls of geosynthetic-reinforced soil under large earthquakes. Proceedings of 
the 8th International Conference on Geosynthetics, Yokohama, Japan, September 2006, 
pp. 1185-1388. 

Guler, E. and Enunlu, A.K. 2009. Investigation of dynamic behavior of geosynthetic reinforced 
soil retaining structures under earthquake loads. Bulletin of Earthquake Engineering, 
7(3): 737-777. 



 

149 

 

Hallquist, J.O. and Whirley, R.G. 1989. DYNA3D user’s manual: nonlinear dynamic analysis of 
structures in three dimensions. Rep. UCID-19592, Rev. 5, Lawrence Livermore National 
Laboratory, Livermore, CA, USA. 

Hatami, K. and Bathurst, R.J. 2000. Effect of structural design on fundamental frequency of 
reinforced-soil retaining walls. Soil Dynamics and Earthquake Engineering, 19: 137-157. 

Hatami, K. and Bathurst, R.J. 2001. Investigation of seismic response of reinforced soil retaining 
walls. CD Proceedings of the 4th International Conference on Recent Advances in 
Geotechnical Earthquake Engineering and Soil Dynamics, San Diego, CA, USA, Paper 
no. 7.18, 8 p. 

Hatami, K., Bathurst, R.J. and Di Pietro, P. 2001. Static response of reinforced soil retaining 
walls with non-uniform reinforcement. International Journal of Geomechanics, 1(4): 477-
506. 

Hatami, K., Bathurst, R.J. and El-Emam, M. 2005. Acceleration amplification in the backfill of 
reinforced soil walls of different heights. Proceedings of the 3rd Biot Conference on 
Poromechanics, Norman, Oklahoma, USA, May 2005, (Abousleiman, Cheng & Ulm 
Eds.), Balkema, London, UK, pp. 725-731. 

Helwany, M.B. and McCallen, D. 2001. Seismic analysis of segmental retaining walls, II: Effects 
of facing details. Journal of Geotechnical and Geoenvironmental Engineering, 127(9): 
750-756. 

Helwany, M.B., Budhu, M. and McCallen, D. 2001. Seismic analysis of segmental retaining 
walls, I: Model verification. Journal of Geotechnical and Geoenvironmental Engineering, 
127(9): 741-749. 

Huang, B., Bathurst, R.J. and Hatami, K. 2009. Numerical study of reinforced soil segmental 
walls using three different constitutive soil models. ASCE Journal of Geotechnical and 
Geoenvironmental Engineering, 135(10): 1486-1498. 

Huang, B., Bathurst, R.J., Hatami, K. and Allen, T.M. 2010. Influence of toe restraint on 
reinforced soil segmental walls. Canadian Geotechnical Journal, 47(8): 885-904. 

Iai, S. 1989. Similitude for shaking table tests on soil-structure-fluid models in 1g gravitational 
field. Soils and Foundations, 29(1): 105-118. 

Ishihara, K. 1996. Soil Behaviour in Earthquake Geotechnics. Clarendon Press, Oxford, UK, 350 
p. 

Itasca Consulting Group 2005. Fast Lagrangian Analysis of Continua, v5.0, Itasca Consulting 
Group, Minneapolis, MN, USA. 



 

150 

 

Koseki, J., Munaf, Y., Tatsuoka, F., Tateyama, M., Kojima, K. and Sato, T. 1998. Shaking and 
tilt table tests of geosynthetic-reinforced soil and conventional-type retaining walls. 
Geosynthetics International, 5(1-2): 73-96. 

Koseki, J., Bathurst, R.J., Güler, E., Kuwano, J. and Maugeri, M. 2006. Seismic stability of 
reinforced soil walls. Keynote paper, Proceedings of the 8th International Conference on 
Geosynthetics, Yokohama, Japan, 18-22 September 2006, 28 p. 

Krishna, A.M. and Latha, G.M. 2007. Seismic response of wrap-faced reinforced soil retaining 
wall models using shaking table tests. Geosynthetics International, 14(6): 355-364. 

Lee, K.Z.Z., Chang, N.Y. and Ko, H.Y. 2010. Numerical simulation of geosynthetic-reinforced 
soil walls under seismic shaking. Geotextiles and Geomembranes, 28(4): 317-334.  

Ling, H.I. 2003. Finite element applications to reinforced soil retaining walls–Simplistic versus 
sophisticated analyses. Proceedings of Geomechanics: Testing, Modeling, and 
Simulation, 1st Japan–U.S. workshop on Testing, Modeling, and Simulation, J. A. 
Yamamuro and J. Koseki, eds., ASCE, Reston, VA, USA, pp. 77-94. 

Ling, H.I., Liu, H., Kaliakin, V.N. and Leshchinsky, D. 2004. Analyzing dynamic behaviour of 
geosynthetic-reinforced soil retaining walls. Journal of Engineering Mechanics, 130(8): 
911-920. 

Ling, H.I., Liu, H., Kaliakin, V.N. and Mohri, Y. 2005a. Parametric studies on the behavior of 
reinforced soil retaining walls under earthquake loading. Journal of Engineering 
Mechanics, 131(10): 1056-1065. 

Ling, H.I., Mohri, Y., Leshchinsky, D., Burke, C., Matsushima, K. and Lui, H. 2005b. Large-
Scale shaking table tests on modular-block reinforced soil retaining walls. Journal of 
Geotechnical and Geoenvironmental Engineering, 131(4):  465-476. 

Ling, H.I., Yang, S., Leshchinsky, D., Liu, H. and Burke, C. 2010. Finite-element simulations of 
full-scale modular-block reinforced soil retaining walls under earthquake loading. Journal 
of Engineering Mechanics, 136(5): 653-661. 

Matsuo, O., Tsutsumi, T., Yokoyama, K. and Saito, Y. 1998. Shaking table tests and analysis of 
geosynthetic-reinforced soil retaining walls. Geosynthetics International, 5(1-2): 97-126. 

Muir Wood, D. 2004. Geotechnical Modelling. Spon Press, UK. 488 p. 

Muir Wood, D., Crewe, A. and Taylor, C. 2002. Shaking table testing of geotechnical models. 
International Journal of Physical Modelling in Geomechanics, 1(1): 1-13. 

Murata, O., Tateyama, M. and Tatsuoka, F. 1994. Shaking table tests on a large geosynthetic-
reinforced soil retaining wall model. Recent Case Histories of Permanent Geosynthetic-



 

151 

 

Reinforced Soil Walls (Tatsuoka and Leshchinsky, Eds.), Proceedings of the Seiken 
Symposium, Tokyo, Japan, pp. 259-264. 

National Concrete Masonry Association (NCMA) 2009. Design Manual for Segmental Retaining 
Walls. 3rd edition., M. Bernardi, ed., NCMA, Herndon, VA, USA. 

Nouri, H., Fakher, A. and Jones, C.J.F.P. 2008. Evaluating the effects of the magnitude and 
amplification of pseudo-static acceleration on reinforced soil slopes and walls using the 
limit equilibrium horizontal slices method. Geotextiles and Geomembranes, 26(3): 263-
278. 

Prakash, S. 1981. Soil Dynamics. McGraw Hill, Inc., New York, NY, USA, 426 p. 

Rowe, R.K. and Ho, S.K. 1998. Horizontal deformation in reinforced soil walls. Canadian 
Geotechnical Journal, 35(2): 312-327.  

Sakaguchi, M., Muramatsu, M. and Nagura, K. 1992. A discussion on reinforced embankment 
structures having high earthquake resistance. Earth Reinforcement Practice: Proceedings 
of the International Symposium on Earth Reinforcement Practice, IS-Kyushu ’92. 
Fukuoka, Kyushu, Japan, pp. 287-292. 

Seed, H.B. and Idriss, I. 1969. Influence of soil conditions on ground motion during earthquakes. 
Journal of Soil Mechanics and Foundation Division, ASCE, 95: 99-137. 

Shinoda, M. and Bathurst, R.J. 2004. Lateral and axial deformation of PP, HDPE and PET 
geogrids under tensile load. Geotextiles and Geomembranes, 22(4): 205-222. 

Tatsuoka, F., Koseki, J., Tateyama, M., Munaf, Y. and Horii, K. 1998. Seismic stability against 
high seismic loads on geosynthetic-reinforced soil retaining structures. Keynote Lecture, 
Proceedings of the 6th International Conference on Geosynthetics, Atlanta, GA, USA, 
Vol. 1, pp. 103-142. 

Tatsuoka, F., Hirakawa, D., Nojiri, M., Aizawa, H., Nishikiori, H., Soma, R., Tateyama, M. and 
Watanabe, K. 2009. A new type of integral bridge comprising geosynthetic-reinforced 
soil walls. Geosynthetics International, 16(4): 301–326. 

Tatsuoka, F., Hirakawa, D., Nojiri, M., Aizawa, H., Nishikiori, H., Soma, R., Tateyama, M. and 
Watanabe, K. 2010. Response to ‘A new type of integral bridge comprising geosynthetic-
reinforced soil wall. Geosynthetics International, 17(4): 260-271. 

Vieira, C.S., Lopes, M.L. and Caldeira, L.M.M.S. 2006. Numerical modelling of a geosynthetic 
reinforced soil retaining wall subjected to seismic loading. Proceedings of the 8th 
International Conference on Geosynthetics, Yokohama, Japan, September 2006, pp. 
1365-1370. 



 

152 

 

Walters, D.L., Allen, T.M. and Bathurst, R.J. 2002. Conversion of geosynthetic strain to load 
using reinforcement stiffness. Geosynthetics International, 9(5-6): 483-523. 

Wu, G. and Finn, L.W.D. 1996. Seismic pressures against rigid walls. Proceedings of the ASCE 
Specialty Conference on Analysis and Design of Retaining Structures against 
Earthquakes. Geotechnical Special Publication No. 60, Washington, DC, USA, pp. 1-18. 

Zarnani, S. and Bathurst, R.J. 2008. Numerical modeling of EPS seismic buffer shaking table 
tests. Geotextiles and Geomembranes, 26(5): 371-383. 

Zarnani, S. and Bathurst, R.J. 2009a. Influence of constitutive model on numerical simulation of 
EPS seismic buffer shaking table tests. Geotextiles and Geomembranes, 27(4): 308–312. 

Zarnani, S. and Bathurst, R.J. 2009b. Numerical parametric study of EPS geofoam seismic 
buffers. Canadian Geotechnical Journal, 46(3): 318-338. 

Zarrabi, K. 1979. Sliding of gravity retaining wall during earthquakes considering vertical 
acceleration and changing inclination of failure surface. M.Sc. Thesis, Department of 
Civil Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA, 140 p. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

153 

 

Table  5.1 Backfill soil and reinforcement material properties used in numerical modelling. 

a) Backfill soil 

Properties used in numerical model Value 

Unit weight,   15.7 kN/m3 
Cohesion 0 
Plane strain peak friction angle, ps 58 
Dilation angle, 14.5 
Shear Modulus, Go  7 MPa 
Bulk Modulus, Ko 6 MPa 

 

Note: residual friction angle of sand computed as 46 degrees but not used in constitutive soil 
model  
 

b) Reinforcement material 

Properties Values 

Elastic modulus, E = J/t 45000 kPa 
Yield strength, fyield = Trupture/t  6500 kPa
Compressive strength 0 
Cross section area   0.002 m2 
Cross-section perimeter 2 m 

 

Notes: Axial stiffness J at 2% strain = 90 kN/m and tensile rupture strength Trupture = 13 kN/m 
from wide-width strip tensile tests; thickness of geogrid taken as t = 2 mm.  
 

 

 

 

 

 

 

 

 

 

 

 



 

154 

 

 

Figure  5.1 Schematic diagram of 1/6-scale shaking table model wall and instrumentation. 

 

 

 

 

 

Figure  5.2 Target base accelerogram (stepped constant amplitude sinusoidal function with 
frequency = 5 Hz). 
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a) numerical grid 

 

 

b) toe detail 

Figure  5.3 FLAC model of reinforced soil wall with hinged toe boundary condition: a) numerical 
grid; b) toe detail. 
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Figure  5.4 Cyclic loading in elastic–plastic model with Mohr–Coulomb failure criterion (after 
Zarnani and Bathurst 2009a). 
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a) deformed two-dimensional FLAC numerical model of direct shear box test 

 

 

b) normalized stress-displacement response of physical and numerical tests 

Figure  5.5 Direct shear box tests on sand: a) deformed two-dimensional FLAC numerical model 
of direct shear box test; b) normalized stress-displacement response of physical and numerical 
tests (after El-Emam et al. 2004). 
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Figure  5.6 Calibration of axial load-strain gauge response for polyester geogrid reinforcement at 
low strain. 

 

 

Figure  5.7 Variation of back-calculated facing panel-backfill interface friction angle with peak 
input base acceleration amplitude (from physical test with hinged toe) (after El-Emam et al. 
2004). 
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Figure  5.8 Free vibration frequency response of reinforced soil model walls with full-height rigid 
panel facing (after El-Emam and Bathurst 2004): a) numerical prediction; b) physical 
measurement. 
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Figure  5.9 Predicted and measured time histories for lateral displacement at: a) top of facing 
panel for hinged toe model; b) top of facing panel for sliding toe model; c) bottom of facing panel 
for sliding toe model. 
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Figure  5.10 Predicted and measured maximum lateral displacement at the top of facing panel 
versus peak input base acceleration. 
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       a) acceleration amplitude = 0.15g                                                 b) acceleration amplitude = 0.27g 

  

       c) acceleration amplitude = 0.5g                                                 d) acceleration amplitude = 0.65g 

Figure  5.11 Predicted and observed soil failure zones surfaces for hinged toe model wall: a) acceleration = 0.15g; b) acceleration = 0.27g; c) 
acceleration = 0.5g; d) acceleration = 0.65g. Note: Dark shading indicates zones of relatively large shear strain. 
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Figure  5.12 Acceleration amplification: a) using FFT ratio; b) using RMS ratio. 
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a) hinged toe                b) sliding toe  

Figure  5.13 Predicted and measured reinforcement load-time history at facing-reinforcement connections: a) hinged toe; b) sliding toe. Note: 
Range bars are ±1 standard deviation on measured loads 
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        a) 0g (static condition)                                                                                  b) 0.13g 

Figure  5.14 Predicted and measured reinforcement loads at static condition (end of construction) and at selected peak input base acceleration: a) 
0g; b) 0.13g; c) 0.22g; d) 0.42g. Note: Range bars are ±1 standard deviation on measured loads. 
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        c) 0.22g                                                                                                         d) 0.42g 

Figure 5.14 (continued) Predicted and measured reinforcement loads at static condition (end of construction) and at selected peak input base 
acceleration: a) 0g; b) 0.13g; c) 0.22g; d) 0.42g. Note: Range bars are ±1 standard deviation on measured loads. 
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Figure  5.15 Connection loads and horizontal toe loads at different peak input base acceleration 
for hinged toe model wall: a) 0g; b) 0.1g; c) 0.2g: d) 0.3g; e) 0.43g. Note: Range bars are ±1 
standard deviation on measured loads. 
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Figure  5.16 Connection loads and horizontal toe loads at different input base acceleration 
amplitudes for sliding toe model wall: a) 0g; b) 0.1g; c) 0.2g: d) 0.3g; e) 0.43g.  Note: range bars 
are ±1 standard deviation on measured loads. 
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Figure  5.17 Predicted and measured time histories of the vertical and horizontal toe loads: a) 
sliding toe model; b) hinged toe model. 
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Figure  5.18 Total load (reinforcement layers plus horizontal toe load) versus peak input base 
acceleration. Note: Range bars are ±1 standard deviation on measured load. 
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Chapter 6 

Shaking Table Methodology and Experimental Study of Seismic 

Performance of Geosynthetic Reinforced Soil Retaining Walls1 

6.1 Introduction 

The superior performance of geosynthetic reinforced soil retaining walls (GRS walls) compared 

to conventional gravity-type retaining walls has been demonstrated during past major earthquakes 

around the world; examples include: 1989 Loma Prieta USA (Collin et al. 1992), 1994 

Northridge USA (Sandri 1997; White and Holtz 1996), 1995 Hyogo-ken Nanbu (Kobe) Japan 

(Nishimura et al. 1996; Tatsuoka et al. 1997), 1999 Chi-Chi Taiwan (Ling et al. 2001; Huang 

et al. 2003) and 1999 Koceli Turkey (Koseki et al. 2006). The demonstrated good performance 

of GRS walls during earthquake loading has been attributed to the more ductile behaviour of the 

reinforced soil mass under dynamic loading compared to conventional retaining walls. 

Nevertheless, there have been cases of GRS wall failures during major earthquakes as well (e.g. 

El Salvador (Race and del Cid 2001), Taiwan (Ling and Leshchinsky 2003; Ling et al. 2001) 

and USA (Sandri 1997). 

Current analytical design methods for GRS walls are typically based on pseudo-static rigid body 

analysis that are extensions of Mononobe-Okabe (M-O) theory or displacement methods 

originating from Newmark sliding block models. Bathurst et al. (2010) provide an overview of 

current seismic analysis and design methods used for GRS walls. However, the accuracy of these 

methods has not been fully validated against physical measurements. For example, current M-O 

design approaches do not consider the influence of predominant frequency of input ground 
                                                      
1 This chapter contains material that is under preparation for submission as a journal paper in collaboration 
with Dr. Bathurst. 
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motion, acceleration amplification throughout the backfill soil and horizontal earth forces carried 

by a horizontally restrained toe on the seismic response of these multi-component systems. In 

addition, the dynamic properties and behaviour of the component materials (reinforcement and 

soil) under seismic loading add complexity to these systems that is difficult to capture using 

current pseudo-static and sliding block methods.  

Recently the application of M-O theory to gravity-type retaining walls was re-examined by 

Nakamura (2006) using model test walls in a dynamic centrifuge. He concluded that the 

underlying assumptions in M-O theory do not match the observed behaviour of the backfill and 

gravity wall during simulated earthquake. These assumptions include: formation of a rigid wedge 

and slip back and forth along a surface when the wedge is excited in the active or passive 

direction; uniform acceleration of the backfill soil and wall with no phase difference (i.e. inertial 

loads act simultaneously at the wall face and in the backfill), and; triangular distribution of earth 

pressure acting behind a retaining wall which does not change with time). These deficiencies 

highlight the need to re-evaluate the accuracy of current design methods for GRS walls that are 

based on M-O theory. 

6.2 Objectives and scope 

One approach to quantitatively and qualitatively investigate the accuracy of seismic design and 

analysis methods is to build model walls on a shaking table under 1-g gravitational conditions and 

monitor model response during simulated earthquake loading. This chapter describes details of a 

new shaking table facility that was built at the Royal Military College of Canada (RMC) and a 

research program to investigate the seismic performance of GRS retaining walls under dynamic 

loading conditions using reduced-scale GRS models constructed on this new table.  
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A total of 11 reduced-scale model walls were constructed of which the first two were trial tests to 

develop and refine the experimental methodology and to test the ancillary computer control and 

data acquisition systems. The remaining nine model tests were constructed with typically one test 

detail varied from the control structure. The walls were dynamically excited in stages to bring 

them to failure. The physical data are used in a later chapter to validate numerical models using 

FLAC codes. The observations and predictions from experimental and numerical simulations are 

then used in this thesis to provide additional insight into the seismic performance of GRS walls. 

However, this chapter is focused on a description of the experimental design, instrumentation, the 

application of particle image velocimetry (PIV) as a non-contact measurement method, and 

selected test results. To demonstrate the experimental methodology some typical measurements 

of facing movement, acceleration response of the system, reinforcement loads, wall toe loads and 

PIV results are presented for two of the walls (Walls 3 and 4). To the best knowledge of the 

writer, the non-contact particle image velocimetry (PIV) method was used for the first time to 

measure GRS wall model response during 1-g shaking table tests. The data from this pair of walls 

are used to demonstrate the influence of wall toe boundary condition on model response to 

simulated earthquake loading. Connection load data are also compared to predicted values using 

current methods found in the literature that are adaptations of M-O theory.  

6.3 Previous related work 

One-g shaking tables are a useful tool to study the seismic performance of model earth structures 

including GRS walls. Centrifuge shaking table tests have also been used to study the seismic 

performance of GRS walls (Mitchell et al. 1988; Satoh et al. 1998). One-g shaking tables and 

centrifuge shaking tables have advantages and disadvantages. Centrifuge shaking table tests can 

simulate stress conditions in the backfill soil. The smaller physical size of the experiments in a 
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centrifuge offers advantages over typically larger 1-g shaking table tests from a material handling 

point of view. However, because of the very small physical size of the centrifuge models, 

physical dimensions such as soil particle size, reinforcement thickness, sensor size cannot be 

scaled easily. In addition, depending on the size of the model, acceleration fields may not be 

uniform in centrifuge model tests (Takemura and Takahashi 2003). The larger size of 1-g 

shaking table tests makes it easier to use a larger number and wider range of instruments to record 

deformations, accelerations in the soil, and tensile strain in the soil reinforcement elements. 

Principle disadvantages are the low confining pressure applied to stress-dependent backfill soils 

(e.g. sand) and reinforcement layers and the requirement to properly scale the reinforcement 

stiffness (El-Emam and Bathurst 2004). 

One disadvantage common for many 1-g shaking table and centrifuge shaking table model 

containers is possible undesirable influences of reflecting energy boundaries due to the rigid 

container walls (Coe et al. 1985). This problem can be mitigated by using vertical energy 

absorbing layers at the container boundaries or increasing the size of the container (which is often 

impractical). Nevertheless, the results of physical model tests with rigid boundaries can be used to 

validate numerical simulations and the verified numerical models used to carry out simulations of 

models with non-reflecting energy boundaries. Containers constructed with shear stack (laminar 

box) will allow the soil to deform (shear) more uniformly and thus are an attractive solution to 

reduce these boundary effects (Muir Wood et al. 2002; Turan et al. 2009). However, laminar 

boxes used to date have opaque sides; hence PIV image analysis to track soil movements during 

shaking is not possible. 

Table 6.1 summarizes dynamic experimental studies on GRS model walls mounted on 1-g 

shaking tables. The studies are sorted based on the height of the models which range from 0.3 m 
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to 2.8 m. The majority of the model walls are 1 m high or less. Different parameters were 

investigated in each study including the influence of: wall facing type; wall batter angle; toe 

boundary condition; input acceleration record, magnitude and predominant frequency; 

reinforcement length, stiffness and vertical spacing; and relative density of the backfill. The table 

shows that full-scale shaking table tests have been performed by Ling et al. (2005). However, 

full-scale tests are expensive, time consuming and therefore difficult to perform as a suite of tests 

investigating a range of test geometry, materials and excitation conditions. 

With the exception of Bathurst et al. (1996) and El-Emam and Bathurst (2004), prior 1-g 

shaking table studies did not examine the influence of wall toe boundary condition on model wall 

response and did not measure the boundary forces at the model toe. It has been demonstrated that 

the wall toe boundary condition (restrained or free to translate) can have significant influence on 

the load capacity of GRS walls under static (Huang et al. 2010) and dynamic loading conditions 

(Bathurst and Hatami 1998; El-Emam and Bathurst 2005). In addition, boundary force 

measurements in any physical experiment can be used to validate the accuracy of boundary load 

predictions using numerical models. The influence of toe boundary condition, predominant 

frequency of input acceleration and reinforcement stiffness have not been fully considered in the 

current seismic design guidelines (AASHTO 2010, FHWA 2009, NCMA 2009). 

El-Emam and Bathurst (2004) carried out a program of 1-g shaking table tests on reduced-scale 

model GRS walls (1 m high) using an earlier lower-capacity shaking table located at RMC. 

However, there are major differences between this earlier investigation and the physical tests in 

the current study. Examples are:  

a) The models in the current study are taller and wider (better plane strain simulation at the 

middle portion of the wall width). 
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b) Natural sand (as opposed to artificial sand) was used in these tests. 

c) Variable-amplitude sinusoidal excitation with precise acceleration peaks and increasing 

and decaying acceleration portions without high frequency noise and acceleration spikes 

was applied to the models in the current investigation. 

d) Three different predominant frequencies of input excitation were used. 

e) PIV technique and visual inspection of layered black coloured-regular sand was used to 

detect mass movement of backfill soil and development of failure planes in the backfill 

through Plexiglas side walls. 

f) Connection loads were measured directly. 

g) A synchronous high-speed data acquisition system was used to record the measurements 

from instruments during the tests. 

h) For the first time the combined use of geofoam and geogrid reinforcement is 

experimentally investigated with dynamic shaking table tests. 

i) All the tests were performed with the new shaking table facility which has higher payload 

capacity, better controlling system and smoother dynamic movement which results in less 

noise in the measurements. 

6.4 Shaking table and experimental design 

6.4.1 The new RMC shaking table and ancillary equipment 

A new shaking table facility was designed, built and commissioned at RMC as part of this thesis 

work to perform dynamic tests on reduced-scale GRS model walls. The table platform has plan 
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dimensions of 2.6 m by 3.3 m and is driven by a 250 kN-capacity hydraulic actuator at 1g with 

±125 mm stroke at full payload capacity. The actuator is attached to the bottom of the table 

platform (Figures A.1, A.2 and A.11 in Appendix A). The shaking table is seated on a pair of 

low-friction linear bearings (rails). Hence, the table is constrained to one degree of freedom in the 

horizontal direction corresponding to the cross-plane strain direction of the models. The rails are 

mounted in turn on a pair of heavily reinforced concrete footings. The hydraulic actuator is fully 

computer controlled with the capability to apply simple harmonic sinusoidal excitation or actual 

recorded (or scaled) earthquake accelerograms within the performance limits of the hydraulic 

actuator. A rigid “strong box” is bolted to the shaking table platform (Figures A.3, A.4 and A.12 

in Appendix A). It is comprised of steel sections that support two side walls and one back wall 

made up of 25 mm-thick Plexiglas sheets. The GRS wall facing and footing are located at the 

open end of the box with sand backfill and reinforcing elements located behind. The box is 1.5 m 

high by 2.28 m wide and 2.65 m long. The Plexiglas walls are covered with two transparent 

lubricated polyethylene sheets on the inside of the strong box to protect the Plexiglas from sand 

abrasion and to minimize side wall friction. Hence, as far as practical, an idealized plane strain 

condition was achieved (especially at the centre section of the model walls). The bottom of the 

strong box is covered with a plywood sheet bolted to the table platform. Sand backfill was glued 

to the plywood surface to generate a rough interface. The back boundary (or far-end boundary) of 

the strong box is rigid which can be expected to influence the dynamic response of GRS model 

walls due to reflected energy as noted earlier and demonstrated numerically by Bathurst and 

Hatami (1998). It should be added that in order to quantitatively investigate the influence of an 

energy absorbing layer at the back boundary of the model GRS walls in the current investigation, 

one model test was performed with an expanded polystyrene (EPS) energy absorbing boundary 

layer. The results of this test are described in detail in Chapter 10. Comparison between this test 
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and a nominally identical test with a rigid back wall boundary showed that up to about 0.45g base 

input acceleration there was no practical difference between model responses within 

measurement accuracy. However, at higher acceleration levels, the facing of the wall with the 

EPS layer at the far-end boundary experienced more movement. In an experimental study by 

Krishna and Latha (2009a), container boundary effects were investigated for both 0.6 m-high 

reinforced and unreinforced soil retaining wall models with rigid and flexible back boundaries. 

They showed that the flexible boundaries of the laminar box resulted in an increase of 

acceleration amplification (by about 30%) in both unreinforced and reinforced soil retaining 

walls. However, wall displacement was not significantly affected by the type of container 

boundary and the influence of reinforcement layers on model deformations was the same for both 

boundary conditions. 

It should be noted that the strategy adopted in this testing program was to perform the 

experiments with simplified boundary conditions (i.e. rigid far-end boundary) and then use the 

experimental results to verify numerical models simulated the same with rigid back boundary 

condition. These verified numerical models can be used in the future to investigate the effect of 

rigid back boundary in a wider range of numerical experiments by carrying out nominally 

identical numerical simulations with non-energy-reflecting boundaries. 

Part of the new RMC shaking table facility includes materials handling equipment. A silo, 3 

metres high by 3 metres wide with a capacity of 20 m3 of sand is used to store the sand between 

experiments. A purpose-designed vertical bucket conveyor was built to load and unload the sand 

used in the shaking table strong box. This ancillary equipment is shown in Figure A.15 in 

Appendix A.  
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6.4.2 Model configuration and construction 

6.4.2.1 General 

Figure 6.1 illustrates typical cross sections of the strong box and model GRS walls including the 

wall facing, shaking table platform and instrumentation layout for the experiments in this study. 

A total of 11 reduced-scale model walls were constructed and tested as part of this thesis work. 

The model configurations are summarized in Table 6.2.  

The parameters investigated were: the influence of toe boundary condition; influence of 

reinforcement stiffness and length, influence of predominant frequency of the input excitation, 

influence of energy absorbing layer at the back boundary of the models and application of an EPS 

seismic buffer behind the wall facing in combination with horizontal layers of geosynthetic 

reinforced soil.  

The first two shaking table tests (Walls 1 and 2) were trial tests that were carried out to develop 

and refine the experimental methodology and to test the ancillary computer control and data 

acquisition systems. In Wall 1 the moisture content of the backfill soil was almost two times 

higher than the average moisture content for the rest of the walls. Some modifications were also 

made to the connection arrangement of the load rings to wall facing panels. During shaking of 

Wall 2, there was a failure of the actuator controller which resulted in the test being repeated as 

Wall 3. Nevertheless, some useful wall deformation and backfill acceleration data were recovered 

from these two trial tests and are presented later in this chapter and in Chapter 7. 

In this chapter only the results of two shaking table tests with two different toe boundary 

conditions are presented (Walls 3 and 4) in order to demonstrate the type and quality of test 

results available from the larger program of physical tests. 
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6.4.2.2 Model details 

The GRS walls were built as vertical rigid propped panel wall sections. The wall facing consisted 

of twenty stacked 64×64 mm hollow steel sections (3 mm thick) bolted together (section mass = 

5.82 kg/m). The wall facing was 1.42 m high (20 stacked sections) and 2.27 m wide. The cross 

section dimensions of the facing panel sections and mass were selected to satisfy the scaling laws 

for 1-g shaking table experiments proposed by Iai (1989) assuming a prototype to model scaling 

factor of approximately  = 4. Each facing panel section end was slotted and bolted to two 

vertical steel angle bar sections to create the continuous rigid panel wall facing (Figure 6.2a). 

The reinforcement layers were rigidly sandwiched between two aluminum clamps with the same 

length and width as the facing panel sections. The aluminum clamps were then seated on six 

small rollers that were placed on the facing panel under the aluminum clamp. Another six rollers 

were placed on top of the aluminum clamp and then the top facing panel was placed on the rollers 

(Figure 6.2b). This arrangement was made to minimize the friction between the aluminum 

reinforcement clamps and the facing panels and thus allow the connection tensile loads between 

reinforcement layers and the facing to be measured by load rings. 

The bottom facing panel section was seated on and attached to a thick steel base plate with a 

continuous hinge. The base plate was seated on four pairs of carriages sliding on four very low-

friction linear rails which were bolted to the shaking table platform. This arrangement eliminated 

the friction at the wall toe in the horizontal direction and also fully decoupled the vertical and 

horizontal load components at the toe. The two wall toe boundary conditions that are investigated 

and presented in this paper include hinged toe (Wall 3) and sliding toe (Wall 4) boundary 

conditions (Figure 6.3). In the hinged toe model the wall was only allowed to rotate at the hinge 

located at the toe of the wall while the horizontal and vertical movement of the toe base plate was 
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prevented. In the sliding toe model, the wall was allowed to rotate about toe of the wall (i.e. base 

plate hinge) and slide horizontally while restrained vertically. The two footing boundary 

conditions in this study can be considered to be two limiting cases with respect to actual field 

structures. The advantages of measuring decoupled boundary forces at the toe is that these values 

can be used to validate predicted boundary loads using analytical and numerical models and to 

quantify the contribution of toe restraint to the total horizontal load capacity of the structure. 

Previous numerical (Bathurst and Hatami 1998) and experimental studies (El-Emam and 

Bathurst 2005) have shown that the wall toe restraint condition has a significant influence on the 

overall seismic response of GRS walls during dynamic loading with respect to horizontal 

movement, reinforcement tensile load distribution and magnitude.  

The model walls were reinforced with five layers of geogrid with length L = 0.9 m (including the 

length inside the clamp) giving L/H ratio of about 0.6 where H = 1.42 m is the height of the wall. 

This value of L/H matches the minimum value recommended by the National Concrete Masonry 

Association (NCMA 2009) for the design of segmental (modular block) retaining walls. In one 

model (not described in this chapter), the length of the reinforcement was increased to 1.1 m. The 

reinforcement vertical spacing (SV) was 0.284 m in all the tests.  

A temporary rigid vertical support was installed in front of the facing panels during construction 

to prevent horizontal movement of the wall while filling the box with backfill sand. The sand was 

placed loose in 0.15 m lifts. Each lift was then vibro-compacted by gently vibrating the shaking 

table at a frequency of about 6 Hz for 5 seconds. The lifts were then hand tamped and the density 

and moisture content of each lift measured at six locations with a nuclear density gauge to ensure 

uniform and consistent density in all lifts. During the backfill placement the soil was slightly 

moistened to prevent generation of dust in the indoor laboratory environment. When the wall 
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construction was complete, the vertical supports were removed and the wall brought to static 

equilibrium. This stage was considered as the initial stage prior to applying any shaking to the 

models. This construction technique and facing type can be understood to fall between the field 

case of an incrementally constructed (unbraced) segmental (modular block) wall and a 

(temporarily braced) full-height rigid panel wall.  

6.4.2.3 Soil properties 

The backfill soil in all model walls was clean, uniform-sized, rounded beach sand (SP in the 

Unified Soil Classification System) with D50 = 0.35 mm, coefficient of curvature Cc = 1.09 and 

coefficient of uniformity Cu = 2.26. The fines content (particle sizes < 0.075 mm) was less than 

1%. The sand has a flat compaction curve which helped to ensure that the final compacted density 

was uniform throughout the backfill. The average dry density and moisture content of the sand 

measured in all tests were 1736 ± 28 kg/m3 and 0.64% ± 0.11%, respectively. 

This sand is the same soil that has been used in earlier RMC large-scale reinforced soil retaining 

wall projects and has been characterized previously by Burgess (1999), Walters (2004) and 

Hatami and Bathurst (2005) from laboratory shear box and triaxial compression tests. The 

results of direct shear box tests, 10 cm by 10 cm in plan area were reported by Burgess (1999).  

These tests gave a peak secant friction angle of 43° (or 45° peak plane strain friction angle using 

the equation by Bolton (1986)), constant volume friction angle of 36° and dilation angle of 11° at 

10 kPa normal stress when prepared to the same dry density as the backfill soil in the model 

walls. However, additional direct shear box tests were performed in the current study by the 

writer to ensure that previously reported soil properties were applicable for models in the current 

study. Both sets of data are shown in Figure 6.4. 
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6.4.2.4 Reinforcement properties 

Numerical studies (Rowe and Hoe 1998; Bathurst and Hatami 1998; Hatami et al. 2001) and 

field measurements (Allen and Bathurst 2002a) have shown that reinforcement stiffness (rather 

than tensile strength at rupture) is a key parameter influencing tensile loads in reinforcement 

layers under static operational conditions and earthquake loading. Hence, proper scaling of the 

reinforcement stiffness is important but often ignored in reduced-scale physical modelling of 

GRS walls. The geosynthetic reinforcement for the model walls was selected primarily to give a 

tensile stiffness that satisfies the scaling laws for reduced-scale models proposed by Iai (1989). 

Viswandhama and Konig (2004) also recommended that the model reinforcement in reduced-

scale tests models should be selected based on proper attention to scaling the tensile strength-

strain (stiffness) of the model reinforcement to the reinforcement used in field-scale walls. A 

commercial woven polyester (PET) geogrid reinforcement with polyvinyl chloride (PVC) coating 

(Raugrid 2/2-20 manufactured by Luckenhaus) with aperture size of 23 mm by 24 mm (75% 

open area) was used in ten of 11 shaking table tests (including the two tests reported here). The 

selected reinforcement for this research project had suitable stiffness based on the scaling laws. 

The width of the strands in the cross-machine direction was greater than in the machine direction 

which made these strands more suitable for attaching strain gauges. Hence, the geogrid was 

placed with the cross-machine direction in the direction of loading. The tensile strength and 

stiffness of this geogrid was determined by performing in-air single strand tensile tests at different 

displacement rates (2, 10, 20 and 200%/min) on 300 mm-long cross-machine strands (Figure 

6.5).  The global strains were measured over a gauge length of several apertures using the non-

contact video-extensometer technique. In this method a CCD (Charged Coupled Device) camera 

video-extensometer was used along with ancillary hardware and software to track strains at 

multiple locations on the geogrid surface. More detail about this technique is provided by 
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Shinoda and Bathurst (2004). The tensile strength (from 10%/min tensile tests) was 4.3 kN/m at 

2% strain and 5.9 kN/m at 5% strain. The “model” stiffness of this geogrid material (Jm at 2% 

strain) was computed to be Jm = 215 kN/m (reduced-scale model with height = 1.42 m). 

Assuming a prototype-scale wall of height 6 m this leads to a model factor = 6 m/1.42 m = 4.2. 

Hence, the model geogrid is equivalent to a geogrid with a stiffness at prototype scale Jp = Jm×2 

= 3793 kN/m using the scaling laws proposed by Iai (1989). This value is typical for geogrid 

products used in field walls. Ideally, the model reinforcement should have properly scaled 

stiffness, aperture size and member thickness. However, scaling the reinforcement stiffness is 

judged to be the most important of all criteria. 

The choice of a PET geogrid was also influenced by the observation that the stiffness of these 

products are less affected by loading rate and are practically strain-rate independent (as opposed 

to HDPE geogrid) (Bathurst and Cai 1994; Shinoda and Bathurst 2004). Bathurst and Cai 

(1994) also showed that cyclic load-extension behaviour of PET geogrids were practically 

unaffected by the loading frequency (examined frequencies ranged between 0.1 Hz and 3.5 Hz). 

In addition, based on global strain measurements presented in Section 6.6.4, maximum strain 

amplitude in a load-unload cycle due to base input excitation are much smaller than 1% per cycle 

for all walls at all strain gauge locations along the geogrid layers. Even at 1% strain per cycle 

based on 5 Hz frequency of input excitation, the geogrid tensile loading rate in the shaking table 

tests reported here would be equivalent to 5% strain/sec. This loading rate is close to the 

maximum displacement rate used in the geogrid tensile tests reported in Figure 6.5 (i.e. 

200%/min or 3.3%/sec). 

The model tests with geofoam identified in Figure 6.1b and Table 6.2 are described in later 

chapters of this thesis. The properties of the EPS geofoam can be found in Chapter 9. 



 

185 

 

6.4.2.5 Model excitation 

All models were excited with multiple stages of a variable-amplitude harmonic sinusoidal 

excitation record applied to the shaking table. Each stage in the total accelerogram has both 

increasing and decaying peak acceleration portions and is expressed as:  

[6.1]        ft2sintβetu ςαt π
 

 

In this equation  and  are user-defined non-dimensional variables, t is time in seconds, and f 

is the frequency in Hz (5 Hz in this study).  This variable-amplitude sinusoidal record was chosen 

over constant or stepped-amplitude sinusoidal excitation because it has been shown that constant 

or stepped-amplitude sinusoidal excitation is more aggressive than an equivalent earthquake 

record with similar predominant frequency and peak acceleration amplitude (Bathurst and 

Hatami 1998; Matsuo et al. 1998). The displacement record was calculated by double 

integration and was applied to the shaking table using the computer-controlled actuator. The final 

input acceleration was applied to the model wall in different stages (ranging from a total of seven 

to 12 stages for different tests) of the reference accelerogram with increasing acceleration 

amplitude at each stage (and keeping all the other variables such as the duration of accelerogram 

constant) until excessive deformation occurred in the models. Figure 6.6a shows the measured 

shaking table acceleration during the entire excitation record for Wall 3. Figure 6.6b shows the 

variable-amplitude excitation record at stage 2 shaking of Wall 3. The peak input acceleration of 

Wall 3 was increased from 0.1g at stage 1 to about 0.67g at stage 9 after which the test was 

terminated. After each stage there was a pause of ten minutes during which the video file 

recorded by a high-speed digital camera for the last stage was downloaded for PIV analysis. 

There was no detectable influence of the pause between excitation stages on the collected data 

based on displacement measurements recorded at the end of the loading stage and the beginning 
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of the next stage. The 5 Hz frequency at model scale corresponds to 2.4 Hz at prototype scale 

according to the scaling laws proposed by Iai (1989). Frequencies of 2 to 3 Hz are representative 

of typical predominant frequencies of medium- to high-frequency earthquakes (Bathurst and 

Hatami. 1998) and fall within the expected earthquake parameters for North American seismic 

design (NBCC 2005, AASHTO 2010). Figure 6.7 shows the predominant frequency of 

measured shaking table acceleration using fast Fourier transformation (FFT) analysis of the third 

stage of shaking of Wall 3. The simple input excitation allowed all tests to be excited in the same 

controlled manner and thus allowed valid quantitative comparisons to be made between different 

test configurations. Finally, it should be noted that the models were only excited in the horizontal 

cross-plane direction to be consistent with the critical orientation typically assumed for design 

(AASHTO 2010, NCMA 2009). 

The fundamental frequency of the model walls was also checked as part of the experimental 

design. In any dynamic experimental design it is important to ensure that the predominant 

frequency of the input excitation is not close enough to the fundamental frequency of the model 

to create a resonance condition that can generate premature failure. The fundamental frequency of 

the model walls was determined experimentally, numerically and from closed-form solutions for 

linear-elastic media. Table 6.3 shows the calculated fundamental frequency of model walls using 

closed-form solutions for one- and two-dimensional problems. Figure 6.7 presents the measured 

excitation frequency of Wall 3 during base excitation (5 Hz). Figure 6.8a shows the measured 

fundamental frequency of the walls based on the free vibration response following stage 2 loading 

and predictions using a FLAC numerical simulation (Figure 6.8b); both are close to 60 Hz. The 

closed-form solutions by Matsuo and Ohara (1960), Wu (1994) and Wu and Finn (1996) are 

also very close to the measured experimental values and FLAC model prediction (60.6 Hz and 
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62.8 Hz).  The closed-form solutions for fundamental frequency based on elastic theory for 1-D 

and 2-D media (including references cited above) are summarized in Appendix B. Hence the 

predominant frequency of the input excitation (5 Hz) is well away from the fundamental 

frequency of the model walls and hence a resonance condition was not a concern in this study. 

6.5 Instrumentation 

6.5.1 General 

Instrumentation details are described in this section. All instruments were connected to a 104-

channel high-speed synchronous data acquisition system. The data were acquired at the rate of 

200 Hz in order to prevent aliasing effects and to capture the peak values of dynamic wall 

response induced by base shaking.  

6.5.2 Wall facing displacement 

The horizontal movement of the wall was measured with four displacement potentiometers 

(POTs) located at equal spacing along the centerline of the wall (Figure 6.1). Each POT was 

attached to a vertical post that was rigidly fixed to the shaking table and hence the facing POT 

measurements were made with respect to the shaking table platform as datum. The horizontal 

movement of the wall toe (or wall base plate) in Wall 4 (sliding toe model) was also measured 

with two POTs that were attached to the shaking table. The horizontal movement of the shaking 

table was also monitored with a separate POT that was attached to the table platform. 

6.5.3 Toe loads 

As illustrated in Figure 6.3 and described earlier, the wall base plate was seated on four pairs of 

vertical load cells which in turn were placed on carriages sliding on four rails. The spacing 

between the rails was selected so that loads were distributed evenly between rails. Each vertical 

load cell had a capacity of 9 kN load. In Wall 3 the horizontal toe load was measured with two 
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22.5 kN-capacity load cells that were attached to two rigid steel brackets fixed to the shaking 

table platform and in front of the footing base plate. In Wall 4, no horizontal load cell was 

installed to allow the toe base plate to slide freely. This arrangement of load cells allowed the 

measurement of the decoupled horizontal and vertical toe load components at the toe boundary of 

the wall. 

6.5.4 Reinforcement connection loads 

The reinforcement-wall facing connection loads were measured with 15 load rings built in-house. 

For the four bottom layers of reinforcement, three load rings were used for each layer and for the 

top reinforcement layer, two load rings were used. Figure 6.2b illustrates the arrangement that 

was used for attaching the load rings to the reinforcement clamps. This arrangement allowed the 

reinforcement connection loads at the facing to be measured for each layer. All the load rings 

were individually calibrated with hanging dead weights before being used in the experiments. 

6.5.5 Reinforcement strains and displacements 

The local strain in each geogrid layer was measured with eight pairs of foil-type strain gauges 

bonded to the longitudinal members of the geogrid at different distances from the wall facing and 

concentrated along the centerline of the reinforcement. These high-elongation strain gauges are 

rated to 5% strain and purpose-manufactured for attachment to polymeric materials (5 mm gauge 

length, 350 ohms, straight design, KFG-5-350-C1-11, manufactured by Kyowa). Two pairs of 

strain gauges were attached to the geogrid immediately adjacent to the facing panel. The strain 

gauge pair method was used to ensure that bending strains were cancelled out and only tensile 

strains were measured. The attachment method involved first removing the PVC coating on the 

geogrid and then impregnating the load-carrying polyester bundles with resin to form a hard pad 

to mount the strain gauges.  The strain gauges were then glued to the resin pad. This attachment 
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method creates a “hard spot” on the longitudinal members of the geogrid at the strain gauge point 

and hence the measured local strain is smaller than the global strain in the geogrid. In other 

words, the strain gauge pair under-registers the actual tensile strain in the geogrid (Bathurst et al. 

2002). The calibration factor to convert strain gauge reading to true tensile strain was determined 

from in-isolation tensile tests that were carried out on geogrid strands using two pairs of strain 

gauges bonded to the longitudinal member of the geogrid in the same manner as in the model 

tests. The “local” strain gauge measurements were recorded using a data acquisition system and 

the global strains were measured over a gauge length of several apertures using the non-contact 

video extensometer method mentioned previously. The calibration factor between local and 

global strain varied during a tensile test and followed a sigmoidal shape (similar to the tensile 

load-strain curve for the reinforcement) when plotted against local strain. Figure 6.9a shows the 

variation of global strain with respect to local strain. As illustrated in this figure it can be 

observed that the ratio of global strain to local strain varies as 2.1, 4.1 and 3.5 at local strain 

magnitudes of 0.5, 1 and 1.5%, respectively. The sigmoidal function fit to the measured data 

(Figure 6.9a) was used to convert local strains to global strains. The in-isolation tensile tests on 

single strands of geogrid also provided the relationship between the local strain measured with 

strain gauges and the geogrid tensile load.  

A second calibration was performed using a 2.27 m-wide sheet of geogrid (0.9 m long) attached 

to the aluminum facing clamps described earlier and illustrated in Figure 6.2b. In this calibration 

method the sheet was placed vertically and dead weights were hung from the free end of the 

geogrid to provide the tensile load. The relationship between the local strain and dead load is 

shown in Figure 6.9b. It can be seen that there is some variability in strain readings from nominal 

identical strain gauge points located across the uniformly loaded test specimen. It should be 
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added that the calibration between local strain and tensile load from in-isolation single strand 

tensile tests was within the upper bound of calibration results using the wide width specimen and 

clamp assembly. The wide width data in Figure 6.9b was used to compute best-estimates of 

geogrid load and estimated upper and lower load limits from strain readings in this experimental 

program. 

The horizontal displacement of each reinforcement layer was measured by three wire-line 

extensometers that were attached to three different junction points on the geogrid. The wires were 

extended through the backfill and out of the back of the strong box and attached to POTs 

mounted at the back of the facility. Plastic brake-line tubing was used to isolate the wires from 

surrounding soil. The intent of these extensometers was to delineate zones of mass movement 

during base excitation and to check global reinforcement strains interpreted from strain gauge 

readings. This technique has been successful in related reduced- and full-scale GRS models 

subjected only to static surcharge loading to failure (e.g. Ezzein and Bathurst 2007; Bathurst et 

al. 2009). In the current investigation, these devices proved useful only to identify the onset of 

mass movement due to soil failure mechanisms and geogrid slippage. The multiple shear surfaces 

(Section 6.6.6) that intersected the extensometer wires during shaking made the calculation of 

strain from adjacent pairs of extensometer points unreliable. 

6.5.6 Acceleration response 

The acceleration response of the models was measured with seven accelerometers. The capacity 

of the accelerometers was either ±2g or ±5g. The higher capacity accelerometers were used at 

higher elevations in the model where larger acceleration magnitudes were expected. One 

accelerometer was attached to the shaking table platform to measure the model input acceleration. 

Two other accelerometers were attached to the facing at the top of the wall and at the middle of 
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the wall face along the centreline of the wall. Four other accelerometers were embedded inside 

the backfill soil to measure the acceleration response of the sand. One was placed at the backfill 

surface and the other three were placed at equal vertical spacing and about 0.9 m behind the wall 

face along the centreline of the wall. Each backfill accelerometer was placed within a small 

volume of soil contained within a thin-walled plastic ring 75 mm in diameter and 50 mm high. 

This technique was used to ensure that the accelerometer was in phase with the backfill soil 

during shaking. 

6.5.7 Soil particle movement 

To the best knowledge of the writer, the non-contact particle image velocimetry (PIV) method 

was used for the first time to measure GRS wall model response during 1-g shaking table tests. 

This technique involves analyzing sequential digital images and measuring the displacement of 

pixel patches between them (White et al. 2003). These digital images capture the arrangement of 

soil particles in an image matrix that contains the intensity (brightness) recorded at each pixel 

using a CCD (Charged Coupled Device) camera. Similar image-based deformation measurement 

systems have been used for other geotechnical problems in centrifuge studies (Okamura et al. 

2001; White et al. 2005; Zhang et al. 2005). Watanabe et al. (2005) also used digital CCD 

cameras and commercial software (MoveTr2D) to capture images and evaluate the deformation 

characteristics of gravity-type retaining wall models with sand backfill under static and dynamic 

loading conditions. They observed the progressive formation of failure planes in the backfill soil 

during shaking. Ezzein et al. (2009) used PIV analysis to study the influence of foundation 

compressibility on the movement of the backfill in reduced-scale reinforced soil retaining wall 

models under static surcharge loading conditions. 
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In this study a high-speed digital video camera with 1600 × 1200 pixel resolution was used. The 

frame rate was restricted to 100 Hz due to the hard drive capacity of the video camera. With this 

resolution and frame rate, about 30 seconds of video could be captured by the camera. The 

camera field of view is shown in Figure 6.1. In order to capture this field of view the camera was 

located about 5 m from the side of the shaking table. The video was shot through the transparent 

Plexiglas/polyethylene side wall of the shaking table strong box. For PIV analysis, the video was 

converted into digital still images. A matrix of 199 patches with size 50 × 50 pixels was then 

generated to cover the field of view for PIV analysis. PIV analysis was carried out using code 

written for MATLAB (2009) software and the movement of each patch was calculated for each 

image. At the focal length used to capture these images, the size of a pixel corresponds to 1.2 mm 

in object space for Walls 3 and 4. Thus the tracked patches correspond to backfill soil regions of 

about 60.5 × 60.5 mm. The precision of PIV analysis is about 1/10th of a pixel (White et al. 

2003) or about 0.1 mm in this test. To find the displacement of a patch between two images, a 

search zone is defined. This search zone extends beyond the test patch and defines the zone in 

which the test patch will be searched. This search zone should typically be greater than the 

maximum anticipated movement of the test patch.  

In order to improve the texture of the sand backfill for better PIV analysis, thin layers of black 

coloured sand were placed at vertical intervals of 20 mm immediately adjacent to the Plexiglas 

side wall facing the video camera. This coloured layered sand behind the Plexiglas also provided 

visual indications of the progressive development and location of the failure planes in the sand 

backfill during different stages of shaking. 
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6.6 Results 

As mentioned earlier in this chapter, only detailed results of two walls are presented to show 

typical experimental results and to demonstrate that the experimental design allowed quantitative 

differences in wall performance to be recorded and analyzed. The two models are Wall 3 with a 

hinged toe and Wall 4 with a sliding toe. The influences of other parameters in this research 

program are presented in Chapters 9 to 11. 

6.6.1 Wall facing movement 

A typical displacement-time history (Wall 3) is shown in Figure 6.10 for horizontal facing top 

movements recorded over the entire shaking program. The datum for facing POT measurements 

is after completing the construction and before removing the facing support. As this figure shows 

the facing movement during each stage of shaking reached a peak value and then decreased to a 

residual value at the end of shaking. Also, the peak facing displacement at each stage increased as 

the amplitude of input acceleration increased. At the end of each shaking stage there was a 10 

minute-pause in order to download the video file from the camera. The constant horizontal 

displacement value between the end of a shaking stage and the next stage demonstrated that there 

was no influence of the pause between shaking stages.  

Figures 6.11a and 6.11b show the wall facing profile at peak deformation during each shaking 

stage (maximum accumulated displacement) for Walls 3 and 4, respectively. Nine stages of 

shaking were applied to Wall 3 but only seven for Wall 4 before excessive deformation occurred. 

The plots in Figure 6.11 show that wall deformation modes (shapes) are significantly affected by 

the toe boundary condition. For the sliding toe model (Wall 4) the wall is allowed to slide 

horizontally and it is observed that as the shaking intensity increases more horizontal movement 
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is observed at the toe. Beyond stage 5 shaking, the maximum wall movement is greater for the 

less restrained Wall 4 compared to Wall 3.  

Figure 6.12 shows the maximum top facing horizontal movement of Walls 3 and 4 versus the 

peak measured input acceleration at each stage of shaking. The toe displacement of Wall 4 is also 

shown in this figure. Included on this plot are results of one of the initial tests (Wall 2) which was 

built to check the overall response of the new shaking table facility before running the production 

tests. The data plots for Walls 2 and 3 in Figure 6.12 for the top facing movement of these repeat 

tests are very close which provides confidence that the experimental methodology gives 

repeatable results. Only the facing displacement of Wall 2 is presented in this paper for brevity. 

The results show that the sliding toe model (Wall 4) experienced slightly less movement at the 

top of the wall compared to the hinged toe wall (Wall 3) at peak input acceleration levels less 

than about 0.5g. The horizontal movement at the toe of Wall 4 was also smaller. However, at 

acceleration levels higher than about 0.5g, Wall 4 experienced larger displacements both at the 

top of the facing and at the toe. At the last shaking stage for Wall 4 (stage 7) the toe displacement 

was only slightly smaller than the facing top displacement. The wall displacement profiles in 

Figure 6.11b also illustrate these trends.  

The results in Figure 6.12 show that at acceleration amplitudes less than 0.42g and 0.45g for 

Walls 3 and 4, respectively, the wall displacement is relatively small. However when the peak 

input acceleration is increased beyond these thresholds acceleration amplitudes, both hinged toe 

wall and sliding toe wall experienced much larger deformations. This threshold acceleration level 

can be used in pseudo-static and displacement-based analysis as the critical acceleration 

amplitude associated with the onset of wall failure (Bathurst et al. 2010; Cai and Bathurst 

1996).  
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The first shaking stage of Wall 2 (trial wall) was applied with a peak acceleration level of about 

0.35g (due to problems in controller software). The results in Figure 6.12 show the wall 

displacement at that first shaking stage matched reasonably well with the measured wall 

displacement for Wall 3 at similar input acceleration level but achieved after 3 shaking stages. 

This comparison supports the hypotheses that applying the input acceleration record at multiple 

stages as opposed to a single stage did not influence the results of shaking table tests. 

The permanent displacement of a GRS structure caused by horizontal sliding can be estimated 

using the sliding block methods (Newmark 1965). For a given input acceleration-time history, 

Newmark’s double integration method for a sliding mass can be used to calculate permanent 

displacements. Cai and Bathurst (1996) provide an overview of these methods that can be used 

to estimate the horizontal movement of GRS walls under dynamic loading conditions. However, 

these methods are based on the assumption that the entire wall facing and reinforced soil zone 

slide as a unit on a horizontal plane at the bottom of the structure. In this testing program, only 

one wall (Wall 4) had a sliding toe boundary condition. The horizontal displacement of Wall 4 

was compared against predicted values based on the displacement methods summarized by Cai 

and Bathurst (1996). The final measured horizontal displacement of Wall 4 was significantly 

greater than the predicted value. This is due to the different horizontal boundary conditions that 

existed under the wall facing (sliding toe) and under the backfill soil (which had frictional 

resistance at the plywood base). Hence, predictions using displacement methods are not presented 

for any model wall in this thesis. 

6.6.2 Wall toe loads 

Figure 6.13 shows the development of peak measured toe loads (vertical and horizontal) for 

Walls 3 and 4 with respect to peak input acceleration. The results show that there is essentially no 
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detectable difference in vertical toe load between Walls 3 and 4 over the duration of shaking. In 

other words, the toe boundary condition does not have a significant influence on the vertical load 

that is transferred to the toe of the wall. The vertical and horizontal toe loads increased as the 

peak input acceleration amplitude increased. The plots in the same figure show that under static 

equilibrium conditions prior to shaking the vertical toe loads for both walls are about 1.9 times 

the self-weight of the wall facing. These additional vertical loads at the toe are due to down-drag 

forces that are exerted from the backfill soil through friction with the facing panel and load on the 

reinforcement connections at the facing. These additional loads are mobilized initially due to soil 

compaction during construction and soil settlement when the wall facing moves out at initial prop 

release. This mechanism has been observed in both reduced- and full-scale GRS wall models (El-

Emam and Bathurst 2004; Bathurst et al. 2001).  

Predicted total vertical toe load (including wall self-weight) for these walls can be calculated over 

the duration of each test by performing a stability analysis based on M-O wedge theory. The 

following relationships are used: 
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where RV = vertical load at the facing toe, Wfac = facing self-weight, PAE = total (static + dynamic) 

active earth force, = facing-backfill interface friction angle, = facing panel inclination angle 
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(zero for this study), kv = vertical acceleration coefficient (zero for this study), = backfill unit 

weight, H = wall height, KAE = total (static + dynamic) earth pressure coefficient, = backfill 

friction angle, = backfill surface inclination angle (zero for this study) and = seismic inertial 

angle =   vh
1 k1ktan   and kh = horizontal acceleration coefficient. 

Two different facing-backfill interface friction angles () were assumed to predict the vertical toe 

load:  = (ps) = backfill peak plane strain friction angle = 45° and  = backfill constant volume 

friction angle = 36°. The interface friction angle () was computed at peak base acceleration 

levels in the physical tests with a hinged toe based on the measured vertical and horizontal 

components of the toe reaction, weight of the facing panel, and the sum of the total connection 

loads (see Equation 5.1 – Chapter 5). Back-calculated values are shown in Figure 6.14. A value 

of 45 degrees is an average value from all back-calculations using Equation 5.1. A value of  = 

ps = 45º gives an upper bound estimate of peak horizontal load on the walls (top boundary of 

shaded range) but nevertheless matches most of the measured data in Figure 6.13. Calculations 

with  = 36º correspond to the lower bound estimate of the computed values in Figure 6.14.  This 

lower bound value approaches the measured horizontal load value towards the end of shaking 

suggesting that there is a reduction in interface friction angle and/or possibly a reduction in 

mobilized friction angle of the soil at large deformations. A decrease in mobilized friction may 

explain the almost linear trace of the measured vertical load data with increasing base 

acceleration in Figure 6.13.   

It should be added that the value of facing-backfill interface friction angle that was used in 

Chapter 5 was  = 0.75×ps. The difference between values may be due to different model sizes, 
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backfill soil type and/or accuracy of reinforcement connection load measurements in the two sets 

of shaking table tests reported in this chapter and Chapter 5. 

The increase in horizontal toe load due to increase of input acceleration was smaller compared to 

the increase in vertical toe loads. The horizontal toe load in Wall 3 increased by about 100% at 

the end of last shaking stage compared to the static value while the vertical toe load increased by 

about 180%. The horizontal toe load measurements for Wall 3 illustrate that the restrained toe 

attracted a portion of the lateral earth loads at the end of construction (initial static condition) and 

during all shaking stages. This result is consistent with similar observations from full-scale wall 

tests under static loading conditions which showed that the horizontally restrained toe can 

contribute significantly to the earth pressure capacity of GRS walls (Bathurst et al. 2000, 2001). 

El-Emam and Bathurst (2004) made the same observations from the reduced-scale GRS model 

walls in their study. 

The M-O approach described here is recommended in design guidance documents (NCMA 2009; 

AASHTO 2010). The results from the comparison with measured loads illustrate that the M-O 

method predicts vertical loads at the toe of the models reasonably well if the facing-backfill 

interface friction angle is reduced progressively with increasing base excitation (Figure 6.13). 

Evidence of decreasing interface friction angle with increasing base acceleration is apparent in 

the data plotted in Figure 6.14.  

6.6.3 Acceleration response 

The acceleration response of the models was measured on the wall face and inside the backfill 

soil using accelerometers. The acceleration data can be used to calculate amplification factors 

thorough the height of the models using four different methods: 1) Ratio of fast Fourier transform 

(FFT) of accelerometer readings to the shaking table accelerometer; 2) Ratio of maximum root 
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mean square (RMS) of accelerometer readings to the shaking table accelerometer measurements; 

3) Ratio of peak measured acceleration magnitude of accelerometer readings to the shaking table 

accelerometer measurement, and; 4) Ratio of average peak acceleration points in accelerograms 

for accelerometers to the average peak acceleration points at the shaking table platform. These 

methods and typical calculation results are discussed in more detail in Chapter 8. The RMS 

method is used here because it gives the largest amplification factor of four different methods 

examined in Chapter 8 and thus is a useful indicator of the critical acceleration level in the 

model tests in this investigation.  

Figures 6.15 show data for acceleration amplification factor versus peak (base) input acceleration 

computed from facing and backfill accelerometers, respectively. The amplification factors were 

higher for the accelerometers on the facing compared to the backfill accelerometers located at the 

same elevation. This is consistent with the observation that the facing and the backfill did not 

move as a monolithic body (in phase). The wall facing is a less constrained boundary than the 

interior soil mass and this allows greater cyclic displacements to occur during base shaking. The 

amplification factor also decreased as the elevation of accelerometer decreased on the facing and 

inside the backfill soil. The largest amplification factors for Wall 3 were 2.22 and 1.69 measured 

at the top of the facing and the surface of the backfill, respectively. For Wall 4 these values were 

lower- 1.95 and 1.68. The larger value at the top of the facing for Wall 3 may be due to the wall 

toe boundary condition which was hinged while in Wall 4 the toe of the wall was free to slide 

horizontally. 

The results in Figure 6.15 also show that there is a critical acceleration threshold after which the 

amplification factor does not continue to increase but rather starts to decrease as the input 

acceleration is increased. This may be due to large soil shear deformations that occurred in the 
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backfill leading to softening and strength degradation. As illustrated in a subsequent section, there 

are complex failure mechanisms with multiple wedges developed in the models at high 

acceleration levels. It is believed that as the shaking intensity increased beyond the critical 

acceleration level, the overall stiffness of the model decreased and damping increased. Linear-

elastic theory predicts reductions in soil amplification as the elastic stiffness of the medium 

decreases and soil damping increases. This critical acceleration concept described earlier in this 

thesis, is about 0.45g for both walls (ranging between 0.42g and 0.47g based on different 

accelerometers). The backfill soil in Wall 4 experienced slightly higher amplification factors 

before the critical acceleration value was achieved. However, post-peak amplification factors 

decreased more rapidly with increasing base excitation in Wall 4 compared to Wall 3 which is 

consistent with the more rapid onset of deformations at the top of facing of Wall 4 shown in 

Figure 6.12. 

6.6.4 Reinforcement tensile strains 

Figures 6.16a and 6.16b show the magnitude and variation of global tensile strain along the 

reinforcement layers for Walls 3 and 4, respectively, for all shaking stages. The datum for strain 

gauge measurements is end of construction and before removal of the facing support. The results 

show that generally as the shaking intensity increased the peak tensile strains in the reinforcement 

also increased. The results for Wall 3 show that the tensile strains in the upper three 

reinforcement layers were generally low (<0.3%) for all stages of shaking. However, in the 

bottom two layers the maximum peak strains were between 1.2 and 1.5% at locations close to the 

wall facing during last stage of shaking. This could be due to lower confining pressure at higher 

elevations in the backfill compared to lower elevations. For Wall 4, the top four reinforcement 

layers also experienced tensile strains less than the 0.4% maximum peak strain close to the 

facing. In contrast, the strains in the bottom layer in Wall 4 were significantly higher compared to 
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other layers (~6% strain) and all reinforcement layers in Wall 3 (note the scale difference in the 

plots). Unlike Wall 3 where the maximum peak strain in the bottom layer occurred close to the 

facing, in Wall 4 this peak strain location occurred closer to the middle of the reinforcement 

length. This difference is likely due to different backfill deformation modes that occurred in these 

two walls because of the toe boundary condition (hinged versus sliding). In Wall 4 the toe was 

free to slide, hence, the bottom reinforcement layer played a similar role as the restrained toe in 

Wall 3 and likewise attracted most of the lateral earth loads. However, in Wall 3 the toe was not 

allowed to slide and hence the tensile strains in the bottom layer were less than the same layer in 

Wall 4. Also in Wall 4, the peak strains that occurred in the middle of the bottom reinforcement 

layer match the location of soil failure wedges that developed behind the wall face during sliding. 

Soil failure mechanisms are discussed in Section 6.6.6. 

The global strain measurements in the bottom layer of Wall 4 (Figure 6.16b) also illustrate that 

during the first four shaking stages the maximum global strains along the bottom reinforcement 

layer were below 1.5%. However, during stage 5 shaking the maximum strain along the bottom 

geogrid layer increased significantly and reached about 6%. Shaking stage 5 in Wall 4 is 

identified as the stage during which the critical acceleration was achieved (Figures 6.12 and 

6.15). As global strain measurements in the bottom reinforcement layer illustrate (Figure 6.16b), 

strains increased significantly and passed the 3% global strain limit at this stage. A value of 3% 

reinforcement strain has been used in the K-stiffness method as an indicator of an ultimate limit 

state for granular soils reinforced with extensible reinforcement layers (Allen and Bathurst 

2002b; Bathurst et al. 2008). 
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6.6.5 Reinforcement connection loads 

The maximum tensile reinforcement loads deduced from strain gauge readings closest to the 

facing of Wall 3 are plotted against maximum base acceleration in Figure 6.17 for all 

reinforcement layers. The directly measured reinforcement connection loads using the connection 

load rings are also shown on the plots. The range bars for strain gauge-based load measurements 

have been computed using the tensile load-local strain calibration on the 2.27 m-wide strip of 

geogrid reinforcement described in Section 6.5.4. The results in this figure show that the trends of 

reinforcement connection loads measured by the two different methods are identical but the 

measured values are different in many cases. For the top three layers the two measurement sets 

are very close. However, for the bottom two layers, the strain gauges close to the facing predicted 

higher tensile loads than the load rings attached to the facing at reinforcement connection 

locations. Similar discrepancies between these two sets of measurements were observed for all 

walls reinforced with this type of geogrid. This difference was initially believed to be due to 

friction in the linear bearings therefore causing an under-registration of connection load. Efforts 

to minimize this problem were not successful and hence in this experimental investigation 

quantitative values of tensile loads were deduced from strain gauge readings using the calibration 

in Figure 6.9b. However, in Wall 11 (with stiffer reinforcement) the load rings registered higher 

connection loads compared to the values deduced from strain gauges. Hence the load ring 

measurements were used for Wall 11 (Chapter 11). For the rest of the walls the load ring 

measurements were restricted to providing a qualitative check on the trends in connection loads 

as shown in Figure 6.17. For example, both sets of data for the two lower reinforcement layer 

suggest there is significant increase in reinforcement connection loads which corresponds to the 

previous noted critical acceleration in the vicinity of 0.42g base excitation. A consistent 

explanation why the load rings under-registered the connection loads for the walls with the lower 
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stiffness reinforcement and over-registered connection loads compared to strain gauge readings in 

Wall 11 was not resolved at the time of writing. However, the highest load interpretations are 

used in this thesis to be consistent and conservative (i.e. safe) when extrapolating experimental 

observations to field performance.  

Figure 6.18 presents maximum reinforcement connection loads deduced from strain gauge 

measurements versus wall height for the initial static condition and at different acceleration levels 

for Walls 3 and 4. Also plotted in the figure are reinforcement connection loads estimated using 

three different analytical methods found in the literature (Bathurst and Cai 1995; NCMA 2009; 

AASHTO 2010/FHWA 2009). These methods are based on M-O wedge theory in combination 

with a contributory area approach. The assumptions and computational details using these three 

methods are described in Chapter 5 and are not repeated here.  

It can be observed that under static loading condition (Figure 6.18a) the connection loads are 

generally small. At lower elevation reinforcements the connection loads are even smaller than for 

reinforcement layers in the upper half of the model walls. All analytical methods over-predict 

connection loads in the lower reinforcement layers. The connection load distributions under static 

loading conditions are more uniform and different from the linear increase with depth predicted 

using classical earth pressure theory. This is consistent with the observations made for 

instrumented field GRS walls (Bathurst et al. 2008). At low acceleration level (Figure 6.18b) 

the reinforcement connection load distribution is relatively uniform along the height of the wall 

for both Walls 3 and 4, but for Wall 3 (hinged toe model) the restrained toe attracted a significant 

portion of the lateral earth loads. Similarly for Wall 4 (sliding toe model) the bottom 

reinforcement layer attracts more load earlier in the shaking program compared to the upper 

reinforcement layers. However, the magnitude of this connection load is much smaller than the 
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horizontal load attracted by the restrained toe in Wall 3. As the acceleration level increases 

(Figures 6.18c, 6.18d) there are small increases in the reinforcement connection load at upper 

elevations while the measured values for Walls 3 and 4 are almost identical. Furthermore, the 

reinforcement tensile load increases with depth at lower reinforcement elevations and become 

closer to a triangular distribution (Figures 6.18c, 6.18d). Also, the lower reinforcement layers in 

Wall 4 (sliding toe) start to attract more load compared to Wall 3 (hinged toe). Figures 6.18e and 

6.18f show that at acceleration levels greater than 0.5g, the top four reinforcement layers in Walls 

3 and 4 have very similar connection loads. At the lowest reinforcement layer in Wall 4 the 

tensile load exceeds the load attracted by the restrained toe in Wall 3 (Figures 6.18e, 6.18f). As 

the shaking intensity is increased the connection load distribution with height above the wall toe 

becomes more triangular in shape with higher connection loads at lower reinforcement layers. 

The predicted reinforcement connection loads using the AASHTO method were closest to the 

observed measured values for the upper reinforcement layers especially at high acceleration 

levels. However, this method tended to under-predict the loads at the bottom reinforcement layers 

for the sliding toe model. Overall, the measured reinforcement connection loads were closer to 

the predicted values using the AASHTO method while NCMA and the method proposed by 

Bathurst and Cai (1995) over-predicted the connection loads at the upper reinforcement layers. 

This over-prediction can also be attributed to low confining pressures that exist in the upper 

sections of the reduced-scale model walls but not in prototype-scale walls. None of the analytical 

methods consider the contribution of toe restraint to wall load capacity which is significant for 

Wall 3.  

Figure 6.19a presents the variation of sum of reinforcement connection loads with peak input 

acceleration. Figure 6.19b shows the variation of sum of connection loads plus horizontal toe 
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load with peak acceleration. Also shown on the figures are the predicted values using M-O 

analysis methods. It should be added that design guidelines assume that all the horizontal earth 

loads are carried by the reinforcement layers and the wall toe does not carry any horizontal load. 

Hence the plots of predicted values in both figures are identical.  

The sum of connection loads for both walls increase with base input acceleration (Figure 6.19a). 

Both walls have similar sum of connection loads up to about 0.4g base input acceleration level. 

At acceleration values higher than 0.4g, the sum of connection loads for Wall 4 starts to increase 

more than Wall 3 due to higher connection loads developed in the bottom reinforcement layer as 

shown in Figure 6.18. The predicted values using NCMA and AASHTO methods are slightly 

higher at small acceleration levels when compared to the measured values of Walls 3 and 4. 

AASHTO method under-predicts at large acceleration levels for Wall 4. However, for Wall 3 the 

predicted values using AASHTO at higher acceleration levels are closer to measured values. For 

Wall 3, the NCMA method gives larger values over the entire acceleration range and the 

difference between the measured values and predicted values get larger as acceleration increases. 

However, for Wall 4 the predicted values by NCMA at high acceleration values are close to 

measured results. 

The measured total horizontal earth loads calculated as the summation of all reinforcement 

connection loads and the horizontal toe load are presented in Figure 6.19b. Since the current 

design methods assume that all horizontal earth load is carried by reinforcement layers only and 

ignore the restrained toe, the predicted values for total horizontal earth load illustrated in this 

figure are the same as the values in the previous figure. The trends for Walls 3 and 4 are very 

similar up to about 0.4g acceleration level with Wall 3 having higher horizontal earth load. 

However, as acceleration is increased beyond 0.4g, horizontal earth loads for Wall 4 start to 
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increase significantly and reach values similar to Wall 3. Both AASHTO and NCMA methods 

predicted values that were close to Wall 3 measurements at small acceleration levels. At high 

acceleration levels AASHTO under-predicted for both walls and the predicted values using the 

NCMA approach were closer to Wall 4 measurements. 

The observations made here are consistent with conclusions made regarding measured connection 

loads and analytical model predictions reported in Chapter 5. 

6.6.6 Soil mass movement 

The mass movement of the sand backfill during shaking was monitored using PIV analysis of 

high-speed camera images. Deformation patterns were also tracked in these images using the 

coloured sand layers within the field of view of the camera (Figure 6.1). Figures 6.20a and 6.20b 

illustrate the location of failure planes at the last stage of shaking in Walls 3 and 4, respectively. 

For Wall 3 the failure planes became visible during stage 6 shaking corresponding to a peak 

acceleration magnitude of 0.47g and for Wall 4 during stage 6 at a peak acceleration magnitude 

of 0.52g. The critical acceleration values for Walls 3 and 4 based on wall displacement (Figure 

6.12) and acceleration amplification factors (Figure 6.15) were estimated to be between 0.42 to 

0.47g. Thus the acceleration levels at which the onset of failure could be visually detected for 

these two walls is close to the previously reported critical acceleration levels using wall 

displacement measurements. Also superimposed on Figure 6.20 are the final locations of the 

displaced facing panel and deformed reinforcement layers. These final orientations of the 

reinforcement layers were carefully surveyed during layer by layer excavation of the backfill at 

the end of each test. Also plotted on the figures (in yellow) are predicted linear failure surfaces 

propagating from the toe of the wall with orientations computed using Equation 5.2 in Chapter 

5 together with =  = 45° and =  = 0° at three different acceleration levels: 0g or static 
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condition, peak acceleration levels at the last stage of shaking (0.67g for Wall 3 and 0.57g for 

Wall 4) and at critical acceleration level of 0.45g. This equation is a solution to Mononobe-Okabe 

wedge theory (Zarrabi 1979). 

Figure 6.20a shows that the observed failure planes for Wall 3 with a hinged toe are almost 

parallel and extend from the end of the second, third and fourth reinforcement layers towards the 

backfill surface. However, the failure surfaces are oriented at a steeper angle (between 42° and 

48°) than the predicted slope using the closed-form solution (AE = 22°) at the peak acceleration 

during  the last stage of shaking. The lower-most observed failure surface did not extend to the 

wall toe (as assumed in pseudo-static analysis) but initiated at the intersection of the predicted 

failure plane with the free end of the second layer of reinforcement. Based on the deformed 

shapes of the reinforcement layers it appears that most soil mass movements occurred at 

elevations above the second reinforcement layer.  

As Figure 6.20a illustrates, the slope of the calculated failure plane at the critical acceleration of 

0.45g is very close to the observed middle failure plane in Wall 3. A practical implication of this 

observation is that the assumption that critical failure mechanisms match the orientation of the 

failure plane at static condition and do not become shallower is not valid (i.e. assumption in 

AASHTO/FHWA and NCMA guidance documents) for a hinged toe condition. 

The failure plane patterns for Wall 4 with the sliding toe (Figure 6.20b) are different from Wall 

3. Since the wall toe was allowed to slide horizontally in this model, most of the major observed 

failure planes extend almost to the wall toe at an angle very close to the predicted value from the 

closed-form solution (AE = 29°) computed at the acceleration value of 0.57g (Equation 5.2). 

There is a series of short steep failure planes that are developed from the end of reinforcement 
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layers which are not continuous up to the backfill surface. These patterns suggest a complex 

series of wedges that developed during progressively increasing model excitation. The deformed 

reinforcement shapes also illustrate that the main observed failure planes passed through the 

bottom reinforcement layer. This is the same layer that attracted and carried a significant portion 

of the lateral earth loads (Figure 6.18f) and recorded the largest tensile strains (Figure 6.16b). 

The deformed shape of reinforcement layers at higher elevations in Wall 4 illustrate that the 

backfill soil in the reinforced zone settled slightly and moved horizontally as the wall was 

allowed to slide horizontally during base shaking. In contrast, Wall 3 was only allowed to rotate, 

and the back end of the upper reinforcement layers settled more than the front portion (due to 

more rotation of the backfill soil). Soil mass movements were also tracked using PIV analysis as 

described below.  

The accuracy of PIV analysis was first checked by comparing horizontal movement of the facing 

panel using the PIV method and comparing these measurements to POT measurements (Figure 

6.21). The facing panel cross sections were visible through the Plexiglas side walls of the strong 

box and initially in the camera field of view. The hollow interiors of the box sections were filled 

with textured foam to provide better contrast for PIV tracking. This comparison is shown for Wall 

3 while the facing panel remained within the camera field of view (up to and including stage 7 

shaking). As the comparison between PIV and POT measurements show, there is good agreement 

between the facing panel horizontal movements at the end of each stage of shaking. 

Figures 6.22 and 6.23 illustrate the trajectory of soil patches #23 and #32 (Figure 6.20) from PIV 

analysis (in pixels) during the first eight stages of shaking for Wall 3. Also shown in the figures 

are the same results for Wall 4 at stages 4 and 6 which had similar acceleration levels at stages 5 

and 7 of Wall 3. Patch #32 is closer to the wall facing and patch #23 is located behind the 
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reinforced soil zone and close to one of the observed failure planes (Figure 6.20a). The results in 

Figure 6.22 show that patch #23 in Wall 3 did not experience significant vertical settlement but 

moved largely in the horizontal direction during the first four stages of shaking. Thereafter, as 

shaking intensity increases the soil patch shows relatively large and permanent settlement and 

horizontal movements. When the results for patch #32 (Figure 6.23) are compared to patch #23 it 

can be seen that patch #32 experiences less horizontal movement and significantly less 

settlement. This is due to the location of patch #23 which is closer to one of the observed failure 

planes behind the reinforced backfill zone. The trajectories of these two patches for Wall 4 at two 

shaking stages (stage 4 and 6) are superimposed on the images in Figures 6.22 and 6.23 and 

illustrate that before stage 4 in Wall 4, both patches experienced less horizontal and vertical 

movement compared to Wall 3 excited at similar acceleration levels. However, as the shaking 

intensity increased, both patches in Wall 4 experienced much larger vertical and horizontal 

movements compared to their counterpart patches in Wall 3. This is further evidence of the 

differences in wall behaviour that is attributable to the additional mode of deformation available 

to Wall 4 due to horizontal toe sliding. 

The larger displacement experienced by patch #23 (compared to patch #32) in Wall 3 can also be 

illustrated if the total displacement vectors for all PIV soil patches are plotted. Figures 6.24 and 

6.25 illustrate the total displacement vectors at the approximate time of the observed peak 

displacement cycle at the top half of Walls 3 and 4, at stages 5 and 4, respectively. The figures 

show the displacement vectors at different times during the peak displacement cycle. The input 

acceleration level for these two walls at these two stages was similar. The datum for each plot is 

the image taken at the start of the stage excitation when wall acceleration is zero. The points “a” 

and “e” correspond to the peak displacement in the excitation cycle (positive or outward 
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direction) and point “c” corresponds to the minimum point in the excitation cycle (negative or 

inward direction). The vector magnitudes are amplified 15 times for clarity.  

The pattern of maximum displacement vectors for all patches in Figure 6.24a clearly illustrates 

the outward movement of the backfill soil. Due to the hinged toe boundary condition of the wall, 

the backfill soil experienced combined horizontal displacement and settlement at the peak point 

of the maximum displacement cycle. The plots clearly show that patch #23 is located in the 

backfill zone that moved the most. For Wall 4 however, (Figure 6.25a) backfill soil movements 

are mainly horizontal. Figure 6.24f shows the location of the patch matrix that was used in PIV 

analysis for the backfill soil within the camera field of view. 

Figures 6.24b and 6.24d correspond to a middle point in the excitation cycle for Wall 3 (zero 

displacement). There is no significant movement in the lower portions of the backfill and the 

movement at the top of the field of view is smaller than in Figures 6.24a and 6.24e. In Figure 

6.24c the shaking table is moving in the maximum negative direction (backward) and the vector 

plots show this movement at the bottom of the backfill. It is interesting to note that there is a 

detectable reversal in direction of movement in the top portion of the backfill soil and there is a 

diagonal band in the vector field that separates zones of positive and negative movement. There is 

a change in movement direction closer to the top of the backfill soil. For Wall 4 at stage 4 of 

shaking the dominant soil movement is generally in the horizontal direction and it is clearly 

shown that the direction of soil movement reverses as the base acceleration (or displacement) 

changes sign (Figure 6.25). 

Figures 6.26a and 6.26b are contour plots of the peak total displacement during stages 5 

(corresponding to same data in Figure 6.24a) and 7 of shaking for Wall 3. Figures 6.26c and 

6.26d show the permanent total displacement at the end of stage 7 shaking for Wall 3 in contour 
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plot and vector plot format, respectively. The contour plots clearly show that the zones of large 

displacement are located at the top left corner of the field of view where some failure planes were 

also observed. Also, clearly shown are the boundaries between zones of large displacement and 

small displacement (which are located in the lower portions of the field of view). As the vector 

plots of total permanent displacement at the end of stage 7 illustrate (Figure 6.26d) there is 

almost no significant permanent soil movement in the lower portions of the field of view. There is 

also a clear boundary between zones of large displacement and small displacement which also 

match the observed failure planes (Figure 6.20a). 

The PIV-generated vector and contour plots demonstrate the potential of the PIV method to 

qualitatively and quantitatively identify displacement mechanisms at small temporal and spatial 

scales. 

6.7 Conclusions 

This chapter describes details of a new shaking table facility that was built at the Royal Military 

College of Canada (RMC) and a research program to investigate the seismic performance of GRS 

retaining walls under dynamic loading conditions using reduced-scale models constructed on this 

new table. A total of 11 reduced-scale model walls were constructed of which the first two were 

trial tests to develop and refine the experimental methodology and to test the ancillary computer 

control and data acquisition systems. The remaining nine model tests were constructed with 

typically one test detail varied from the control structure. The walls were dynamically excited to 

bring them to failure. This chapter is focused on a description of the experimental design, 

instrumentation, and the application of particle image velocimetry (PIV) as a non-contact 

measurement method. To demonstrate the experimental methodology some typical measurements 

of facing movement, acceleration response of the system, reinforcement loads, wall toe loads and 
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PIV results, are presented for two of the walls: Walls 3 (hinged toe) and 4 (sliding toe). The data 

from this pair of walls is used to demonstrate the influence of wall toe boundary condition on 

wall to simulated earthquake loading. The major observations are: 

 

 The magnitude of wall displacement was dependant on the magnitude of base input 

acceleration. The wall displacements increased with increasing peak acceleration. A 

critical acceleration level was detected from wall displacement results and measured 

accelerations at the wall face and in the backfill soil at which point the walls started to 

experience significant displacements. Before this critical acceleration level the wall with 

sliding toe boundary (Wall 4) experienced slightly smaller displacement at the top of the 

wall compared to Wall 3 with a hinged toe. Significant horizontal displacement occurred 

at the toe and at the top of Wall 4 at post-critical acceleration levels. The influence of toe 

boundary condition is not considered in current pseudo-static analysis methods described 

in current design guidelines. 

 The measured vertical toe loads were higher than the self-weight of the walls. This is 

attributed to the down-drag forces developed behind the wall facing. The influence of 

down-drag forces on reinforcement connection loads are not considered in current design 

guidelines. The wall toe boundary condition did not have any significant effect on the 

vertical loads at the wall toe. The measured vertical toe loads fell reasonably well within 

the range of predicted values using pseudo-static analysis based on M-O wedge theory 

assuming wall-backfill interface friction angles equal to peak backfill plane strain friction 

angle and backfill residual friction angle. 
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 The measured horizontal loads at the restrained toe of Wall 3 illustrate that a significant 

portion of horizontal earth load is attracted by the restrained toe. This load bearing 

capacity at the toe is not considered in current design guidelines. 

 Significant acceleration amplification was observed both at the wall facing and within the 

backfill soil. Computed amplification factors generally increased with elevation. The 

amplification factors were higher for the accelerometers on the facing compared to the 

backfill accelerometers located at the same elevation. This is consistent with the 

observation that the facing and the backfill did not move as a monolithic body. 

Acceleration amplification factors increased with base input acceleration level up to an 

acceleration threshold (critical acceleration level); thereafter they decreased as the peak 

input base acceleration increased further. This may be due to large soil shear 

deformations that occurred in the backfill leading to softening and strength degradation. 

 Generally as the shaking intensity increased the peak tensile strains in the reinforcement 

also increased. The results for Wall 3 illustrate that the tensile strains in the upper three 

reinforcement layers were generally low (<0.3%) for all stages of shaking. However, in 

the bottom two layers the maximum peak strains were between 1.2 and 1.5% at locations 

close to the wall facing during last stage of shaking. The pattern of reinforcement global 

strain distribution along geogrid layers was different for the two walls investigated in this 

chapter. For Wall 4, the top four reinforcement layers experienced tensile strains less than 

the 0.4% maximum peak strain close to the facing. In contrast, the strains in the bottom 

layer in Wall 4 were significantly higher compared to other layers (~6% strain) and all 

reinforcement layers in Wall 3. Unlike Wall 3 where the maximum peak strain in the 

bottom layer occurred close to the facing, in Wall 4 this peak strain location occurred 



 

214 

 

closer to the middle of the reinforcement length. This difference is likely due to different 

backfill deformation modes hat occurred in these two walls because of the toe boundary 

condition (hinged versus sliding). 

 The distribution of connection loads over wall height was very similar in the top four 

reinforcement layers in Walls 3 and 4. However the connection loads in the bottom 

reinforcement layer of Wall 4 were significantly higher than in Wall 3 and this difference 

increased with input peak acceleration level.  

 Under static loading conditions, the connection load distribution over the wall height was 

more uniform and varied from the linear increase with depth predicted by pseudo-static 

analysis methods found in current design guidelines. Under dynamic loading conditions, 

the predicted connection load distributions by the AASHTO (2010) method were closest 

to measurement values. The NCMA (2009) method over-predicted connection loads at 

most elevations especially at higher acceleration levels. 

 To the best knowledge of the writer, the non-contact particle image velocimetry (PIV) 

method was used for the first time to measure GRS wall model response during 1-g 

shaking table tests. Horizontal movement of the facing panel was measured using the PIV 

method and the comparison of these measurements to POT measurements proved 

satisfactory. The PIV technique was used to track the movement of small patches of 

backfill soil during shaking stages. Also patterns of mass movement in the backfill soil 

during shaking stages were detected using PIV analysis which provided useful 

information regarding the locations of failure planes. 
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 Generally complex failure patterns were detected in the backfill soil at high acceleration 

levels. The observed locations of failure planes in the backfill soil at the end of the test 

for Wall 3 (hinged toe) did not match predicted failure planes based on pseudo-static 

analysis methods. However, for Wall 4 the predicted failure planes at the critical 

acceleration level and at the end of the test were in reasonable agreement with the major 

observed failure plane.  
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Table  6.1 Summary of 1-g shaking table experimental studies on GRS model walls 

Study Wall 

height (m) 

Number of 

GRS walls 

Facing type Reinforcement type Parameters investigated 

Richardson and Lee 1975 0.3 and 

0.38 

2 (0.3), 1 

(0.38) 

Flat and curved  thin aluminum sheets Aluminum ties and Mylar magnetic recording tape 

strips 

Base input acceleration magnitude, tie failure 

mechanism (pullout or tie breaking), input excitation 

frequency 

Lo Grasso et al. 2006 and 

2004 

0.35 11 Hinged aluminum L sections Polypropylene biaxial geogrid Vertical spacing of geogrid, surcharge, input excitation 

frequency and acceleration 

Watanabe et al. 2003 0.5 3 Full height rigid facing Phosphor-bronze strips Reinforcement length 

Kato et al. 2002 0.5 2 Full height rigid facing Phosphor-bronze strips Soil nailing 

Koseki et al. 2002 0.5 1 Full height rigid facing Phosphor-bronze strips Compared to gravity-type retaining wall 

Koseki et al. 1998 0.5 2 Full height rigid facing Phosphor-bronze strips Grid length 

Krishna and Latha 2009a 0.6 6 Full height rigid facing and wrapped face Geogrid and geotextile Facing type, reinforcement type, reinforcement vertical 

spacing and model back boundary type 

Krishna and Latha 2009b 0.6 7 Full height rigid facing Biaxial and uniaxial geogrid, geonet and geotextile Reinforcement type 

Latha and Krishna 2008 0.6 24 Wrapped and full height rigid facing Geotextile Relative density of backfill (37 to 80%), facing type, 

input excitation frequency 

Krishna and Latha 2007 0.6 9 Wrapped face Geotextile Surcharge on the backfill, input excitation frequency, 

number of reinforcement layers 

Sabermahani et al. 2009 1 20 Wrapped face Geotextile and geogrid Geosynthetic stiffness, reinforcement length and vertical 

spacing, input excitation frequency, relative density of 

backfill (47 and 84%) 

El-Emam and Bathurst 

2004 

1 14 Rigid continuous facing panel Geogrid Reinforcement length, stiffness, vertical spacing, wall 

facing batter angle and thickness, wall toe boundary 

condition, input excitation frequency 

Matsuo et al. 1998 1 and 1.4 5 (1 m), 1 

(1.4 m) 

Discrete and rigid continuous panel Polypropylene geogrid Geogrid length and wall batter angle, input excitation 

record 

Bathurst et al. 1996 1 4 Concrete blocks HDPE geogrid Wall batter angle, interface shear capacity between 

facing blocks and geogrid 

Murata et al. 1992 1 5 Discrete and rigid continuous panel Geogrid Facing type and batter angle, geogrid length and number 

Sakaguchi et al. 1992 1 6 Wrapped face and Light weight blocks Geogrid and geotextile Facing type, number of reinforcement layers 

Sakaguchi 1996 1.5 1 Light weight blocks from cement coated foam Geogrid Compared to three unreinforced walls 

Guler and Enunlu 2009 1.9 2 Segmental concrete blocks Geotextile Reinforcement length (the walls were only 0.52 m wide) 

Murata et al. 1994 2.48 1 Continuous rigid facing in front of wrapped 

around face 

Geogrid Input acceleration magnitude 

Ling et al. 2005 2.8 3 Modular block Polyester and polyvinyl alcohol geogrid Reinforcement length and vertical spacing 
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Table  6.2 Shaking table test summary. Note: Walls investigated in this chapter are in boldface 
type. 

Notes: All walls have height H = 1.42 m; R = Raugrid 2/2-20 geogrid; F = Fortrac 200 geogrid 

 

  

Wall Number 

G
eo

gr
id

 le
ng

th
, L

 
(m

) Geogrid type  
and stiffness,  
J (kN/m) 

Toe boundary 
condition 

Back wall  
boundary  
condition 

In
pu

t e
xc

ita
tio

n 
fr

eq
ue

nc
y,

 f
 (

H
z)

 

EPS inclusion 
between wall facing 
and backfill soil 

Wall 1 (trial) 0.9 R, 210 hinged rigid wall 5 No 

Wall 2 (trial) 0.9 R, 210 hinged rigid wall 5 
No

Wall 3 
(control) 

0.9 R, 210 hinged rigid wall 5 
No 

Wall 4 0.9 R, 210 sliding rigid wall 5 No 

Wall 5 0.9 R, 210 hinged 
EPS 
geofoam 

5 No 

Wall 6 0.9 R, 210 hinged rigid wall 5 Yes 

Wall 7 0.9 R, 210 hinged rigid wall 2 No 

Wall 8 1.1 R, 210 hinged rigid wall 5 Yes 

Wall 9 1.1 R, 210 hinged rigid wall 5 No 

Wall 10 0.9 R, 210 hinged rigid wall 8 No 

Wall 11 0.9 F, 1980 hinged rigid wall 5 No 
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a) 

 

 

b) 

 

Figure  6.1 Cross sections of example shaking table reduced-scale GRS model walls: a) Wall 3; b) 
walls with EPS geofoam. 
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                            a)                                                                       b) 
 

Figure  6.2 Facing details: a) rigid panel facing arrangement; b) geogrid aluminum clamp and 
load ring attachment. 

 

 

 

Figure  6.3 Wall toe detail: a) hinged toe (Wall 3); b) sliding toe (Wall 4). 
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Figure  6.4 Friction and dilation angle of the backfill soil from direct shear box test. Note: solid 
symbols are confirmation tests performed by the writer. 
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Figure  6.5 Single strand tensile test results of polyester geogrid in cross-machine direction at 
different strain rates. 
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Figure  6.6 Measured variable-amplitude sinusoidal base input acceleration applied to Wall 3: a) 
all shaking stages; b) stage 2 shaking. 
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Figure  6.7 FFT analysis of measured table acceleration, stage 3, Wall 3. 

 

 

 

 

Figure  6.8 Fundamental frequency of Walls 3 and 4 from free vibration analysis: a) from shaking 
table tests after stage 2 excitation; b) from FLAC model. 
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Figure  6.9 Strain gauge calibration: a) variation of global strain with local strain; b) calibration of 
local strain with tensile load. 
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Figure  6.10 Facing displacement-time history recorded at top of Wall 3. 
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Figure  6.11 Peak wall horizontal movement: a) Wall 3, hinged toe; b) Wall 4, sliding toe. 

 

 



 

233 

 

 

Figure  6.12 Facing top and wall toe peak horizontal movement versus peak measured input 
acceleration. 
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Figure  6.13 Peak vertical and horizontal toe load versus peak input acceleration. 

 

Figure  6.14 Variation of back-calculated facing panel-backfill interface friction angle with peak 
input base acceleration amplitude (from physical tests with hinged toe). 
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Figure  6.15 Acceleration amplification factors calculated by RMS method for Wall 3 (hinged 
toe) and Wall 4 (sliding toe): a) facings; b) backfill. 
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Figure  6.16 Maximum global strains along reinforcement layers: a) Wall 3 (hinged toe); b) Wall 
4 (sliding toe). 
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Figure  6.17 Maximum tensile reinforcement connection loads at facing, Wall 3. 
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Figure  6.18 Maximum tensile reinforcement connection load distribution versus height, Wall 3 (hinged toe) and Wall 4 (sliding toe): a) 0g; b) 
0.17g; c) 0.28g; d) 0.38g; e) 0.52g; f) 0.57g. Note: acceleration values in each plot are approximate peak acceleration value for each wall. 
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Figure  6.19 Variation of sum of horizontal loads: a) sum of connection loads; b) sum of 
connection load plus horizontal toe load. 
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Figure  6.20 Observed failure plane development at the last shaking stage for: a) Wall 3 (hinged 
toe); b) Wall 4 (sliding toe). 
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Figure  6.21 Facing horizontal movement from PIV analysis. 
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Figure  6.22 Trajectory of soil patch #23 from PIV analysis, Wall 3 (hinged toe). 
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Figure  6.23 Trajectory of soil patch #32 from PIV analysis, Wall 3 (hinged toe). 
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Figure  6.24 Displacement vector plots of Wall 3 backfill soil during peak acceleration cycle at 
stage 5, peak acceleration = 0.42g, maximum vector length = 9.9 mm (15 times enlargement): a) 
maximum positive base displacement; b) zero base displacement; c) minimum negative base 
displacement; d) zero base displacement; e) maximum positive base displacement; f) location of 
patch matrix; g) cycle reference time 
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Figure  6.25 Displacement vector plots of Wall 4 at peak acceleration cycle at stage 4, peak 
acceleration = 0.4g, maximum vector = 4.5 mm (15 times enlarged): a) maximum positive base 
displacement; b) zero base displacement; c) minimum negative base displacement; d) zero base 
displacement; e) maximum positive base displacement; f) cycle reference time 
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Figure 6.26 Contours or vectors of peak total displacement for Wall 3 (hinged toe): a) during 
stage 5 (2.6 to 9.9 mm); b) during stage 7 (2.9 to 17.8 mm); c) at the end of stage 7 (0 to 15.2 
mm); d) vectors at the end of stage 7 (max = 15.2 mm). 
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Chapter 7 

Determination of Dynamic Soil Properties using Accelerometers in 1-g 

Geosynthetic-Soil Retaining Wall Shaking Table Tests1  

7.1 Introduction 

One-g shaking table tests on reduced-scale models of soil structures are an attractive 

methodology to investigate the dynamic response of these systems to simulated earthquake 

loading. These physical tests can then be used to verify numerical models and the verified models 

scaled up to investigate the seismic response of the same systems at prototype scale (Muir Wood 

et al. 2002). Examples of this approach for the case of geosynthetic reinforced-soil retaining 

walls can be found in the papers by Fakharian and Attar (2007) and Helwany and McCallen 

(2001) and in Chapter 5. The author has used the same approach to develop design charts for 

expanded polystyrene (EPS) seismic buffers that are used to reduce earthquake-induced dynamic 

loads against conventional rigid concrete walls, basements and bridge abutments (Zarnani and 

Bathurst 2009a).  

The numerical modelling of reduced-scale and prototype-scale structures can be carried out using 

masing-type nonlinear hysteresis models for the soil (Yogendrakumar et al. 1992; Zarnani and 

Bathurst 2009b; Bathurst et al. 2002; Itasca 2005; Fakharian and Attar 2007). This approach 

accounts for shear modulus degradation and increases in damping ratio with increasing shear 

strain. Two approaches are typically used to determine the parameters used in these models: a) 

results of laboratory element tests on soil specimens, and; b) selection of parameters using 

                                                      
1 Material presented in this chapter has been included in: 
 
Zarnani, S. and Bathurst, R.J. 2011. Determination of dynamic soil properties using accelerometers in 1-g 
geosynthetic-soil retaining wall shaking table tests. Geotextiles and Geomembranes, submitted. 
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databases found in the literature (e.g. Seed and Idriss 1970) that match the type and density of 

the soil used in the shaking table tests. Examples of laboratory element tests are cyclic triaxial 

(Kramer 1996; ASTM D3999 1991), simple shear (Airy and Muir Wood 1987), torsional shear 

(Ishihara and Li 1972), wave propagation devices (e.g. bender elements) (Ishihara 1996) and 

resonant column tests (Cascante et al. 2003, 2005; ASTM D4015 2007; Ishihara 1996). 

Resonant column tests are typically restricted to strains less than 0.1%. 

An alternative approach to quantify the dynamic properties of a soil is to analyse soil acceleration 

response using embedded accelerometers. This method has been used in laboratory small-scale 

dynamic centrifuge tests (Brennan et al. 2005; Elgamal et al. 2001; Stevens et al. 2001; 

Elgamal et al. 2005) or in the field during earthquake (Zeghal and Elgamal 1994; Zeghal et al. 

1995; Elgamal et al. 1996; Zeghal and Elgamal 2000; Salvati and Pestana 2006). In the 

laboratory centrifuge tests, the accelerometers were placed within the soil in a shaker box while 

downhole arrays of accelerometers were used in the field studies. Dietz and Muir Wood (2007) 

performed 1-g shaking table tests on sand placed in a large shear stack container (0.81 m high by 

0.55 m by 1.19 m). Accelerometers were mounted on the table and on the shear stack walls. The 

accelerometer responses were used to compute shear modulus degradation and damping curves 

that were assumed to be representative of the contained sand element. Their methodology is 

similar to that described in this chapter except that in the current study vertical strings of 

accelerometers were embedded in the sand to directly measure the dynamic response of the sand 

backfill in geosynthetic-soil structure models.  

Koga and Matsuo (1990) used accelerometer data in 1-g shaking table tests of reduced-scale 

embankments resting on liquefiable soil to develop shear stress-strain hysteresis loops. These 

hysteresis loops were used to investigate changes in stress state of the foundation soil during 
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shaking and to assist in detecting the onset of liquefaction. However, no attempt was made by 

these researchers to back-calculate dynamic soil properties from the hysteresis loops. 

To the best knowledge of the writer the use of accelerometer data from a vertical string of 

accelerometers buried within the soil in 1-g shaking table tests have not been used exclusively to 

back-calculate the properties required for dynamic nonlinear hysteresis constitutive models for 

soil (e.g. equivalent linear method (ELM) described by Zarnani and Bathurst (2009b)). The 

closest attempt is the study by Sabermahani et al. (2009) who investigated the dynamic response 

of reduced-scale geosynthetic wrapped-face models mounted on a 1-g shaking table. However, 

they did not rely entirely on the accelerometer response data; rather, the shear stress-time 

response of the soil was computed from accelerometer readings and the shear strain-time 

response was estimated from deformations recorded at the face of the model walls. A 

disadvantage of this approach is that soil strains are computed indirectly by linking wall 

deformations to strains within the soil mass using a simple horizontal slice method. This approach 

assumes that shear response is time coincident and equal at each elevation in the soil mass and 

shear strains inferred at the wall face are the same at locations at the same elevation behind the 

face. Another limitation of this method is that it cannot be used for soils located behind rigid 

walls that are prevented from moving or for wall facing movements that are purely translational. 

Finally, soil shear modulus and damping ratio values reported by Sabermahani et al. (2009) are 

very different from laboratory soil element test results reported in the literature. 

In the current study, a procedure to back-calculate dynamic soil properties that is independent of 

wall movement and using only the accelerometer records from embedded accelerometers is 

described. The data are compared to values found in the literature and resonant column tests 

carried out on the same sand materials used in the reduced-scale 1-g shaking table tests.   An 
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advantage of the method described in the current study is that dynamic properties of the sand can 

be computed from data gathered at the same time as other performance data for geosynthetic-soil 

structure models mounted on a shaking table.  

7.2 Background 

7.2.1 Shaking table models 

One-g shaking table tests have been carried out at the Royal Military College of Canada (RMC) 

on reduced-scale models of geosynthetic reinforced soil walls (Zarnani et al. 2010) and EPS 

seismic buffers (Bathurst et al. 2007; Zarnani and Bathurst 2008). These tests included 

accelerometers embedded in the backfill soil. The data from these instruments are used in the 

current study. Only brief descriptions of the overall test programs are presented here for 

completeness.  

Figure 7.1 shows a cross-section of a geosynthetic reinforced soil (GRS) wall constructed on a 

recently commissioned shaking table at RMC. The GRS wall was a rigid panel type consisting of 

twenty stacked 64 × 64 mm hollow steel sections bolted together. The height and length of the 

wall facing panel was 1.42 m and 2.27 m, respectively. The cross section dimensions of the 

facing panel sections and mass (and hence inertia) were selected to satisfy dynamic physical 

model scaling laws proposed by Iai (1989) assuming a model to prototype scaling factor of about 

1/4. A hinged or sliding footing condition was used for the models selected for this chapter (i.e. 

toe restrained in the vertical and horizontal directions while free to rotate about the base, or the 

toe allowed to slide and rotate). The facing panel was seated on a steel base plate which in turn 

was supported by four linear bearings (slide rails) bolted to the shaking table platform. Thus 

friction at the toe in the horizontal direction was eliminated and the horizontal and vertical forces 

measured at the toe were fully decoupled.  The facing column was supported externally during 
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construction. A commercially available knitted polyester (PET) geogrid was used for the 

reinforcement layers. The geogrid was selected so that the model reinforcement stiffness matched 

the stiffness of a similar geogrid at prototype size using the scaling laws by Iai (1989).    

The models were placed in a strong box that was mounted on the shaking table. The shaking table 

platform has plan dimensions of 2.6 m by 3.3 m and is driven by a 250 kN capacity actuator with 

horizontal capacity of 1g and ±125 mm stroke with full payload. Excitation is in the horizontal 

direction (one degree of freedom only). The platform is seated on a pair of very low-friction 

linear bearings (rails) mounted in turn on a pair of concrete footings anchored to a thick 

reinforced concrete slab (laboratory strong floor).  

The strong box side walls and back wall are comprised of rigid steel sections supporting 

transparent 25 mm-thick Plexiglas sheets. The transparent side walls were used to allow high-

speed camera image capture of the soil during shaking and subsequent analysis using particle 

image velocimetry (PIV) processing. Description of soil and wall response during shaking using 

PIV analysis is reserved for a separate publication. One end of the box is open to provide access 

to the GRS wall models. The box is 1.5 m high by 2.3 m wide and 2.9 m long. Layers of plywood 

were fixed to the steel platform and a thin layer of sand was glued to the top sheet to create a 

rough interface at the bottom of the backfill soil. The far-end boundary of the model walls is also 

rigid which can be expected to influence the dynamic response of the GRS model wall due to 

reflected energy as demonstrated numerically by Bathurst and Hatami (1998). However, this 

boundary condition is convenient for physical experiments of this type and can be explicitly 

accounted for in numerical simulations. The sand material used in this experiment and excitation 

applied to the GRS models are described later. 
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In this study the results of three walls out of a suite of 11 wall configurations were used. The 

differences between Walls 1 and 3 are related to modifications to connection load measurements 

which do not affect the dynamic response of the models; hence for the purposes of the current 

investigation these are repeat tests. In Wall 4, the toe boundary condition of the facing column 

was changed from hinged to sliding while all other test conditions were kept the same as Walls 1 

and 3. Further details of the physical test arrangement can be found in the paper by Zarnani et al. 

(2010) and in Chapter 6. 

Figure 7.2 shows a cross-section of a reduced-scale seismic buffer test configuration. A series of 

1 m-high structures were built on an older shaking table at RMC that has since been 

decommissioned.  In this chapter, the results from two model wall tests are used. Test 1 was the 

control wall configuration without a seismic buffer and Test 2 was constructed with a 0.15 m-

thick EPS layer. The stiffness of the EPS seismic layer was K = 30 kPa/m and was placed against 

the same rigid bulkhead simulating a rigid wall structure as Test 1. The rigid wall and rigid rear 

boundary of the strong box were affixed to the shaking table in the same manner described for the 

GRS models. This shaking table was 2.7 by 2.7 m in plan view and was driven in the horizontal 

direction using a lower capacity horizontal actuator. Details of the physical test arrangement can 

be found in the paper by Bathurst et al. (2007). 

The instrumentation used in the GRS wall tests (Figure 7.1) included strain gauges and 

extensometers attached to the geogrid reinforcement, wall-geogrid connection load cells and 

potentiometer displacement devices.  Both the GRS wall tests and the EPS wall tests included 

load cells to record horizontal and vertical toe loads at the end of construction and during 

subsequent shaking. However, the instruments that are important to this study are the array of 

accelerometers located within the soil mass in each test and on the shaking table.   
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7.2.2 Soil materials 

The backfill soil used in the GRS model walls (Figure 7.1) was clean, uniform-sized, rounded 

beach sand (SP in the Unified Soil Classification System) with D50 = 0.35 mm, coefficient of 

curvature, Cc = 1.09 and coefficient of uniformity, Cu = 2.26. The fines content (particle sizes < 

0.075 mm) was about 1%. This sand (RMC sand) has a constant volume friction angle of 36° and 

a peak plane strain friction angle of 45° (Bathurst et al. 2001; Hatami and Bathurst 2005). The 

sand has an almost flat compaction curve which helped to ensure that the final compacted density 

was uniform through the entire backfill. The dry density and the moisture content of the backfill 

soil was measured with a nuclear density meter after each lift of sand was gently vibro-compacted 

using the shaking table and levelled. The average dry density and moisture content of the 

compacted backfill were 1736 kg/m3 and 0.64%, respectively. Based on the compaction curve for 

this sand, the dry density is equivalent to about 99% of Modified Proctor compaction. 

The backfill soil in the EPS geofoam shaking table tests (Figure 7.2) was an artificial sintered 

synthetic granular material with the commercial name of JETMAG 30-60 (hereafter called 

artificial sand). This material was selected because it is silica free and thus avoided the health 

danger of silica dust generation during material handling in an enclosed laboratory environment. 

The sand is composed of angular to sub-angular particles with a specific gravity of 2.88. The soil 

is uniformly graded with a maximum particle size of 2 mm, Cc = 1.27, Cu = 2.5 and fines content 

less than 3% by mass. Conventional direct shear box tests were carried out on 10 cm x 10 cm 

specimens of the sand at the same density as the sand in the shaking table models. The results of 

these tests show a peak and residual friction angle of 51° and 46°, respectively, with a dilation 

angle of about 15° (Bathurst et al. 2007; Zarnani and Bathurst 2007). 
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The dynamic soil properties of the two soils described above are presented later in the chapter 

based on back-analysis of accelerometer data from 1-g shaking table tests and laboratory resonant 

column testing.   

7.2.3 Accelerometer instrumentation 

The focus of the current chapter is on model acceleration response and hence only accelerometer 

instrumentation is reviewed here.  

A total of seven accelerometers were used in each GRS model test (Figure 7.1). One was 

attached to the shaking table platform in order to measure the actual acceleration-time record 

applied to the base of the models and another one to the facing panel at mid-height. Another 

accelerometer was attached to the top of the facing panel. Four other accelerometers were 

embedded inside the backfill at equal vertical spacing and about 1 m from the wall. Each backfill 

accelerometer was placed within a small volume of soil contained within a thin-walled plastic 

ring 75 mm in diameter and 50 mm high. This technique was used to ensure that the 

accelerometer was in phase with the backfill soil during shaking and to prevent the 

accelerometers from rotating (thus avoiding erroneous horizontal acceleration readings). Four 

accelerometers were embedded within plastic rings placed in the backfill soil and one mounted on 

the shaking table in the two EPS seismic buffer tests (Figure 7.2). All accelerometers in both 

series of tests were rated to at least ±2g and resonance frequency of 250 Hz which are values well 

above model loading conditions. All the instruments in each series of tests were connected to a 

high-speed synchronous data acquisition system. The data was acquired at the rate of 200 Hz in 

order to prevent aliasing effects and to capture the peak values of dynamic wall response induced 

by base shaking. 
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7.2.4 Model excitation 

Following construction of each GRS wall the propped facing supports were removed and the 

model subjected to a series of variable-amplitude harmonic base excitation records applied in 

nine stages (Figure 7.3). The source accelerogram for each stage had both increasing and 

decaying peak acceleration portions and is expressed as:  

[7.1]        ft2sintβetu ξαt   

Parameters  and  are user-defined non-dimensional variables, t is time in seconds, and f is 

the target frequency in Hz (5 Hz in these tests).  The displacement-time record applied to the 

shaking table using the computer-controlled actuator was calculated by double integration. The 

first stage had maximum acceleration amplitude of about 0.1g and the last stage had maximum 

acceleration amplitude of about 0.7g. After each stage there was a pause of seven minutes to 

download video files for image analysis which is unrelated to the focus of this chapter. There was 

no detectable influence of the pause between excitation stages on the collected data.  

The fundamental frequency of the GRS model walls was determined from free vibration analysis 

at the end of shaking. It showed that the fundamental frequency of the system for the two walls 

was about 61 Hz. According to the scaling laws for 1g shaking table tests (Iai 1989) and also 

considering the prototype wall height of 6 m, the 5 Hz predominant frequency of the input 

excitation at model scale is equivalent to about 2.5 Hz at prototype scale. Frequencies of 2–3 Hz 

are representative of typical predominant frequencies of medium to high frequency earthquakes 

(Bathurst and Hatami 1998), and fall within the expected earthquake parameters for North 

American seismic design (AASHTO 2010). The fundamental frequency of the system (60 Hz) is 

also well beyond the predominant frequency of the base excitation for model walls in these 
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shaking table tests (5 Hz) which ensures that resonance effects would not influence the dynamic 

response of the wall and backfill soil during the tests. 

The target accelerogram for the EPS seismic buffer tests is shown in Figure 7.4. This stepped 

constant amplitude sinusoidal excitation record also has a frequency of 5 Hz which is equivalent 

to 2 Hz at prototype scale (scale factor = 1/6). The acceleration record was stepped in 0.05g 

increments and each amplitude increment was held for 5 s. The maximum base acceleration was 

0.8g. 

7.3 Soil dynamic properties 

7.3.1 General 

The dynamic behaviour of soil is typically characterized by response curves showing the 

variation of the secant shear modulus ratio with shear strain (modulus degradation) and the 

variation of the damping ratio of soil with shear strain. This section presents response curves 

computed using laboratory resonant column (RC) testing on both natural and artificial sand 

materials and compares these curves to values deduced directly from in-situ accelerometer data 

gathered from the 1-g shaking table tests described earlier.  

7.3.2 Laboratory resonant column testing  

Resonant column (RC) tests were performed on RMC natural sand and artificial sand specimens. 

The test equipment, methodology and interpretation of data will vary between laboratories. For 

completeness, some details of the RC testing carried out by the author using specialized 

equipment at the University of Waterloo are presented in the Appendix C to this thesis.  

The RMC sand was tested in three different conditions: dry sand at high compaction level (about 

99% of Modified Proctor compaction), dry sand at lower compaction level (about 96% of 
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Modified Proctor compaction) and moist sand with w = 2% water content at high compaction 

level (about 99% of Modified Proctor compaction). The specimens were tested under three 

different confining pressures: 47, 80 and 160 kPa. The results are presented in Figure 7.5 for 

shear wave velocity, shear modulus, normalized secant shear modulus and damping ratio 

variation with shear strain. The plots show that as shear strain increases the shear wave velocity 

(Figure 7.5a) and shear modulus (Figure 7.5b) decreases for each sand condition and 

compaction level. The data for shear modulus at 47 kPa confining pressure is in reasonable 

agreement with Ishihara (1996) who reported shear modulus values of 125 MPa to 150 MPa for 

cohesionless soils at low stain amplitudes and 50 kPa confining pressure. The data in Figures 

7.5a and 7.5b show that as the confining pressure increases, the shear wave velocity and shear 

modulus increases for each sand condition. At lower confining pressure (i.e. 47 kPa) the highest 

shear wave velocity and shear modulus occurs for the dry specimen with higher compaction level 

and the lowest values occur for the dry specimen with lower compaction level. The moist 

specimen with higher compaction level lies between these data curves. However, at 160 kPa 

confining pressure the difference between the dry and moist specimens becomes negligible. The 

shear modulus curves were normalized with respect to the maximum shear modulus (Go taken at 

very small shear strain levels in the range of 0.0002 to 0.0005%) and replotted in Figure 7.5c. 

These plots show that the shear modulus ratio curves at each confining pressure are very close 

and thus the influence of moisture content and compaction level on shear modulus is reduced by 

normalization with Go. At lower confining pressures the normalized shear modulus curves decay 

more rapidly with increasing shear strain. The plots in Figure 7.5d show that as shear strain 

increases the damping ratio increases. For the same confining pressure the damping ratio for the 

moist specimens is typically detectably higher than the corresponding dry specimen under similar 

compaction conditions. The additional damping capacity is due to the existence of moisture in the 
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soil matrix. However, for practical purposes the damping curves for each soil type and condition 

are similar at each confining pressure level and the magnitude of damping ratio for each set of 

curves decreases with increasing confining pressure. These qualitative trends for normalized 

shear modulus and damping ratio are consistent with similar plots for other sand materials 

reported in the literature (e.g. Ishihara 1996) and this supports the conclusion that the major 

parameter influencing normalized shear modulus curves for sand is confining pressure. 

Resonant column tests under similar confining pressures were also performed on the artificial 

sand used in the EPS seismic buffer tests. The artificial sand specimens in RC tests were prepared 

dry (w = 0%) to 96% of Modified Proctor compaction. The results of RC tests on artificial sand 

are illustrated in Figure 7.6 and compared to those of dry RMC sand prepared to the highest 

compaction level. The data plots show that qualitative trends in dynamic properties are similar 

between the two materials even though the material used in the seismic buffer tests is synthetic 

(artificial) sand. Comparison of data in Figures 7.5b and 7.6b show that the synthetic material is 

stiffer. 

7.3.3 Dynamic soil properties from shaking table tests  

7.3.3.1 Interpretation of hysteresis loops and variation of shear properties 

Numerical approximations to shear stress and shear strain at each accelerometer location, or 

between accelerometer points, can be computed using a one-dimensional shear beam idealization 

(Zeghal et al. 1995) (Figure 7.7). The method is based on the equation of motion, linear 

interpolation between accelerations in the vertical direction and a stress-free surface boundary 

condition. Stress and strain estimates are second-order accurate (Zeghal and Elgamal 1993) and 

expressed as follows:  
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where t is time, z is depth, (z, t) is horizontal shear stress, ü(z, t) is horizontal acceleration, u(z, t) 

is horizontal displacement,  is density of slice, (z, t) is shear strain and i refers to the slice 

increment. Shear strain and shear stress calculations were performed at each accelerometer 

location inside the backfill and between pairs (half point).  

Figure 7.8 shows the results of calculation steps plus additional processing stages that were 

carried out on data from one example accelerometer. The raw accelerometer measurements were 

first filtered with a low pass Hamming-type filter with 101 terms and cut-off frequency of 12 Hz 

and the filtered data used to compute the time variation of acceleration ( u ) at each measurement 

point (Figure 7.8a). The accelerometer data were then double integrated to calculate the 

corresponding horizontal displacement with time (parameter u). The displacement record was 

cubic baseline corrected to remove zero drift (Figure 7.8b). Next, shear strains were calculated 

(Equation 7.4). As illustrated in Figure 7.8c the computed shear strain-time trace can inherit 

some very low frequency content from the baseline correction and double integration stage 

resulting in visually detectable oscillation of shear strains; to correct this, a high pass filter with 
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cut-off frequency of about 1 Hz was applied to the trace. The corrected shear strain-time plot is 

illustrated in Figure 7.8d. It is important to note that FFT analysis of all acceleration-time 

histories showed that the frequency content of the accelerometer measurements was well within 

the filter cut-off frequencies employed to clean the computed displacement and shear data; hence, 

filtering did not distort the shear strain and shear stress response of the shaking table models. It 

should be noted that high pass and low pass filtering steps are routinely applied to seismograph 

accelerograms to remove long period errors due to double integration (or baseline distortions) and 

to remove high frequency noise (Hudson 1979). This treatment ensures that accelerometer data 

are limited to the information within the frequency band of interest and captures the major 

response of the system. The calculated shear stress-time response for the example accelerometer 

using Equation 7.2 is presented in Figure 7.8e. Since the shear stresses were calculated directly 

from acceleration data (and not from displacement records) additional filtering is not required.  

Soil shear stress and shear strain data during shaking stages can be used to generate dynamic 

hysteresis loops at all accelerometer locations and at half points. Figure 7.9 illustrates hysteresis 

loops and the shear modulus and damping ratio terminology that are used to characterize dynamic 

soil properties. The figure shows how the maximum (initial) shear modulus (Go) and cyclic shear 

modulus (G), and damping ratio () can be computed from each hysteresis loop. Examples loops 

are illustrated in Figure 7.10 for Wall 3 at different locations inside the backfill and on the 

shaking table platform during stage 5 shaking. 

Calculated maximum shear strain (i.e. from the largest hysteresis loops at the peak of each 

shaking stage) and corresponding shear stress and shear modulus values are plotted with respect 

to elevation in the backfill in Figure 7.11. Figure 7.11a illustrates that the peak shear strain at 

each elevation increases as the intensity of shaking increases and at each shaking stage the peak 
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strain increases with elevation. The facing of Wall 3 was allowed to rotate at the toe but 

prevented from horizontal and vertical movement. Hence, shear deformations and strains 

increased with height above the base of the model (Figure 7.11a).  Figure 7.11b shows the 

variation of shear stress over the height of the backfill. This distribution increases linearly with 

depth below the backfill surface. As the shaking intensity increased the magnitude of peak shear 

stress computed at each location in the backfill increased but the greatest increases between 

stages occur early in the shaking program. After stage 5 shaking, peak shear stresses are 

reasonably constant at each location. Figure 7.11c illustrates the variation of shear modulus over 

the height of backfill during different stages of shaking. At each location the shear modulus starts 

to decrease as the intensity of shaking increases with larger values in the lower sections of the 

backfill due to larger confining pressure. The rate at which the shear modulus decreases is less 

after stage 5 shaking which is likely due to the soil dilating to a constant volume and a 

corresponding degraded shear modulus value.  Similar trends and magnitudes of shear strain and 

shear modulus were also observed over the height of the backfill in Wall 4.  

The time lag between peak accelerations measured at different accelerometer locations can be 

used to corroborate the computed shear wave velocity and shear modulus of the sand materials 

reported here. Figure 7.12a shows acceleration-time responses for accelerometers in Wall 3 at 

stage 6 shaking. These data were facilitated by the data acquisition system used in this study that 

provided synchronous channel capability (as opposed to more common sequential data 

acquisition that artificially time-shifts acceleration records). The time-lag between readings from 

accelerometers in the backfill soil and the accelerometer placed on the shaking table are plotted in 

Figure 7.12b. Knowing the travel distance to each device the shear velocity can be computed 

(Figure 7.12c). Calculations of this type for stage 2 shaking and beyond gave shear wave 
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velocities in the range of about 25 to 280 m/s (depending on the intensity of shaking and location 

of the accelerometer). The upper range value matches the data for the dry heavy compacted RMC 

sand at small strain (Figure 7.5a). Knowing the shear velocity and density of the soil and 

assuming a linear-elastic medium, the shear modulus of the soil is computed to be in the range of 

G = 1 to 136 MPa (Equation A2).  The upper limit on this range is consistent with data in Figure 

7.5b and Figure 7.11c at small shear strain and lower accelerometer locations.  

7.3.3.2 Shear modulus degradation and damping ratio curves for RMC sand and artificial sand 

Figure 7.13 illustrates the variation of shear modulus ratio with shear strain for RMC sand 

computed from in-situ hysteresis loops generated from accelerometer data for the three GRS 

walls. The results from resonant column tests on RMC sand (dry specimens with high compaction 

level) at two different confining pressures are also shown in the figure. Normalization of RC data 

has been carried out using low strain data points for G in Figures 7.5b and 7.6b. Normalization 

of shaking table shear modulus values for the RMC sand was carried out using Go = 160 MPa 

which was the highest computed value recorded by accelerometer ACC 1 located deepest in the 

sand backfill during stage 1 shaking. A value of Go = 170 MPa was used for the artificial sand 

based on the observation that shear modulus values for the artificial sand were slightly higher 

than for the RMC sand. The results from both RC tests and shaking table methods show a clear 

trend of reduction of shear modulus ratio with increase in shear strain. The two data sets appear to 

align at the lower and upper strain limits of the resonant column and in-situ measurements, 

respectively, and together generate a continuous sigmoidal distribution. Also shown in Figure 

7.13 is a data band that captures normalized modulus degradation curves for sands published in 

the literature. The normalized modulus degradation curves from RC tests fall easily within the 

data band of previously reported data. The data points using accelerometer measurements are 
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judged to compare reasonably well compared to the older data. Agreement appears to visually 

improve for data corresponding to higher intensity shaking.  

Figure 7.14 shows the normalized shear modulus variation with shear strain for the artificial sand 

material investigated in the current study. The normalized back-calculated shear modulus and 

experimental test results from RC tests and shaking table accelerometers fall largely within 

degradation curve bands for granular cohesionless material reported in the literature. The figure 

also shows that the dynamic behaviour of the backfill in the model without EPS geofoam (Test 1) 

was very similar to the behaviour of the model with EPS geofoam (Test 2). The inclusion of a 

vertical layer of EPS geofoam behind the rigid retaining wall did not have significant effect on 

the dynamic behaviour of the artificial sand backfill in these shaking table tests. 

It can be noted that resonant column measurements at very small strain levels for the artificial 

sand gave shear modulus values that are much higher than the shear modulus value that was 

selected to match numerical shear box simulation results with experimental direct shear box tests 

(Chapter 5). However, as the data in Figure 7.14 show, the high initial value of shear modulus at 

very small strains decreases by a factor of about 20 at about 0.6% shear strain. Hence, the lower 

shear modulus value reported in Chapter 5 is judged to be consistent with the soil shear modulus 

back-calculated from shaking table accelerometer readings and the data band reported by Seed 

and Idris (1970). 

Figure 7.15 presents computed damping ratio values for the RMC sand from resonant column 

tests and from in-situ accelerometer measurements. The scatter of back-calculated damping ratio 

from accelerometer measurements is larger than the corresponding shear modulus values but 

many of the back-calculated damping ratios from accelerometer measurements are within the 

range of values for sand reported in the literature. The greater scatter in back-calculated damping 
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ratios compared to shear modulus values using accelerometer data has also been noted by other 

researchers (Zeghal et al. 1995; Elgamal et al. 1996; Brenan et al. 2005) and can be observed in 

other data sets (Abdel Ghaffar and Scott 1978; Dietz and Muir Wood 2007). In the current 

study, the scatter in back-calculated damping ratio data is believed to be attributed to the 

approximations used in the analysis process. Damping data for the artificial sand used in the EPS 

tests was very scattered and is not presented.  

It should be mentioned that back-calculation of dynamic soil properties for the GRS tests was 

performed at a single soil column (string of accelerometers) in the backfill and hence spatial 

distribution of dynamic soil parameters was not investigated in this study. 

Finally, the author applied the method reported by Sabermahani et al. (2009) to shaking table 

data for the wall models described in this chapter. These calculations showed that: 1) the values 

of shear modulus were much lower than the maximum shear modulus for the RMC sand using the 

methodology proposed here; 2) the calculated damping values for RMC sand were well beyond 

values for previously reported sand data in the literature, and; 3) as noted earlier in the chapter, 

their method could not be applied to the control test with a rigid wall configuration. 

7.4 Conclusions 

Accelerometer measurements taken from five reduced-scale 1-g shaking table tests were used to 

back-calculate shear modulus ratio degradation and damping ratio curves for two different sand 

soils. Response curves were compared to resonant column tests carried out on the same materials 

and similar data reported in the literature. The major conclusions from this study are: 

 The one-dimensional shear beam idealization and formulation described by Zeghal et al. 

(1995) and Zeghal and Elgamal (1993) was successfully used to compute shear stress-
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strain time response at accelerometer locations and at mid-points between devices in a 

vertical string of accelerometers placed in soil on 1-g shaking table tests.     

 The stress-strain traces were used to compute hysteresis loops from which conventional 

secant shear modulus ratio and damping ratio curves were generated. 

 The response curves were shown to merge with matching data points at lower strains 

generated from resonant column tests carried out on the same sand materials. 

 In many cases the shear modulus ratio degradation and damping ratio curves using the in-

situ accelerometer method fell within ranges reported in the prior literature.  

 The method was most successful for the calculation of shear modulus degradation than 

for damping ratio. This is similar to the experience of other researchers who have used 

laboratory soil element testing to determine dynamic soil properties.  

To the best of the writer’s knowledge this is the first time that accelerogram data from in-situ 

accelerometer strings have been used in 1-g shaking table tests to compute dynamic soil 

properties. This methodology provides researchers with a useful tool to compute shear modulus 

degradation and damping ratio curves over strain ranges that are higher than values obtained 

using resonant column testing. These data are a necessary requirement for the verification of 

numerical models of the earthquake response of reinforced (and unreinforced) earth structures 

using advanced nonlinear hysteresis soil models. 
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Figure  7.1 General arrangement and instrumentation for GRS model shaking table tests. Notes: 
POT = potentiometer-type displacement transducer, ACC = accelerometer. 

 

 

Figure  7.2 General arrangement and instrumentation for EPS seismic buffer model shaking table 
tests. Notes: POT = potentiometer-type displacement transducer, ACC = accelerometer (after 
Bathurst et al. 2007; Zarnani and Bathurst 2008). 
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Figure  7.3 Measured input base acceleration for GRS shaking table test (Wall 3). 

 

 

 

Figure  7.4 Target input base acceleration for EPS seismic buffer shaking table tests (after 
Zarnani and Bathurst 2008). 
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Figure  7.5 Resonant column (RC) test results for RMC natural sand prepared under different 
compaction conditions and tested under different confining pressure: a) shear wave velocity; b) 
shear modulus; c) normalized shear modulus; d) damping ratio. 
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Figure  7.6 Resonant column (RC) test results for dry artificial sand and dry natural sand tested 
under different confining pressures: a) shear wave velocity; b) shear modulus; c) normalized 
shear modulus; d) damping ratio. 
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Figure  7.7 Definition of parameters for shear strain and shear stress calculations using 
accelerometer data (accelerometer numbering scheme matches GRS model walls). 
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Figure  7.8 Example of calculation steps to generate shear strain- and shear stress-time records: a) 
filtered acceleration; b) displacement from integration; c) unfiltered shear strain; d) filtered shear 
strain; e) shear stress. 
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Figure  7.9 Formulation of shear stress-shear strain hysteresis loops and definition of dynamic 
parameters. 
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Figure  7.10 Shear stress-shear strain hysteresis loops at different locations for stage 5 shaking of 
Wall 3: a) z = 0.18 m; b) z = 0.36 m; c) z = 0.53 m; d) z = 0.71 m; e) z = 0.89 m; f) z = 1.06 m; g) 
z = 1.24 m; h) z = 1.42 m. 
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Figure  7.11 Shear strain, stress and modulus variation with elevation and shaking stage for Wall 
3: a) shear strain; b) shear stress; c) shear modulus. 
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Figure  7.12 Example data for calculation of time delay and in-situ shear velocity of sand soil 
(Wall 3): a) acceleration peak cycle; b) time delays: c) shear wave velocity. 
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Figure  7.13 Variation of shear modulus ratio with shear strain for RMC natural sand and 
comparison with data for sand soils in the literature. Note: PI = plasticity index. 

 

 

Figure  7.14 Variation of shear modulus ratio with shear strain for artificial sand and comparison 
with data for sand soils in the literature. Note: PI = plasticity index. 
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Figure  7.15 Damping variation with shear strain for RMC natural sand and comparison with data 
for sand soils in the literature. Note: PI = plasticity index. 
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Chapter 8 

Acceleration Amplification Analysis Using 1-g Geosynthetic-Soil 

Retaining Wall Model Shaking Table Tests1 

8.1 Introduction 

Ground motion at the base of a retaining wall structure can be amplified through the wall height 

and backfill soil behind the wall. Current pseudo-static design methods for seismic analysis of 

conventional and geosynthetic reinforced soil (GRS) walls assume uniform acceleration through 

the soil backfill height (i.e. no acceleration gradient between the base of the structures and the 

ground surface) (see Chapter 5). In fact this assumption is true only for an idealized soil that 

behaves as a rigid medium with infinite shear wave velocity (i.e. the material has infinite shear 

modulus according to linear-elastic theory). However, the soil shear modulus typically decreases 

toward the backfill surface as confining pressure becomes less (Steedman and Zeng 1990). 

Variation in shear modulus is responsible in part for acceleration amplification and phase change 

between the motion at the base of the retaining structure and at the ground surface. A practical 

consequence of acceleration amplification is spatial and temporal variation of dynamic earth 

pressures and the point of application of the dynamic thrust acting behind the wall during base 

shaking. Large ground motions at the backfill surface can also generate large dynamic response 

of structures located behind the wall on the backfill surface. In almost all shaking table testing of 

GRS structures reported in the literature there is a detectable change in wall response from small 

deformations to large permanent deformations above a critical base excitation acceleration value.  

Methodologies to identify this critical acceleration level based on the ratio of acceleration 
                                                      
1 This chapter contains material that is under preparation for submission as a journal paper in collaboration 
with Dr. Bathurst.   
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response at the wall face or in the backfill have been reported in the literature. In some cases the 

distribution of ground acceleration through the height of the structure has been used to compute 

dynamic earth pressures on rigid walls (Steedman and Zeng 1990) and in GRS walls (Nouri et 

al. 2008).   

In this chapter, accelerometer data from 1-g shaking table model tests reported  in Chapter 6 are 

used to compute acceleration amplification factors (ratios) using four different methods: a) 

measured accelerations; b) fast Fourier transformation (FFT) amplitude of accelerations, c) root 

mean square (RMS) accelerations, and; d) ratio of average peak points in response accelerogram 

and base excitation accelerogram. The advantages and disadvantages of each method are 

discussed in the context of implications to interpretation of model performance and to design. 

8.2 Previous related work 

Steedman and Zeng (1990) studied the influence of phase change and acceleration amplification 

on the calculation of pseudo-dynamic earth pressures on gravity-type retaining walls. They 

concluded that amplification of the horizontal acceleration coefficient up through the backfill 

height has important effect on the magnitude of horizontal earth pressure coefficient.  

Nouri et al. (2008) studied the effect of magnitude and amplification of pseudo-static 

acceleration on reinforced soil slopes and retaining walls using the limit equilibrium horizontal 

slices method. They showed that ignoring the effect of amplification of seismic acceleration could 

result in non-conservative (i.e. unsafe) design.  

Current seismic design approaches for GRS walls are typically based on Mononobe-Okabe (M-O) 

method of analysis or its variants (Bathurst et al. 2010; Chapter 5).  Ground acceleration is 

considered by introducing horizontal and vertical seismic coefficients that are multiplied with the 
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mass of the critical wedge to calculate seismic-induced inertial forces. These coefficients are 

typically assumed to be constant at all locations in the soil mass and structural facing in pseudo-

static analysis of gravity-type or geosynthetic reinforced soil (GRS) retaining walls. This is 

understood to be a simplifying assumption that is not consistent with linear-elastic theory as noted 

in the introduction 

Acceleration amplification in GRS model walls has been investigated experimentally using 

shaking table tests carried out at 1-g or at higher gravitational accelerations using centrifuge 

shaking table models. A review of calculation of acceleration amplification factor (AF) for 1-g 

shaking table tests of GRS walls reveals that different methods have been adopted.  

Method 1 (ratio of peak accelerations) 

The most straight forward and frequently used method is to calculate the ratio of peak 

accelerations. Examples are: Murata et al. (1994), (height of wall model H = 2.48 m, AF = 2 at 

the top of the wall at 0.5g); Matsuo et al. (1998), (H = 1 m and 1.4 m, AF = 1.3 at 0.45g); 

Watanabe et al. (2003), (H = 0.5 m, AF = 1.3 at 0.4g); El-Emam and Bathurst (2007), (H = 1 

m, AF = 1.5 to 2.5 at 0.55g); Krishna and Latha (2007), (H = 0.6 m, AF = 1.8 at 0.1g); Guler 

and Enunlu (2009), (H = 1.87 m, AF = 1.2 to 1.9 at about 0.35g); Ling et al. (2005), (H = 2.8 m, 

AF < 1.35 at 0.85g). This method uses a single peak acceleration value taken from the entire 

input accelerogram which may not be time-coincident with the peak acceleration recorded in the 

structure. 

Method 2 (ratio of FFT amplitudes) 

A second method is to calculate the ratio of maximum fast Fourier transformation (FFT) 

amplitudes from the input (base accelerogram) and the accelerogram for a point in the backfill 
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soil or wall facing above the foundation. The maximum FFT amplitude typically occurs at the 

predominant frequency of the accelerogram. Hence, only the effect of predominant frequency of 

the acceleration-time history is taken into consideration. If the accelerogram has different 

frequency content (e.g. earthquake records) the effects of frequency content other than the 

predominant frequency may not be reflected in the calculated amplification factor. This method 

has been used by El-Emam and Bathurst (2004), (H = 1 m, AF = 2 at 0.55g) to calculate 

acceleration amplification factors for the shaking table tests described in Chapter 5. This method 

is also used in ground response analysis (limited to linear systems, i.e. constant shear modulus 

and damping ratio for a soil layer) to predict ground surface motions for development of design 

response spectra. For this purpose, transfer functions can be used to express various response 

parameters such as displacement, velocity or acceleration to an input motion parameter such as 

bedrock acceleration. The calculation process is as follows: a) a known time history of bedrock 

(or input) motion is represented as a Fourier series (usually FFT) in the frequency domain; b) then 

each point on the Fourier series is multiplied by an appropriate transfer function (also in the 

frequency domain) to produce the Fourier series of the ground surface motion; d) by using the 

inverse FFT the ground surface motion can be expressed in the time domain. Thus the transfer 

function determines how each frequency in the input motion is amplified (or de-amplified) by the 

soil deposit (Kramer 1996). If the soil behaves nonlinearly as may be the case during large 

ground shaking, the linear approach does not apply. In this case the nonlinear hysteresis stress-

strain behaviour of soil can be approximated by the equivalent linear method (ELM, Chapters 3 

and 7) and computer programs such as Shake (Schnabel et al. 1972) which utilize ELM approach 

can be used to calculate the acceleration response at the ground surface from an accelerogram at 

the underlying rock level.  
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Method 3 (ratio of RMS accelerations) 

The third method to compute acceleration amplification factors is based on root mean square 

(RMS) acceleration. The two previous methods use only a single parameter of the accelerogram 

(or ground motion) which is either peak acceleration (related to amplitude) or maximum FFT 

amplitude (related to the frequency content). RMS is a single parameter that includes both the 

effects of the amplitude and frequency content of a strong motion (Kramer 1996). It is computed 

as:  

[8.1]                                                 
d

1
t 2

2

d 0

1
RMS a(t) dt

t

 
  
  
  

Where RMS is the root mean square acceleration, a(t) is the acceleration-time history and td is the 

duration of the strong motion. Due to the integration, large high frequency accelerations which 

occur only over a very short period of time do not strongly influence RMS acceleration. The ratio 

of RMS accelerations has been used in 1-g shaking table tests of GRS walls for calculation of 

acceleration amplification factor (AF) by: El-Emam and Bathurst (2005), (H = 1 m, AF = 1.3 to 

1.7 at 0.55g); Latha and Krishna (2008), (H = 0.6 m, AF = 1.1 to 1.8 at 0.2g); Krishna and 

Latha (2009a), (H = 0.6 m, AF = 1.3 at 0.2g); Krishna and Latha (2009b), (H = 0.6 m, AF = 

1.17 to 1.9 at 0.2g). 

In an experimental study on seismic behaviour of cantilever walls with liquefiable backfills in 

centrifuge tests Dewoolkar et al. (2001) analyzed the acceleration response of the model walls. 

Four different methods were used to calculate the amplification of base input acceleration over 

the wall height. In addition to the three methods described above they also computed the 

amplification factor as the ratio of average accelerations (average of all the peak values in the 
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accelerogram). They concluded that since the acceleration responses in their tests were spiky and 

noisy, it was difficult to assign a single number to describe the base input motion as well as the 

amplification factor on the wall. Hence, the ratio of maximum accelerations was not a good 

measure. They also observed that different methods resulted in different acceleration 

amplification factors at the top of the wall. They concluded that based on the type and quality of 

accelerogram data in their tests, the ratio of average accelerometer readings to average base 

excitation accelerogram (i.e. Method 4 below) is a better quantitative measure of acceleration 

amplification for the case of the roughly sinusoidal acceleration response observed in their tests  

Method 4 (ratio of average of peak accelerations) 

In this method the acceleration amplification factor is computed as the ratio of the average of all 

acceleration peak points in the response accelerogram to the average of all acceleration peak 

points in the base excitation accelerogram. 

This chapter examines four different methods described above to calculate acceleration 

amplification factors corresponding to the backfill soil and the wall facing during 1-g shaking 

table tests of GRS retaining wall models. First an example calculation for each method is 

illustrated and then a comparison is made between the acceleration amplification factors 

calculated by the four different methods. 

8.3 Current study 

8.3.1 Shaking table models 

One-g shaking table tests have been carried out at the Royal Military College of Canada (RMC) 

on reduced-scale models of geosynthetic reinforced soil (GRS) walls (Chapter 6). Only brief 
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descriptions of the overall test program are presented here because the current chapter is focused 

only on acceleration amplification in two of these model walls. 

Figure 8.1 shows a cross-section of a geosynthetic reinforced soil (GRS) model wall constructed. 

The GRS wall was a rigid panel type that was temporarily supported during construction. The 

facing consisted of twenty stacked 64 × 64 mm hollow steel sections bolted together. The height 

and length of the wall facing panel was 1.42 m and 2.27 m, respectively. The cross section 

dimensions of the facing panel sections and mass (and hence inertia) were selected to satisfy 

dynamic physical model scaling laws proposed by Iai (1989) assuming a model to prototype 

scaling factor of about 1/4. The facing column was supported externally during construction. A 

commercially available knitted polyester (PET) geogrid was used for the reinforcement layers. 

The geogrid was selected so that the model reinforcement stiffness matched the stiffness of a 

similar geogrid at prototype size using the scaling laws by Iai (1989).    

In this study the results of two walls are used: Wall 3 (hinged toe) and Wall 4 (sliding toe). In the 

hinged toe model the wall was only allowed to rotate around the hinge located at the toe of the 

wall while the horizontal and vertical movement of the toe base plate was prevented. In the 

sliding toe model, the wall was allowed to rotate about toe of the wall (i.e. base plate) and slide 

horizontally while restrained vertically. Further details of the physical test arrangement can be 

found in Chapter 6. 

The instrumentation used in the GRS wall tests is illustrated in Figure 8.1. However, the 

instruments that are important to this study are the array of accelerometers located within the soil 

mass and on the wall facing in each test.   
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8.3.2 Soil materials 

The backfill soil used in the GRS model walls was clean, uniform-sized, rounded beach sand (SP 

in the Unified Soil Classification System) with D50 = 0.35 mm, coefficient of curvature, Cc = 1.09 

and coefficient of uniformity, Cu = 2.26. The fines content (particle sizes < 0.075 mm) was about 

1%. This sand (RMC sand) has a constant volume friction angle of 36° and a peak plane strain 

friction angle of 45° (Bathurst et al. 2001; Hatami and Bathurst 2005). The sand has an almost 

flat compaction curve which helped to ensure that the final compacted density was uniform 

through the entire backfill. The dry density and the moisture content of the backfill soil was 

measured with a nuclear density meter after each lift of sand was gently vibro-compacted using 

the shaking table and levelled. The average dry density and moisture content of the compacted 

backfill were 1736 ± 28 kg/m3 and 0.64% ± 0.11%, respectively. Based on the compaction curve 

for this sand, the dry density is equivalent to about 99% of Modified Proctor compaction. 

The dynamic soil properties of the sand used in these experiments are presented in Chapter 7 

based on laboratory element testing and back-analysis of accelerometer data. 

8.3.3 Accelerometer instrumentation 

A total of seven accelerometers were used in each GRS model test (Figure 8.1). One was 

attached to the shaking table platform in order to measure the actual acceleration-time record 

applied to the base of the models and another one to the facing panel at mid-height. Another 

accelerometer was attached to the top of the facing panel. Four other accelerometers were 

embedded inside the backfill at equal vertical spacing and about 1 m from the wall. Each backfill 

accelerometer was placed within a small volume of soil contained within a thin-walled plastic 

ring 75 mm in diameter and 50 mm high. This technique was used to ensure that the 

accelerometer was in phase with the backfill soil during shaking. All accelerometers were rated to 
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at least ±2g and resonance frequency of 250 Hz which are values well above model loading 

conditions. All the instruments were connected to a high-speed synchronous data acquisition 

system. The data was acquired at the rate of 200 Hz in order to prevent any aliasing effects and to 

capture the peak values of dynamic wall response induced by base shaking. 

8.3.4 Model excitation 

Following construction of each GRS wall the propped facing supports were removed and the 

model subjected to a series of staged variable-amplitude harmonic base excitation records 

(Figure 8.2a) applied in multiple stages (Figure 8.2b). The source accelerogram for each stage 

had both increasing and decaying peak acceleration portions and is expressed as:  

[8.2]        αt ζu t βe t sin 2πf t  

Parameters  and  are user-defined non-dimensional variables, t is time in seconds, and f is 

the target frequency in Hz (5 Hz in these tests).  The displacement record was calculated by 

double integration and was applied to the shaking table using a computer-controlled actuator. The 

first stage had maximum acceleration amplitude of about 0.1g and the last stage had maximum 

acceleration amplitude of about 0.7g. After each stage there was a pause of about 10 minutes to 

download video files for image analysis which is unrelated to the focus of this chapter. There was 

no detectable influence of the pause between excitation stages on the collected data.  

The fundamental frequency of the GRS model walls was determined from free vibration analysis 

at the end of shaking. It showed that the fundamental frequency of the system for the two walls 

was about 61 Hz which is well beyond the predominant frequency of the base excitation for 

model walls in these shaking table tests (5 Hz). This ensures that resonance effects would not 

influence the dynamic response of the wall and backfill soil during the tests. 
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8.4 Acceleration response during shaking table tests of GRS walls 

8.4.1 Example acceleration responses 

The acceleration response of GRS model walls (Walls 3 and 4) with hinged and sliding toe 

footing condition are presented here. All raw accelerometer measurements were first filtered with 

a low pass Hamming-type filter with 101 terms and cut-off frequency of 12 Hz. Acceleration 

amplification calculations described in the next section were performed on the filtered data. The 

visual impression of acceleration-time traces at all accelerometer locations above the table 

platform was the same as the traces shown in Figure 8.2 and thus are not reproduced here.     

Figure 8.3 shows plots of the maximum measured acceleration during all nine stages of dynamic 

loading at all accelerometer locations for Wall 3. The peak base input acceleration varies from 

0.1g to 0.68g for stage 1 to 9. The maximum recorded acceleration at all accelerometer locations 

was at the top of the facing panels where acceleration as high as 1.25g was recorded during the 

last shaking stage.  

Figure 8.4 shows an example of the fast Fourier transformation (FFT) analysis that was carried 

out on all accelerometer measurements. The data show that at all accelerometer locations the 

predominant frequency of excitation was 5 Hz and the frequency responses have a single peak 

point occurring at this predominant frequency. As the elevation of the accelerometer increases in 

the backfill or on the facing panel, the FFT amplitudes also increase.  

Figure 8.5 shows an example of RMS acceleration calculations for all accelerometers during 

stage 4 of shaking in Wall 3. Similarly, accelerometers located at higher elevation resulted in 

greater calculated RMS accelerations. 
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Figure 8.6 shows the locations of peak acceleration points on an acceleration-time history that 

were used to calculate the average peak response acceleration used in Method 4. 

8.4.2 Acceleration amplification 

Figure 8.7 plots amplification factors calculated using the four methods described earlier applied 

to data from the accelerometers located on the wall facing for Wall 3. As the elevation of the 

accelerometer increases, the amplification factor also increases. The highest acceleration 

amplification is observed at the accelerometer located at the top of wall and it is up to 2.2 times 

greater than the amplification factors corresponding to the facing middle accelerometer. The 

maximum acceleration amplification at the top of the wall facing is between 2.2 and 1.8 

depending on the calculation method. All four calculation method results typically show 

acceleration amplification occurring on the wall facing up to base input acceleration of about 

0.45g. Beyond this acceleration level, the typical increasing trend in acceleration amplification 

factor starts to diminish and amplification factors either decrease or remain unchanged. This may 

be related to the critical acceleration threshold for the models which is discussed in the next 

paragraph. 

The amplification factors for accelerometers embedded in the backfill soil (Wall 3) are presented 

in Figure 8.8. Again the results show that up to base input acceleration of about 0.45g the 

amplification factors typically increase. The amplification factors also increase with the elevation 

of the accelerometer inside the backfill soil. The highest amplification factor is observed at the 

backfill surface and its maximum value is between 1.7 and 1.44. The results using all calculation 

methods for backfill and facing accelerometers (Figures 8.7 and 8.8) also illustrate that at 

accelerations higher than about 0.45 g the increasing trend in acceleration amplification factor 

with base input acceleration starts to diminish and the amplification factor starts to decrease. This 
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reduction is more obvious at accelerometer locations in the upper half of the wall and backfill 

(facing top ACC, facing middle ACC, backfill ACC 4 and backfill ACC 3). Even for 

accelerometers located at the middle height of the wall and backfill (facing middle ACC and 

backfill ACC 3) this reduction in acceleration amplification is such that at base accelerations 

higher than about 0.45 g the peak measured acceleration at these accelerometers are less than the 

peak base input acceleration magnitudes. In other words the acceleration was de-amplified (AF < 

1) or damped at these locations (using maximum acceleration ratio – Method 1). A possible 

explanation for reduction in acceleration amplification after reaching a threshold value is that soil 

softening and strength degradation led to a reduction in backfill stiffness and increase in backfill 

damping ratio. This threshold is called the critical acceleration level (Chapter 6). Figure 8.9 

shows similar acceleration amplification factors for Wall 4 (sliding toe model) as Wall 3 using 

the backfill accelerometer measurements. 

The amplification factors calculated by FFT ratio generally do not offer a direct indication of the 

magnitude of the shaking (i.e. peak acceleration magnitudes) (Dewoolkar 2001). Methods using 

FFT ratio and RMS acceleration ratio are preferable if the input and response acceleration-time 

histories are spiky and noisy which can make the selection of a single peak acceleration 

magnitude difficult. However for the input acceleration-time histories applied to the model walls 

here and also the measured acceleration responses by accelerometer (which are smooth and 

without any spikes and noises), it is easier to use the ratio of peak acceleration magnitudes for 

calculation of acceleration amplification factors. On the other hand, the acceleration amplification 

factors calculated by RMS ratios consider the whole duration of the acceleration record which can 

be considered more representative of the entire acceleration record. The results in Figures 8.7, 

8.8 and 8.9 illustrate that the RMS method generally resulted in the highest calculated 
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amplification factors for most accelerometers and showed acceleration amplification at all input 

excitation levels. Amplification factors calculated by FFT method were similar to the values 

calculated by RMS method except for two accelerometer locations located at the backfill surface 

and top of the facing. However the amplification factors calculated by the ratio of maximum 

acceleration values generally had the smallest amplification factor values and at high acceleration 

levels, the acceleration was de-amplified (AF<1) at some accelerometer locations. Typically, 

amplification factors calculated by the ratio of average accelerations (Method 4) were 

qualitatively and quantitatively similar to the values calculated by the ratio of maximum 

acceleration values for most accelerometer locations. Since amplification factors calculated by the 

RMS method consider the entire duration of the accelerogram, it is judged that RMS method can 

provide reasonable average estimates of acceleration amplification factor in 1-g shaking table 

tests of GRS walls. In addition, amplification factors calculated by the RMS method predicted 

critical acceleration thresholds that matched very well with the critical acceleration levels 

observed from measurement by other instruments (such as wall horizontal movement and wall toe 

loads, Chapter 6). This was not the case using maximum and average acceleration measurement 

methods. 

Figure 8.10 shows that the magnitude of the amplification factor for the wall facing panel and the 

backfill soil are not the same over the height of the model. This is consistent with the notion that 

the entire wall system does not behave as a single monolithic body (i.e. rigid body motion) as 

assumed in pseudo-static design methods for GRS walls. The difference increases as the base 

input excitation increases especially for the upper half of the model. 

It should be added that phase difference and time lag between the arrival times of peak 

acceleration values at different accelerometer locations were also observed (see Chapter 7). In 
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other words a detectable time lag (or phase difference) between the base input excitation and the 

measured acceleration response occurred which increased as the intensity of shaking increased. 

Also there was greater time lag between peak points on facing panel accelerometer records 

compared to backfill accelerometers. This again shows that the system does not behave as a 

single rigid body motion. 

Figure 8.11 shows the variation of acceleration amplification factor calculated by all four 

methods over wall height at each shaking stage using the backfill accelerometers. The results 

show that the distribution of acceleration amplification factor varies with height and is dependent 

on the input base acceleration level. In addition, the magnitude of acceleration amplification 

factor distribution is dependent on the calculation method. The linear approximations to the data 

points calculated using the maximum acceleration method are also superimposed on the figures. 

The comparison of amplification factor distributions calculated using RMS and FFT methods 

with these linear approximations illustrate that on average these two methods predict similar 

distributions of acceleration amplification factor over backfill height. Nevertheless, since the 

RMS method considers the entire accelerogram, it is judged to be the preferred approach. 

The amplification factor over the backfill height and at the backfill surface is very important since 

it directly affects the stability of earth retaining structures (or slopes) and structures seated on the 

backfill surface. Steedman and Zeng (1990) assumed a linear distribution of acceleration 

amplification factor over wall and backfill height and showed that if the base input acceleration 

amplification is incorporated in the pseudo-dynamic earth pressure theory, the dynamic earth 

pressure coefficients will be increased considerably. Nouri et al. (2008) also assumed an 

acceleration amplification distribution over backfill height based on an experimental study 

reported in the literature and applied that distribution to their pseudo-static horizontal slice 
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method. They showed that the length and strength of reinforcement layers should be increased for 

reinforced soil slopes and walls if acceleration amplification is taken into consideration. The 

measurements in Figure 8.11 show that acceleration amplification factor vary over backfill 

height and the distribution calculated by RMS method can represent it. Such acceleration 

amplification factor distributions over backfill height can be incorporated in pseudo-static and 

pseudo-dynamic analysis of GRS walls. 

8.5 Conclusions 

The acceleration measurements from two shaking table tests on GRS model walls are presented. 

The model walls were 1.42 m high and were dynamically loaded with a staged variable-amplitude 

sinusoidal excitation record applied to the shaking table. Four different methods were used to 

calculate the acceleration amplification factors at different locations inside the backfill soil and on 

the wall face. The following are summary observations and conclusions from this study:   

 Significant acceleration amplification was observed at the top of the wall facing and at 

the backfill surface. This amplification increases with input acceleration level up to about 

0.45g. Beyond this acceleration level the amplification factors did not increase and at 

some locations decreased. This reduction is more obvious at accelerometers located in the 

upper half of the wall and backfill. A possible explanation is that during high base 

excitation, large model deformations occurred at these locations leading to soil softening 

and strength degradation which reduced backfill stiffness and backfill damping ratio. 

 The results show that the magnitude of the amplification factor of the wall facing panel 

and the backfill soil have similar trends but different magnitudes. The difference in 

amplification factors between the backfill mass and the facing panel over the height of 

the model illustrates the notion that the entire wall system does not behave as a single 
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monolithic body (i.e. rigid body motion) as assumed in pseudo-static design methods for 

GRS walls. This difference increases as the base input excitation increases. The 

acceleration measurements reported in Chapter 7 also illustrate the time lag between the 

peak points of acceleration at different accelerometer locations with respect to the 

shaking table platform. The time lag for facing panel locations is larger than in the 

backfill. This again shows the system does not behave as a single rigid body. 

 The amplification factors calculated by FFT and RMS methods were generally greater 

than the values calculated with the other two methods (ratio of peak accelerations, ratio 

of average peak acceleration points). The acceleration amplification factor calculated as 

the ratio of maximum accelerations and average peak acceleration generally resulted in 

the smallest calculated acceleration amplification factors and hence are non-conservative 

(less safe for design).  

 Acceleration amplification distribution over wall and backfill height predicted using 

RMS method can be incorporated in pseudo-static and pseudo-dynamic analysis of GRS 

walls considering increase in acceleration with height.  
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Figure  8.1 General arrangement and instrumentation for GRS model shaking table tests. Notes: 
POT = potentiometer type displacement transducer, ACC = accelerometer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

301 

 

 

Figure  8.2 Measured input base acceleration for GRS shaking table test (Wall 3): a) stage 1 
shaking; b) all shaking stages. 
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Figure  8.3 Measured maximum accelerations in GRS model test (Wall 3). Note: ACC = 
accelerometer. 
 

 

 

 



 

303 

 

 

Figure  8.4 Example FFT calculations of all accelerometer locations (stage 4, Wall 3): a-d) 
backfill accelerometers 4 to 1; e) facing top accelerometer; f) facing middle accelerometer; g) 
shaking table accelerometer; h) accelerometer locations. 
 

h) 
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Figure  8.5 RMS accelerations (stage 4, Wall 3) for all accelerometers. 
 

 

 

 

Figure  8.6 Example of acceleration peak points used to compute the average peak acceleration in 
an accelerogram. 
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Figure  8.7 Acceleration amplification factors for Wall 3: a) facing top accelerometer; b) facing 
middle accelerometer. 
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Figure  8.8 Acceleration amplification factors for Wall 3 (hinged toe) backfill accelerometers: a) 
backfill ACC 4; b) backfill ACC 3; c) backfill ACC 2; d) backfill ACC 1. 
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Figure  8.9 Acceleration amplification factors for Wall 4 (sliding toe) backfill accelerometers: a) 
backfill ACC 4; b) backfill ACC 3; c) backfill ACC 2; d) backfill ACC 1. 
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Figure  8.10 Acceleration amplification factor (by RMS accelerations) for backfill soil and facing 
at different elevations (Wall 3) and shaking stages: a) stage 1; b) stage 2; c) stage 3; d) stage 4; e) 
stage 5; f) stage 6; g) stage 7; h) stage 8; i) stage 9. 
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Figure  8.11 Acceleration amplification factor by all methods for backfill soil at different 
elevations (Wall 3) and shaking stages: a) stage 1; b) stage 2; c) stage 3; d) stage 4; e) stage 5; f) 
stage 6; g) stage 7; h) stage 8; i) stage 9. 
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Chapter 9 

Combined Use of EPS Geofoam and Geogrid Reinforcement in Shaking 

Table Tests of Model Retaining Walls1 

9.1 Introduction 

The superior seismic performance of geosynthetic reinforced soil (GRS) retaining walls 

compared to traditional less ductile gravity-type retaining walls has been demonstrated during 

past major earthquakes around the world (Koseki et al. 2006; Bathurst et al. 2010). 

Conventional GRS walls are comprised of horizontal layers of geosynthetic reinforcement 

(geogrid or geotextile) which are constructed with a wrapped-face or more often with a hard 

structural concrete facing. A recent related technology is the use of vertical layers of geofoam 

placed between rigid concrete retaining walls and the soil backfill to reduce both static loads 

(Karpurapu and Bathurst 1992) and dynamic loads generated during earthquake (Horvath 

1995; Zarnani and Bathurst 2009 - Chapter 4). The term “seismic buffer” was first coined by 

Inglis et al. (1996) for this application and has been adopted in the research literature. The 

geofoam seismic buffer material of choice is expanded polystyrene (EPS) which is commercially 

available in both elasticized and non-elasticized forms.   

This chapter investigates the potential benefit of combining EPS geofoam layers and horizontal 

layers of geosynthetic reinforcement (as used in conventional GRS walls) to improve the seismic 

resistance of these structures built with a hard structural facing. 

                                                      
1 This chapter contains material that is under preparation for submission as a journal paper in collaboration 
with Dr. Bathurst. 
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The research methodology involved the construction and testing of four one quarter-scale wall 

models mounted on a large shaking table.  These tests are part of a larger suite of 11 tests 

introduced earlier in Chapter 6.  The walls in the current chapter were built with horizontal 

layers of reinforcement. The four tests that are the focus of this chapter are highlighted in 

boldface text in Table 9.1.      

The models in this chapter were constructed in a strong box with a rigid back boundary which can 

be expected to influence the dynamic response of model walls due to reflected energy (Bathurst 

and Hatami 1998; Chapters 6 and 10). In Chapter 10 the influence of a single layer of EPS 

geofoam placed between the backfill soil and the back boundary of the model container strong 

box to minimize the effects of the energy-reflecting boundary is investigated. However, the 

strategy adopted in this testing program was to perform the experiments with simplified boundary 

conditions (i.e. rigid far-end boundary) and then use those experimental results to verify 

numerical models (with rigid back boundary). These verified numerical models can then be used 

to investigate the effect of rigid back boundary in the experiments by carrying out nominally 

identical numerical simulations with non-energy-reflecting boundaries and scaling the models up 

to prototype size. 

9.2 Background 

9.2.1 Conventional GRS walls 

GRS walls are now a mature technology for earth retaining walls since their emergence in the 

later 1970s (Allen et al. 2002). Their good performance during earthquake has also been noted in 

post-earthquake reconnaissance reports (Koseki et al. 2006; Bathurst et al. 2010; Chapter 6). 

Similar good seismic performance has been demonstrated using physical centrifuge and 1-g 

shaking table tests (Chapter 6) and numerical modelling (Chapter 5).   
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9.2.2 Geofoam behind the wall facing in GRS walls 

The concept of controlled yielding of rigid retaining walls in which the backfill soil is allowed to 

undergo lateral deformation and achieve a quasi-active static stress state has been demonstrated 

experimentally (McGown et al. 1987, 1988) and in numerical studies (Karpurapu and 

Bathurst 1992). Controlled yielding is achieved by installing a suitable vertical layer of 

compressible material (such as EPS geofoam, compressed cardboard or tire shreds) between the 

wall and the backfill soil.  

The concept of combining a compressible (geofoam) inclusion with geogrid reinforcement layers 

in static load environments to reduce earth loads on rigid retaining walls has been proposed by 

McGown et al. (1987, 1988) and Horvath (2005). There are examples of this technique used in 

the field for bridge abutment wall applications (Edgar et al. 1989; Abu Hejleh et al. 2003). 

Numerical simulations on the combined use of geofoam (behind the wall facing) and polymeric 

reinforcement (geogrid) or metallic reinforcement (steel bars) in retaining walls under static 

loading conditions have also been reported by Horvath (1991, 2000). His numerical studies 

indicated that reinforcing the backfill soil with polymeric geogrid reinforcement plus installing 

geofoam layer behind the facing resulted in a modest additional earth-pressure reduction 

compared to the case of geofoam inclusion only. Numerical models with metallic reinforcement 

(steel bars which are relatively inextensible compared to polymeric reinforcement layers) gave 

even greater earth pressure reduction compared to the case of geofoam only.  

Hatami and Witthoeft (2008) used a numerical model of a 3.6 m-high GRS wall to examine the 

possible benefits of installing a layer of EPS geofoam at the interface between the reinforced-soil 

zone and the retained soil backfill. They concluded that installing a panel of geofoam with 
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adequate thickness and compressibility could reduce the lateral earth force behind the reinforced 

zone and overturning moment by about 30%.  

To the best knowledge of the writer, the study by Tsukamoto et al. (2002) is the only available 

experimental research in the literature on the combined application of EPS geofoam and 

geosynthetic layers behind a rigid wall facing. However, their study is restricted to static loading 

conditions only. The authors of that study performed a series of model retaining wall tests (1.05 

m high, 1.5 m long and 1.5 m wide) with: a) EPS geofoam blocks placed behind the walls, b) 

reinforcement embedded in the backfill (but not connected to the wall), and; c) walls with both 

geofoam and reinforcement embedded in backfill and connected to the geofoam blocks. The 

vertical walls were allowed to translate horizontally to create an active stress state in the backfill. 

The backfill was Toyoura sand and the EPS geofoam used in the tests had a density of 25 kg/m3, 

Young’s modulus of 25 MPa and thickness from 0.1 to 0.4 m. Two different types of geogrid 

were used in the models. Their test results demonstrated that the combined configuration of 

geofoam and geogrid was capable of reducing both at-rest earth pressures and active earth 

pressures. They attributed the reduction of at-rest earth pressure to the controlled yielding concept 

due to compression of the geofoam blocks. The reduction in the active earth pressure was judged 

to be related to tensile strains developed in the geogrid layers (mobilized tensile load). 

Experimental and numerical results reported by Bathurst et al. (2007) and Zarnani and 

Bathurst (2007, 2008, 2009) have demonstrated that EPS geofoam can be used as a seismic 

buffer to attenuate dynamic loads acting against rigid retaining walls under dynamic loading 

conditions by as much as 50% compared to walls with no seismic buffer.  
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To the best knowledge of the writer there is no experimental study available in the literature that 

investigates the combined application of EPS geofoam (behind the wall facing) and geogrid 

reinforcement in GRS walls under dynamic loading conditions. 

9.3 Shaking table experimental setup 

9.3.1 General 

The shaking table tests reported here were performed using a shaking table facility at the Royal 

Military College of Canada (RMC). The shaking table platform is 2.6 m by 3.3 m (in the direction 

of shaking). A rigid “strong box” constructed with one open end was bolted to the shaking table 

platform. The other three side walls were constructed from 25 mm-thick Plexiglas in order to 

provide visual observation of the wall and soil and to allow for high-speed camera imaging. 

Details of the shaking table facility and model materials and configuration appear in earlier 

chapters of this thesis. A brief description of the test facility and test arrangement is provided here 

for completeness. 

9.3.2 Model configuration, scaling and construction 

Figure 9.1 illustrates cross section views of the GRS model retaining walls (including 

instrumentation) in this chapter.  

The results of four model walls are presented in this paper (Table 9.1). The models are:  

a) Wall 3, (control structure) reinforced with five layers of geogrid with length L = 0.9 m 

(Figure 9.2a). 

b) Wall 6, nominally identical to Wall 3 but with a 0.2 m-thick layer of EPS geofoam placed 

against the wall facing panel between geogrid layers (Figure 9.2b). 
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c) Wall 8, nominally identical to Wall 6 except the lengths of the geogrid layers were 

extended by 0.2 m (Figure 9.2c).  

d) Wall 9, nominally identical to Wall 8 but with no geofoam (Figure 9.2d). 

The retaining wall facing panels were built with stacked hollow steel sections that were rigidly 

connected together. The facing panel was seated on a steel plate which in turn was placed on four 

pairs of carriages sliding on four low-friction rails. The movement of the wall facing was limited 

to rotation around its base (hinged connection between the wall and the base plate) while the toe 

of the wall was prevented from horizontal and vertical movement. The height of the wall was 

1.42 m in all tests. Five layers of geogrid reinforcement were used to reinforce the backfill soil. 

Each geogrid reinforcement layer was clamped and fixed between two aluminium bars with the 

same width as the facing panels.  

During the design of these reduced-scale model retaining walls the scaling laws proposed by Iai 

(1989) were used to scale the geosynthetic components assuming a prototype to model scaling 

factor of  = 4. According to Zarnani and Bathurst (2009 – Chapter 4) the property of interest 

for the analysis and design of a seismic buffer is the buffer stiffness defined as K = E / t (E = 

Young’s elastic modulus of geofoam, t = thickness of geofoam). Using the scaling laws by Iai 

(1989) the values of model and prototype buffer stiffness (Km and Kp, respectively) must be kept 

the same. Since the scaling factor for the thickness of geofoam and its elastic modulus are both  

= 4 no change in the seismic buffer material is required. In practical terms this means that 

commercially available EPS sheets can be used in the shaking table models without modification. 

Additional details regarding the material properties of the geosynthetic materials and model 

scaling are described in the next section. 
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The construction method that was adopted for these walls included installing temporary rigid 

vertical supports at the front of the facing panels to prevent wall horizontal deformation during 

construction. The backfill soil was placed in loose 0.15 m-thick layers and then each lift was 

vibro-compacted by shaking the table at a frequency of about 6 Hz for about 5 seconds. The 

reinforcement layers were 0.9 m long (Walls 3 and 6) and 1.1 m long (Walls 8 and 9). In Walls 6 

and 8, six 0.2 m-thick geofoam layers with the same height as the reinforcement vertical spacing 

were placed behind the facing panels as the wall backfill was built up (Figures 9.2b, 9.2c). The 

geofoam layers placed behind the facing panels may have experienced some minor compression 

(up to about 3%) during backfill placement and vibro-compaction stages which is judged to not 

be significant since elasticized EPS geofoam was used in these tests. These materials exhibit 

linear-elastic behaviour up to about 10% compressive strain (Horvath 1995). 

When the wall construction was complete, the vertical facing supports were removed and the wall 

was allowed to reach static equilibrium. This stage was taken as the start of the experiment prior 

to shaking the model. This construction technique and facing type is similar to a conventional 

full-height braced rigid panel wall in the field (e.g. Bathurst 1991). 

9.3.3 Material properties 

9.3.3.1 Soil 

The backfill soil that was used in model walls was clean, uniform-sized, rounded beach sand (SP 

in the Unified Soil Classification System) with D50 = 0.35 mm, coefficient of curvature Cc = 1.09 

and coefficient of uniformity Cu = 2.26. The fines content (particle sizes < 0.075 mm) was less 

than 1%. The sand has a flat compaction curve which helped to ensure that the final compacted 

density was uniform throughout the backfill. This sand is the same sand that has been used in 

previous RMC large-scale reinforced soil retaining wall projects and has been extensively studied 
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and characterized (Burgess 1999; Walters 2004; Hatami and Bathurst 2005). The writer also 

performed repeat tests to confirm that previously reported material properties were applicable to 

the current study (Chapter 6). 

Direct shear box tests, 10 cm by 10 cm in area, performed on this sand gave a peak secant friction 

angle of 43° (or 45° peak plane strain friction angle based on an equation by Bolton (1986)), 

constant volume friction angle of 36° and dilation angle of 11° at 10 kPa normal stress when 

prepared to the same dry density as the backfill soil in model walls. The average dry density and 

moisture content of the sand measured in all tests were 1736 ± 28 kg/m3 and 0.64% ± 0.11%, 

respectively. 

9.3.3.2 Geogrid 

The geosynthetic reinforcement for the model walls was carefully selected so that the scaling 

laws for reduced-scale models (Iai 1989) were satisfied. The commercially available polyester 

(PET) geogrid reinforcement with PVC coating (Raugrid 2/2-20 manufactured by Luckenhaus) 

with aperture size of 23 mm by 24 mm (75% open area) was used in all four tests reported here. 

Proper scaling of the reinforcement material is important but often ignored in reduced-scale 

physical modelling of GRS walls. The selected reinforcement for this research project had 

suitable stiffness based on the scaling laws by Iai. The width of the strands in the cross-machine 

direction was greater than in the machine direction which made these strands more suitable for 

attaching strain gauges. Hence, the geogrid was placed with the cross-machine direction in the 

direction of loading. The tensile strength (from 10%/min tensile tests) was 4.3 kN/m at 2% strain 

and 5.9 kN/m at 5% strain. The stiffness of this geogrid material (Jm at 2% strain) was computed 

to be Jm = 215 kN/m (reduced-scale model with height = 1.42 m). This model geogrid is 

equivalent to a geogrid with a stiffness at prototype scale (wall height assumed as 6 m) Jp = Jm×2 



 

318 

 

= 3793 kN/m, where = 6 m/1.42 m = 4.2). This value is typical for geogrid products used in 

field walls. Also PET reinforcement products are less affected by loading rate and are practically 

strain-rate independent (Bathurst and Cai 1994; Shinoda and Bathurst 2004). 

9.3.3.3 EPS geofoam 

The EPS geofoam that was used in the tests reported here was commercially available elasticized 

geofoam (G-TEC supplied by Beaver Plastics). EPS geofoam typically has low density and high 

compressibility. It is usually classified (ASTM 6817-06) based on its density and there are 

correlations available in the literature to relate the elastic Young’s modulus of the material to its 

density (Bathurst et al. 2007; Horvath 1995). Unmodified EPS geofoam has linear-elastic 

behaviour at compressive strain levels smaller than 1% strain. Above this strain value geofoam 

starts to yield and behave nonlinearly. Elasticized EPS geofoam is created by applying load-

unload cyclic compression during the manufacturing process or a thermal treatment which gives 

the EPS geofoam linear-elastic behaviour up to about 10% compressive strain and linear 

(proportional) behaviour up to about 40% strain. However, elasticized EPS geofoam has a lower 

elastic modulus than the non-elasticized material with the same density. As illustrated in Figure 

9.3, the elasticized geofoam that was used in the shaking table tests had elastic Young’s modulus 

value of about 0.25 MPa compared to much higher (3.3 MPa) elastic modulus for the non-

elasticized geofoam. This elasticized geofoam was selected because of its very low elastic 

modulus (compared to other types of commercially available geofoam) and also because of its 

simple linear-elastic properties for numerical modelling.  
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9.3.4 Instrumentation 

Figure 9.1 illustrates the instrumentation layout adopted for this shaking table experimental 

program. Instrumentation details are provided in Chapter 6 and only a brief description is given 

here for completeness. The instrumentation included: 

 An accelerometer and a potentiometer-type displacement transducer (POT) attached to 

the shaking table platform.  

 Four POTs placed against the wall face.  

 Two accelerometers attached to the facing panel at mid-height and top of the wall.  

 Four accelerometers placed inside the backfill soil at equal vertical spacing and about 0.9 

m from the wall.  

 Two horizontal load cells and eight vertical load cells (Figure 9.1) to measure decoupled 

horizontal and vertical toe load components.  

 Eight pairs of strain gauges bonded to the longitudinal members of the geogrid.  

 A row of load rings to measure tensile loads at each of the geogrid-facing connections. 

The accelerometers in the backfill and along the facing, facing POTs and reinforcement strain 

gauges were located over the middle width of the model to further minimize potential side wall 

boundary effects. Reinforcement tensile loads at the connections were also deduced from strain 

gauge measurements taken immediately adjacent to the facing panel. All the instruments were 

connected to a high-speed synchronous data acquisition system. The data was acquired at the rate 

of 200 Hz in order to prevent any aliasing effects and to capture the peak values of dynamic wall 
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response induced by base shaking. A high-speed digital video camera was also used to record and 

monitor the soil movements behind the facing. Figure 9.1 illustrates the approximate location of 

the camera field of view. The video was shot through the transparent Plexiglas/polyethylene side 

wall of the shaking table strong box at a rate of 100 frames per second. Thin layers of black 

coloured sand were placed at vertical intervals of 20 mm immediately adjacent to the Plexiglas 

side wall facing the video camera. This coloured layered sand behind the Plexiglas also provided 

visual indications of the progressive development and location of the failure planes in the sand 

backfill during different stages of shaking. 

9.3.5 Model excitation 

After initial static equilibrium was achieved in the models, a variable-amplitude harmonic 

excitation was used as the input base excitation to shake the models. This accelerogram has both 

increasing and decaying peak acceleration portions (Figure 9.4a). The displacement record was 

calculated by double integration and was applied to the shaking table using the computer-

controlled actuator. The final input acceleration was applied to the model walls in nine stages of 

the reference accelerogram with increasing acceleration amplitude at each stage (Figure 9.4b). 

Hence, the first stage had maximum acceleration amplitude of about 0.1g and the last stage had 

maximum acceleration amplitude of about 0.7g. Figures 9.4a and 9.4b show the measured 

shaking table acceleration during the second stage of shaking of Wall 6 and all nine stages of 

shaking together respectively. After each stage there was a pause of ten minutes during which the 

video file captured during each stage was downloaded. There was no detectable influence of the 

pause between excitation stages on the collected data. The predominant frequency of the input 

excitation was selected as 5 Hz. Considering the scaling laws proposed by Iai (1989) and scaling 

factor (prototype to model) of about 4.2, the 5 Hz predominant frequency at model scale would be 

equivalent to 2.4 Hz at prototype scale. Frequencies of 2 to 3 Hz are representative of typical 
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predominant frequencies of medium to high frequency earthquakes (Bathurst and Hatami 1998) 

and fall within the expected earthquake parameters for North American seismic design (NBCC 

2005; AASHTO 2010). Figure 9.4c illustrates the fast Fourier transformation (FFT) analysis of 

the measured shaking table acceleration at stage 2 of shaking of Wall 6. The 5 Hz predominant 

frequency of input excitation is clearly illustrated. This predominant frequency is much lower 

than the fundamental frequency of the model retaining walls which were estimated to be about 61 

Hz through numerical simulations, closed-form calculations and experimental measurements as 

well (Chapter 6). 

9.4 Results 

9.4.1 General 

The performance of the four model walls identified in this chapter are discussed with respect to: 

wall horizontal movement, vertical and horizontal toe loads at the toe boundary, acceleration 

amplification, global reinforcement strain measurements and tensile loads at the reinforcement 

connections to the facing, and development of failure mechanisms in the backfill. Observed and 

predicted critical acceleration values are compared as are measured reinforcement connection 

loads based on current methods of analysis. 

9.4.2 Wall horizontal movement 

The horizontal movement of the walls was measured with four POTs that were installed along the 

middle of the wall at equal vertical spacing (Figure 9.1). These POTs were fixed to a rigid post 

installed on the shaking table platform and hence the datum for the measured values is the 

shaking table platform. The initial test condition was taken as just before releasing the temporary 

supports at the end of construction. The horizontal displacements from each POT followed a 

similar trend as the input acceleration record (Figure 9.4a) as shown in Figure 9.5a for two 
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facing POT locations for Wall 6. However, at the end of each shaking stage there was a residual 

permanent displacement measured by each POT. For all the walls reported here the toe of the 

models was restrained from horizontal sliding and hence the wall profile was almost linear with 

zero horizontal movement at its base. The peak measured horizontal movement at the top of the 

wall (measured with POT 4, Figure 9.1) is illustrated in Figure 9.5b with respect to peak 

measured input acceleration for all four walls. The results show that the wall movement increases 

for all models as the input acceleration increases. When a layer of EPS geofoam is located 

between the wall facing and backfill soil (Wall 6), the measured horizontal wall movement is 

continuously higher than the wall without geofoam behind the facing (Wall 3). This is believed to 

be due to the shorter length of reinforcement embedded in the backfill soil due to installation of 

geofoam behind the facing. In other words, the effective length of geogrid which is in contact 

with soil (and hence functioning as reinforcement) is reduced by the thickness of geofoam layer 

(0.2 m). El-Emam and Bathurst (2007) also showed that reducing the length of reinforcement 

(L) in reduced-scale GRS shaking table tests increased wall deformations when the L/H  ≤ 0.7. 

The influence of reinforcement length on deformation of GRS model walls in the current thesis 

work is examined in more detail in Chapter 11.  The largest wall movement occurred in Wall 6 

which had 0.2 m-thick EPS geofoam inclusion behind the facing with 0.9 m-long reinforcement 

lengths. At first, it may appear that the inclusion of EPS geofoam behind the facing did not 

benefit the seismic performance of the GRS walls. However, wall load measurements presented 

later demonstrate quantitative improvement with respect to dynamic load attenuation. When the 

length of geogrid reinforcement is increased by 0.2 m to compensate for the thickness of the 

geofoam (Wall 8) the wall movement is almost identical to Wall 3 (which had the same effective 

geogrid length) during all shaking stages. The smallest wall displacement for the four model 

walls occurred in Wall 9 in which the length of the geogrid reinforcement is increased by 0.2 m. 
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Also shown in Figure 9.5b are the observed critical acceleration levels for all walls which range 

between 0.35g to 0.4g. When the peak input acceleration is increased beyond the threshold 

critical acceleration amplitude, the model walls experienced excessively large deformations. This 

threshold acceleration level can be used in pseudo-static and displacement-based analysis as the 

critical acceleration amplitude associated with wall failure or sliding (Bathurst et al. 2010; Cai 

and Bathurst 1996). The critical acceleration concept is discussed in subsequent sections. 

9.4.3 Wall toe loads 

The decoupled boundary loads at the toe of the model walls were measured with vertical and 

horizontal load cells. The influence of a sliding toe on model GRS walls is discussed in Chapter 

6. Horizontal (RH) and vertical (RV) toe loads are plotted in Figures 9.6a and 9.6b, respectively. 

The horizontal toe load measurements illustrate that for Wall 3, there is a generally increasing 

trend in measured horizontal toe loads with increasing input acceleration.  For Wall 6 (with 

geofoam behind the facing) the initial horizontal toe load before applying base shaking is similar 

to Wall 3; but there is no significant change in toe horizontal load up to about 0.35g peak input 

acceleration amplitude (Figure 9.6a). After this critical acceleration threshold, there is a slight 

reduction in horizontal toe load and then the loads start to increase again. However, during base 

excitation, the horizontal toe loads for Wall 6 are constantly smaller than for Wall 3. At 

maximum input acceleration of about 0.67g, the horizontal toe loads for Wall 6 are about 33% 

smaller than for Wall 3.  

For Wall 8 (with geofoam behind facing and longer geogrid) the horizontal toe load variation 

with input acceleration is similar to Wall 6 but the magnitudes are even smaller - both before 

shaking and during shaking (Figure 9.6a). The small reduction in horizontal toe load at about 

0.35g also occurs for Wall 8 and the trend is very similar to Wall 6. This reduction in horizontal 
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toe loads in believed to be related to the critical acceleration threshold at which level the soil 

experiences significant movement and more load is transferred to the geogrid reinforcement 

layers. At the same time the geofoam installed behind the facing panel compresses more and 

therefore the horizontal toe loads are reduced. The reduction in horizontal toe load in Wall 8 

compared to Wall 3 at peak acceleration of 0.67g is more than 50%. For Wall 9 (with longer 

reinforcement) the horizontal toe loads are smaller than in Wall 3 (with shorter reinforcement) 

and higher loads are carried by the reinforcement layers compared to Wall 3 as discussed later in 

Section 9.4.6.  

The vertical toe load variation with respect to input base acceleration for Walls 3 and 9 shows 

that as the base input accelerations increase the vertical toe loads also increase for both walls 

(Figure 9.6b). The trends in vertical load response for these two walls are the same but Wall 9 

(with longer reinforcement) has slightly smaller vertical toe loads. When the vertical toe loads of 

these two walls are compared to the self-weight of the wall facing column under initial static 

equilibrium conditions, the vertical toe loads for both walls are about 100% greater. These 

additional vertical loads at the toe are due to down-drag forces that are exerted from the backfill 

soil through the friction with the facing panel and on the reinforcement connections at the facing 

due to soil compaction during construction and soil settlement when the wall facing moves out at 

initial prop release. This mechanism has been observed in both reduced- and full-scale GRS wall 

models (El-Emam and Bathurst 2004; Bathurst et al. 2001).  

The predicted total vertical toe load (including wall self-weight) for Walls 3 and 9 are also 

calculated by performing a stability analysis based on M-O wedge theory (see Section 6.6.2 in 

Chapter 6). Two different backfill-wall interface friction angles () were assumed:  = () = 

backfill peak plane strain friction angle = 45° and  = backfill constant volume friction angle = 
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36°. The measured vertical toe loads fall within the upper and lower limits (shaded area) of the 

prediction range.  The almost linear vertical load versus peak input acceleration response for 

these two walls could be better predicted by assuming a gradual reduction in backfill-wall 

interface friction angles with increasing base excitation acceleration as noted in Section 6.6.2. 

For Walls 6 and 8 (with geofoam behind the facing), the trends of vertical toe load variation are 

different. The measurements (Figure 9.6b) show that vertical toe loads are very close to the self-

weight of the wall facing column before applying input acceleration and they remain constant up 

to a base input acceleration of about 0.4g. At acceleration level of about 0.4g, the vertical toe 

loads for Walls 6 and 8 are about 67% of the loads for Walls 3 and 9. At higher acceleration 

levels (> 0.4g) the vertical toe loads increase more rapidly than for Walls 3 and 9. Nevertheless, 

the vertical toe load for Wall 8 is reduced by about 40% compared to Wall 3 at peak acceleration 

magnitude of about 0.67g.  

9.4.4 Acceleration response and critical acceleration level 

Figure 9.7 illustrates the acceleration amplification factor variation for the facing accelerometers 

calculated based on the root mean square (RMS) method (Chapter 8). This method was selected 

because it gives the largest amplification factor of four different methods examined in Chapter 8 

and thus is a useful indicator of the critical acceleration level in the model tests in this 

investigation. The acceleration amplification factor is defined as the ratio of maximum RMS for 

facing accelerations divided by the maximum RMS of the shaking table accelerogram. The 

acceleration amplification of the wall facing increases with base input acceleration up to 

acceleration level of about 0.44g to 0.51g (critical acceleration threshold) for all walls reported 

here (Figure 9.7). The acceleration amplification factor at the top of the wall facing is 

significantly higher than that at the middle of the wall face. The maximum amplification factor at 
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the top of the wall is about 2.2 for Walls 3, 6 and 9 and about 2 for Wall 8. The maximum 

amplification factor at the middle of the wall face is about 1.25 for all walls. The trends in 

acceleration amplification with input acceleration are very similar for all walls before reaching 

critical acceleration. After the critical acceleration threshold, the acceleration amplification 

generally reduces or remains constant with similar quantitative and qualitative behaviour for all 

walls except at the top of the facing in Wall 8 where the amplification factor remains almost 

constant after the critical acceleration threshold. 

Figures 9.8a, 9.8b, 9.8c and 9.8d illustrate the amplification factor variation with input 

acceleration at accelerometers located at and below the backfill surface. The amplification factors 

in the backfill soil had similar trends as values computed for the wall face. They increased 

continuously until reaching similar critical acceleration values and decreased or remained almost 

constant thereafter. This may be due to large soil shear deformations that occurred in the backfill 

leading to softening and strength degradation. Higher acceleration amplification factors were 

computed at greater elevations in the backfill. There was no significant detectable difference in 

acceleration amplification factors for the different wall configurations in this chapter. The 

acceleration amplification factors for the wall facing were generally higher than the amplification 

factors for the backfill soil. This is likely due to the facing and backfill soil not moving as a 

monolithic body. The out of phase motion of the wall facing and soil is investigated further in 

Chapter 7.  

The critical acceleration level for model walls with a hinged toe was also predicted from a closed-

form solution for overturning (Bathurst 1998).  The values of critical acceleration values for the 

overturning deformation mode were determined by assuming a factor of safety of one in the 

following equation: 



 

327 

 

[9.1]   

 

   

2 2

W W 2 W
2 v

W

(overturning)
3 W W

AE v 1 h 1

L-L 2L a L
b + + 1±k

H L-L Hresisting moment
FOS = =

driving moment L-L L
mK 1±k a cos δ-ω +k b +

H H

     
     
      

       

 

where 

[9.2]      

 

 
 

W
1

W
2

2

1 1 1

2 1

A
AE v A

AE v

L-L
a =1+

H
L-L

a =1+
2H

1
b =a + a -1

3
2

b =1+ a -1
3

K
+η K 1-k -K

3m=
K 1-k

  

 

Here KAE is dynamic earth pressure coefficient using  = 45 degrees (see Equation 6.4 in 

Chapter 6), L is reinforcement length, LW is facing panel thickness, H is wall height,  is facing-

backfill interface friction angle (45 degrees),  is facing panel inclination angle (zero for this 

case), kh is horizontal acceleration coefficient, kv is vertical acceleration coefficient (zero for this 

case), KA is active earth pressure coefficient, m is external moment arm of the total dynamic 

forces, is a constant to account for the transient nature of the peak acceleration in the gravity 

mass and retained soil (assumed 0.6 and 1.0 in this study). It also accounts for the expectation that 

the inertial forces induced in the reinforced soil mass and the retained soil zone will not reach 

peak values at the same instant during a seismic event. Parameter  is elevation of resultant 
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dynamic earth force increment above the toe normalised to the wall height (assumed 0.2, 0.3 and 

0.6 in this study).  

The critical acceleration coefficients (kc(Pre)), calculated from Equation 9.1, are plotted against 

the observed critical acceleration coefficients (kc(Obs)) for the model walls in Figure 9.9. It should 

be added that for each wall an average of observed critical acceleration levels based on different 

measurement sets was calculated and used in this figure. The average values of observed critical 

acceleration levels are 0.42g, 0.44g, 0.43g and 0.46g for Walls 3, 6, 8 and 9, respectively. Next 

the critical acceleration values were normalized with gravitational acceleration (g) to calculate the 

critical acceleration coefficients. The 1:1 ratio line corresponds to a perfect match between 

observed and predicted values. The results show that the predicted critical acceleration values for 

overturning mostly fall between 50 and 100% of the observed critical acceleration levels with the 

majority between the 50 and 75% correspondence lines. Similar under-predictions of the critical 

acceleration for overturning of reinforced soil wall models tested on a shaking table have been 

reported by Koseki et al. (1998) and El-Emam (2003). However, this error is on the safe side for 

design. 

9.4.5 Reinforcement tensile strains 

The maximum global strains measured by strain gauges attached to longitudinal members of the 

geogrid reinforcements are plotted along the reinforcement length for all stages of shaking in 

Figure 9.10. The initial values (datum) were taken just before releasing the temporary support of 

the wall facing. The results show that generally as the shaking intensity increased, the tensile 

strains along the reinforcement layers also increased. The top two reinforcement layers generally 

had small tensile strain magnitudes in all walls (< 0.4%), which may be due in part to low backfill 

confining pressures close to the surface in the reduced-scale model walls. However, as the 
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elevation of reinforcement layers decreases, the tensile strains start to increase. For Walls 3 and 9 

(Figures 9.10a and 9.10c) the maximum tensile strain in the reinforcement usually occurred close 

to the connection at the facing panel. In Walls 6 and 8 (with geofoam behind the facing) (Figures 

9.10b and 9.10d) the trends were different. The strains measured close to the wall facing were 

reduced significantly and the location of peak reinforcement tensile strain moved further into the 

backfill. Longer reinforcement lengths embedded in the backfill soil attracted tensile loads and 

overall the strains close to the wall facing (in the vicinity of EPS geofoam inclusion) were 

reduced.  

9.4.6 Reinforcement connection loads 

The connection loads in geogrid reinforcements were back-calculated from strain gauge 

measurements close to the wall facing. The distributions of reinforcement connection load along 

the wall height presented in Figure 9.11 are back-calculated from geogrid strains (based on 

calibration tests). As before, load datum was taken as just before releasing the facing support. 

Superimposed on the figures are predicted connection load distributions along the wall height 

using pseudo-static analysis methods published in North America design guidelines. The 

equations used to predict connection loads in this section are presented in Section 5.7.6 of 

Chapter 5. 

AASHTO (2010) and FHWA (2009) design guidelines assume a linear increasing earth load 

with depth (dynamic and static components) for the reinforcement layers in internal stability 

analysis. In Figure 9.11 there are two predicted distributions using the AASHTO method for two 

different reinforcement lengths. The method proposed by Bathurst and Cai (1995) assumes a 

trapezoidal load distribution for the dynamic component with the largest dynamic connection 
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loads at higher reinforcement layer elevations. NCMA (2009) design guidelines assume a 

constant distribution of dynamic reinforcement loads.  

The results show that under static conditions (before shaking the models) (Figure 9.11a) the 

connection loads are generally small with slightly greater values in higher reinforcement layers. 

This may be due to a small horizontal movement that usually occurred after removing the facing 

support and allowing the wall to deform and reach static equilibrium conditions. The connection 

load distributions over wall height under static loading are more uniform and thus different from 

the linearly increasing load distribution with depth predicted by current limit-equilibrium 

methods. This discrepancy is consistent with observations made for instrumented field GRS walls 

(Bathurst et al. 2008).  

As the base input acceleration increases up to about 0.37g (Figures 9.11b, 9.11c and 9.11d) the 

connection loads at the lower reinforcement elevations start to increase. The walls with geofoam 

behind the facing (Walls 6 and 8) have significantly smaller connection loads compared to the 

walls without geofoam. Furthermore, the distribution of connection loads for these two walls is 

more uniform and almost constant over height with a small magnitude. Over the acceleration 

range of 0.18g to 0.37g, the connection load distributions for Walls 3 and 9 start to increase more, 

compared to Walls 6 and 8. At higher acceleration levels (0.51g and 0.62g) (Figures 9.11e and 

9.11f) Walls 3 and 9 have larger connection loads compared to Walls 6 and 8 and the lower 

reinforcement layers attract greater tensile load compared to the layers at higher elevations. The 

compressible inclusion behind the facing results in lower connection loads especially at the 

lowest elevation connections. Due to longer reinforcement layers, Wall 9 had higher connection 

loads compared to Wall 3 over most acceleration levels. Based on comparison of measured 

results for Walls 3 and 9 with predicted values, it appears that none of the design methods are 
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capable of predicting the tensile connection load distribution correctly at all acceleration levels 

and at all elevations. At lower reinforcement elevations the AASHTO method over-predicts at 

low acceleration levels. At acceleration levels beyond 0.37g, the predicted values using the 

AASHTO approach are the closest to the measured values for Walls 3 and 9 (Figures 9.11e and 

9.11f). At high acceleration levels (Figures 9.11e and 9.11f) the NCMA method and the method 

proposed by Bathurst and Cai (1995) over-predict the connection loads at almost all 

reinforcement layers. The measured values for Walls 6 and 8 were constantly smaller than the 

predicted values due to the presence of the geofoam layer. The conclusions here regarding the 

poor prediction accuracy of current pseudo-static design methods are consistent with observations 

for the other (conventional) GRS model wall tests presented in Chapters 5 and 6. 

Figure 9.12 illustrates the variation of summation of reinforcement connection loads (Ti) versus 

input acceleration. The measurements for Walls 6 and 8 are similar. Due to the geofoam 

compressible inclusion behind the facing, the sums of connection loads for these two walls are 

much smaller compared to Walls 3 and 9 especially at acceleration levels smaller than 0.4g. At 

acceleration levels higher than 0.4g the sum of connection loads starts to increase in Walls 6 and 

8. The sum of connection loads for Wall 9 (with longer reinforcement) is slightly higher than 

Wall 3. This can be attributed to longer reinforcement layers which extend deeper into the 

backfill and have longer anchorage length and hence attract more tensile load. The predicted 

values using the NCMA and AASHTO methods are higher at small acceleration levels when 

compared to the measured values for Walls 3 and 9. The NCMA method over-predicts the sum of 

all connection loads over the entire acceleration range and the difference between the measured 

values and predicted values gets larger as acceleration increases. The predicted values using the 

AASHTO method become closer to the measured results for Walls 3and 9 at about 0.5g. 
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However, the AASHTO method predicted almost constant load at high excitation levels and thus 

was not able to predict the increasing trend of summation of connection loads beyond 0.6g. 

The measured summation of all reinforcement connection loads (Ti) and the horizontal toe load 

(RH) are presented in Figure 9.13. Since current design methods assume that all the horizontal 

earth force is carried by reinforcement layers only and none by a fully- or partially-restrained toe, 

the predicted values for total horizontal earth forces illustrated in this figure are the same as the 

values in the previous figure. Walls 6 and 8 recorded almost constant total dynamic earth force up 

to about 0.4g; thereafter these loads increased rapidly but remained lower than the dynamic loads 

recorded for the walls with no geofoam. In Walls 3 and 9, the horizontal earth force increased 

continuously with base input acceleration. At 0.5g input acceleration level the summation of 

connection loads and horizontal toe load for Walls 6 and 8 was about 46% of the corresponding 

value for Wall 3, which clearly illustrates the beneficial role of the geofoam compressible 

inclusion in reducing horizontal earth forces. The summation of connection loads and horizontal 

toe load for Walls 3 and 9 were similar both qualitatively and quantitatively. 

The measured values for Walls 3 and 9 were close to the predicted values using AASHTO and 

NCMA methods up to about 0.3g acceleration level. At higher acceleration level the 

measurements fell between the two curves predicted by the AASHTO and NCMA approaches. 

Figure 9.14 shows the ratio of horizontal toe load to the summation of connection loads and 

horizontal toe load and its variation with base input acceleration. At small acceleration levels the 

toe loads are much higher compared to the sum of connection loads and consequently between 55 

and 80% of the total horizontal earth force is carried by the restrained toe in Walls 3 and 9. Wall 

9 (with longer reinforcement) has the lowest percentage of the total horizontal earth force carried 
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by the toe due to higher loads developed in the reinforcement layers. Wall 6 (geofoam behind the 

facing) has the highest percentage of the total horizontal earth force carried by the toe due to 

shorter effective length of reinforcement layers. Under static loading conditions, both Walls 3 and 

8 have very similar percentage of the total horizontal earth force carried by the toe since the 

effective length of reinforcement layers are the same in these two walls. As the acceleration 

increases and the reinforcement layers start to carry more load, the fraction of load carried by the 

toe starts to decrease and level off at about between 25 and 40%. In Wall 9, the ratio of load 

carried by the restrained toe to total horizontal load was smaller compared to Wall 3, which is 

again due to longer reinforcement layers. El-Emam and Bathurst (2005, 2007) also reported 

that 30 to 60% of the total horizontal earth force carried by the restrained toe in their shaking 

table tests of model GRS walls. Similar observations were also made for full-height GRS walls 

under static loading conditions (Bathurst et al. 2000, 2001). However, in Walls 6 and 8 (with 

geofoam behind the facing) the results in the current investigation show that up to input 

acceleration level of about 0.4g most of the load is carried by the restrained toe; but as the base 

acceleration increases beyond 0.4g there is a reduction in the ratio of horizontal load carried by 

the toe and a greater fraction of earth load is carried by the reinforcement layers.  

Figure 9.15 shows the normalized elevation of the resultant earth force (Ytotal/H) acting behind 

the wall. All the measured values are lower than the predicted resultant elevation based on 

different analysis methods. Wall 6 has the lowest elevation of the resultant force since most of the 

loads were carried by the restrained toe in this wall (Figure 9.14). Walls 9 and 8 have the highest 

elevation of the resultant force due to higher connection loads developed in the reinforcement 

layers. The results of Wall 3 fall between the other walls. 
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9.4.7 Development of failure mechanisms in backfill soil 

During the construction and placement of backfill soil, layers of black coloured sand were placed 

behind the Plexiglas side wall at one side of the strong box. These layers extend about 20 mm 

into the backfill sand and provided a visual aid to detect the development of failure planes in the 

backfill soil behind the facing panel. A high-speed digital video camera was used to capture 

images during model shaking. The field of view of the camera is shown in Figure 9.1. 

Figures 9.16a, 9.16b, 9.17a and 9.17b show the field of view of the backfill soil behind the 

facing for Walls 3, 9, 6 and 8, respectively. Also superimposed on the figures are the deformed 

shapes of reinforcement layers and the wall facing at the end of the test. The deformed shapes of 

the reinforcement layers were plotted after by careful survey during the excavation of the backfill 

soil following each test. Predicted angles for failure planes based on pseudo-static analysis 

(Zarrabi 1979, Chapter 5) are also illustrated on the figures for three acceleration levels: a) 0g 

(or static), b) critical acceleration of about 0.45g and c) the acceleration corresponding to the last 

shaking stage for each test. Finally, the observed failure planes detected by visual inspection of 

the coloured sand layers are superimposed on the figures. It should be added that for Walls 3, 6 

and 8, the failure planes visible in the field of view started to develop at input acceleration levels 

between 0.45g and 0.5g (Wall 3 at 0.47g, Wall 6 at 0.45g and Wall 8 at 0.5g) which are very 

close to the observed critical acceleration levels for the model walls. For Wall 9, failure planes 

started to develop at 0.6g. At higher acceleration levels, the failure planes started to grow larger 

and extend deeper into the backfill. The failure planes illustrated in Figures 9.16 and 9.17 are the 

final surfaces deduced at the end of the tests. 

Three major failure planes are observed in Wall 3 (#1, 2 and 3) (Figure 9.16a). These failure 

planes were almost parallel (oriented at angles between 42° and 48°). There was no visual 
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evidence of any other failure planes below plane #1. In other words, the backfill soil below and 

behind this failure surface did not experience significant movement or shear failure during 

shaking (this conclusion is consistent with the results of PIV analysis in Chapter 6). It should be 

added that failure planes #1, 2 and 3 in Wall 3 were located at the end of the second, third and 

fourth reinforcement layers (from bottom), respectively.  

In Wall 9 (Figure 9.16b), due to longer reinforcement lengths the observed failure planes were 

not continuous and as deep as in Wall 3. Failure plane #3 was observed in both Walls 3 and 9. 

However, generally the observed failure planes in Wall 9 were shorter in length and shallower 

compared to Wall 3. Possible failure planes deeper in the backfill soil could not be detected 

because of the limited camera field of view and because no layered coloured sand was placed 

beyond the field of view of the camera. Nevertheless, it is believed that the most important failure 

mechanisms were generated within and immediately behind the reinforced soil mass and these are 

clearly visible in the camera images.  

In Walls 6 and 8 (with geofoam behind the facing) the failure plane patterns are different. In Wall 

6 (Figure 9.17a) more failure planes were observed compared to Wall 3 due to the presence of 

geofoam behind the facing which allowed the backfill soil to deform more. The failure planes 

also extended deeper into the soil compared to Wall 3. Failure plane #2 (at the middle of backfill) 

was almost at the same location and had similar slope as in Wall 3 but extended almost to the heel 

of the wall facing. In Wall 8 (Figure 9.17b), due to longer reinforcement lengths the observed 

failure planes were not as continuous and deep as in Wall 6. Some of the failure planes observed 

in Wall 8 can be interpreted to be shorter segments of the longer observed failure planes #1, 2 and 

3 in Wall 3. The results show that generally, in models with longer reinforcement layers, the 

angles of observed failure planes were shallower compared to the models with shorter 



 

336 

 

reinforcements. Also, almost all the observed failure planes in Walls 6 and 8 intersected the end 

of the reinforcement layers close to the location of the vertical deformed shape of the 

reinforcement layers. For these two walls the predicted failure plane angles at critical acceleration 

levels are almost parallel to some of the major (long) failure planes observed during the tests.  

9.5 Conclusions 

Shaking table tests were performed on 1.42 m-high GRS model walls with and without vertical 

layers of EPS geofoam placed directly behind the wall facing. The following are the major 

conclusions from this study: 

 When a 0.2 m-thick layer of EPS geofoam was placed behind the wall, the wall 

horizontal displacement was increased compared to the matching model wall with no 

EPS geofoam inclusion. This is shown to be due to the reduction in effective 

reinforcement length in the reinforced soil zone due to the space occupied by the 

geofoam. When the effective length of reinforcement was increased by a length equal to 

the thickness of the EPS geofoam, the wall horizontal movement was the same as the 

model wall without any geofoam. 

 Horizontal and vertical loads at the toe of GRS model walls were reduced significantly in 

the models with EPS geofoam. The maximum reduction in horizontal toe loads ranged 

between 33 and 50% for the model walls with EPS geofoam. The maximum reduction in 

vertical toe loads ranged between 40 and 67% for the model walls with EPS geofoam. 

 Significant acceleration amplification was observed at the wall facing and in the backfill 

soil. The computed amplification factors generally increased with elevation. The 

amplification factors were higher at the locations of the accelerometers on the facing 
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compared to backfill locations at the same elevation. This is consistent with the 

observation that the facing and the backfill did not move as a monolithic body. 

Acceleration amplification factors increased with base input acceleration level up to an 

acceleration threshold (critical acceleration level) after which the amplification factor 

remained the same or decreased. This may be due to large soil shear deformations that 

occurred in the backfill leading to softening and strength degradation. The existence of 

EPS geofoam behind the facing did not have any detectable effect on acceleration 

amplification on the backfill soil and wall facing. The critical acceleration levels 

predicted by pseudo-static methods for the overturning failure mode were smaller than 

the observed critical acceleration levels in model GRS walls. 

 Due to the EPS geofoam behind the wall facing the tensile strains in reinforcement layers 

in the vicinity of the geofoam were reduced significantly compared to the model walls 

without EPS geofoam. Hence, the reinforcement connection loads were also reduced 

significantly in model walls with geofoam. 

 The sums of reinforcement connection loads and horizontal toe load (horizontal earth 

force) in model walls with EPS geofoam were significantly smaller than for the model 

walls without any geofoam. The reduction in horizontal and vertical toe loads and 

reinforcement connection loads offers potential improved facing stability of GRS walls 

with respect to footing foundation bearing capacity, sliding resistance and wall facing 

overturning.  
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Table  9.1 Shaking table test summary (adapted from Chapter 6) Note: Walls investigated in this 
chapter are in boldface type. 

Wall Number 

G
eo

gr
id

 le
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(m

) Geogrid type  
and stiffness,  
J (kN/m) 

Toe boundary 
condition 

Back wall  
boundary  
condition 

In
pu

t e
xc

ita
tio

n 
fr

eq
ue

nc
y,

 f
 (

H
z)

 

EPS inclusion 
between wall facing 
and backfill soil 

Wall 1 (trial) 0.9 R, 210 hinged rigid wall 5 No 

Wall 2 (trial) 0.9 R, 210 hinged rigid wall 5 
No

Wall 3 
(control) 

0.9 R, 210 hinged rigid wall 5 No 

Wall 4 0.9 R, 210 sliding rigid wall 5 
No

Wall 5 0.9 R, 210 hinged 
EPS 
geofoam 

5 No 

Wall 6 0.9 R, 210 hinged rigid wall 5 Yes 

Wall 7 0.9 R, 210 hinged rigid wall 2 No 

Wall 8 1.1 R, 210 hinged rigid wall 5 Yes 

Wall 9 1.1 R, 210 hinged rigid wall 5 No 

Wall 10 0.9 R, 210 hinged rigid wall 8 No 

Wall 11 0.9 F, 1980 hinged rigid wall 5 No 

Notes: All walls have height H = 1.42 m; R = Raugrid 2/2-20 geogrid; F = Fortrac 200 geogrid  
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Figure  9.1 General arrangement and cross section of the shaking table GRS model wall. 
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Figure  9.2 GRS model wall configurations: a) Wall 3; b) Wall 6; c) Wall 8; d) Wall 9. 
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Figure  9.3 Unconfined uniaxial compression test results of non-elasticized and elasticized EPS 
geofoam (from manufacturer’s literature). 
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Figure  9.4 Details of input base acceleration of Wall 6: a) measured variable-amplitude input 
acceleration during second stage of shaking; b) acceleration record of all stages of shaking; c) 
FFT analysis of the measured shaking table acceleration during second stage of shaking. 
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Figure  9.5 Facing movement: a) time history of wall horizontal movement at the location of POT 
4 (top of the wall) and POT 1; b) maximum facing top horizontal movement. 
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Figure  9.6 Maximum toe load measurements: a) horizontal toe load; b) vertical toe load. 
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Figure  9.7 Acceleration amplification based on RMS method for wall facing accelerometers. 
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Figure  9.8 Acceleration amplification based on RMS method for backfill accelerometers: a) 
AAC 4; b) ACC 3; c) ACC 2; d) ACC 1. 
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Figure  9.9 Comparison between predicted and observed critical acceleration levels for 
overturning about the toe of shaking table wall models. 
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Figure  9.10 Maximum global tensile strains along reinforcement layers: a) Wall 3; b) Wall 6; c) 
Wall 9; d) Wall 8. 
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Figure 9.10 (continued) Maximum global tensile strains along reinforcement layers: a) Wall 3; 
b) Wall 6; c) Wall 9; d) Wall 8. 
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Figure  9.11 Reinforcement tensile connection load distribution along the wall height at different base excitation levels: a) 0g; b) 0.18g: c) 0.3g; d) 
0.37g; e) 0.51g; f) 0.62g. 
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Figure  9.12 Measured and predicted sum of reinforcement connection loads. 
 

 

Figure  9.13 Measured and predicted total earth force at the back of wall facing. 
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Figure  9.14 Ratio of horizontal toe load to total earth force. 

 

 

Figure  9.15 Normalized elevation of the resultant earth load. 
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Figure  9.16 Observed and predicted failure surfaces at the end of shaking for tests without 
geofoam behind the facing: a) Wall 3; b) Wall 9. 
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Figure  9.17 Observed and predicted failure surfaces at the end of shaking for tests with geofoam 
behind the facing: a) Wall 6; b) Wall 8. 
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Chapter 10 

Influence of Far-Field Boundary on Geogrid Reinforced Soil Model 

Wall Shaking Table Tests1 

10.1 Introduction 

Most shaking table tests of earth structures are performed on reduced-scale models placed in a 

strong box container that is bolted to the shaking table platform. A review of geosynthetic 

reinforced soil (GRS) wall models in Chapter 6 showed that most models reported in the 

literature were 1 m high or less. The reduced-scale size of the models is a practical limitation 

based on cost, time and the desire to test a suite of model configurations in a research program. 

An important consideration in the design of the strong box used to test reinforced soil wall 

models is the size of the box and the back boundary treatment. In most cases the strong box has 

been constructed with a rigid back wall to simplify the container apparatus.  However, a rigid 

back wall boundary can be expected to influence the dynamic response of the models due to 

reflected stress waves and truncated soil mass. Furthermore, this influence can be expected to 

increase as the distance between the front and back boundary of the container decreases in 

smaller models.  

Different solutions have been proposed to minimize the effect of the back-boundary of a soil 

container in shaking table tests. One solution is a flexible boundary for the soil container using a 

laminar box or equivalent shear beam container (Muir Wood et al. 2002). This approach has 

been used in soil element tests which are contained on all four sides and the objective of the tests 

                                                      
1 This chapter contains material that is under preparation for submission as a journal paper in collaboration 
with Dr. Bathurst.  
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is to study the dynamic free-field behaviour of soils alone or to study the dynamic behaviour of 

buried structures in soil (such as pipes or deep foundations) or soil liquefaction and lateral 

spreading studies (Elgamal et al. 2005; Abdoun et al. 2003; Thevanayagam et al. 2009). This 

is not a practical solution for retaining wall tests of the type and scale described in this thesis 

work where access to the front boundary of the models is required for instrumentation and 

transparent side walls are required for video-camera image capture.  

In addition to providing an unobstructed front face for instrumentation and transparent side walls 

to view the models during shaking, the rigid back boundary allows extensometer-type 

displacement devices to be mounted at the back of the strong box to measure movements within 

the model. 

A second more practical solution is to place a compressible energy absorbing material against the 

back rigid boundary of the strong box to minimize or prevent reflection of stress waves back into 

the models.  

The third solution or complementary strategy to minimize the effects of a rigid boundary is to 

place the back boundary as far as possible from the front face of the model walls (i.e. make the 

model as long as possible).  

One candidate material for the energy absorbing layer is expanded polystyrene (EPS) geofoam. 

EPS has low stiffness and low density and has been used as a seismic buffer to attenuate dynamic 

loads against rigid retaining wall models (e.g. Bathurst et al. 2007; Zarnani and Bathurst 

2007) and in the field (Inglis et al. 1996).  

This chapter first reviews previous related work on the effects of back wall type in strong box 

containers mounted on shaking tables. However, the main focus of the chapter is on two reduced-
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scale model tests of geogrid soil reinforced walls constructed with a geofoam seismic buffer and 

subjected to simulated earthquake loading. These tests were performed as part of the larger 

program of 11 geosynthetic reinforced soil model walls introduced in Chapter 6.  The difference 

between the two tests was that in one test an EPS layer was placed against the rigid back wall of 

the strong box container and in the other the rigid back wall boundary was left unmodified.   

10.2 Background study 

10.2.1 General 

The influence of the far-field boundary type on earth structure models has been investigated in 

experimental and numerical studies reported in the literature. This prior work is reviewed in this 

section and the implications of lessons learned to the experimental work carried out as part of this 

thesis work identified.  

10.2.2 Experimental and numerical studies 

Whitman and Lambe (1986) simulated a relatively simple and well-understood problem of soil 

shaking at the base of a soil shaking table in dynamic centrifuge tests. They studied the effect of 

boundary conditions of the test box on dry and saturated sand. In some tests no special treatment 

was applied to the side walls of the box and in the other tests stacked-ring confinement was used. 

The size of the stacked-ring boxes varied from 133 mm by 133 mm to 305 mm by 305 mm. They 

concluded that the stacked ring did not provide perfect confinement. There was evidence of static 

arching and deviation from simple shear conditions. However, overall the performance of the 

stacked-ring was judged to be good. For tests on dry sand the stiffness of the rings was similar to 

that of the soil, hence the rings did not restrain soil motion. They concluded that both stacked ring 

and rigid box confinement used in dynamic centrifuge tests provided useful and reasonably 

correct results; however, stacked ring confinement testing was preferred. 
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Fishman et al. (1995) designed and built a flexible test box (4.6 m long, 0.9 m wide, 1.2 m high), 

for use on a large shaking table to simulate the near free-field seismic response of a sand soil 

layer. They also checked the performance of the flexible box with a finite element method 

computer model with respect to free-field conditions (in terms of wall displacement and soil 

stress field) and also checked the effect of fixed rigid end walls in their numerical simulations. 

They concluded that their experimental design achieved near free-field response at the wall face. 

Also, from their experimental and numerical simulations they concluded that at a distance of 

about 1.5×H (H = wall height) from the end wall near free-field conditions could be achieved.  

Dou and Byrne (1997) studied the model boundary effects on dynamic soil response with a rigid 

soil container (322 mm high, 400 mm long and 190 mm wide) mounted on a shaking table. They 

obtained high stresses in the soil model by subjecting it to very high downward hydraulic 

gradients. Originally it was planned to place a vertical layer of “soft material” between the soil 

and the rigid boundaries of the box. However they found that when the hydraulic gradient is 

applied to the models, high seepage forces were developed which in turn created high horizontal 

and vertical stresses. These high stresses resulted in large deformations and movements in the 

“soft material”. As a result of this deformation in the soft boundaries of the model, an active 

failure state was developed in the zones close to the model boundaries. Due to this problem 

dynamic tests of models with soft soil were not performed. From the acceleration response of 

their tests on rigid boxes they concluded that if the input frequencies are well below the 

fundamental frequency of the soil layer then wave reflections at the boundaries of the rigid model 

container are not important. They also performed numerical simulations of the soil layer 

contained in a rigid box, rigid box with soft layers at vertical boundaries and free-field simulation 

of the soil layer all excited with 0.5g peak acceleration. It was concluded that for the rigid box 
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simulation, the numerically predicted surface acceleration response for the locations close to the 

centre of the model were similar to the free field. Hence the existence of rigid model boundaries 

had no influence on the predicted response of the models. Again the reason for this observation 

was attributed to the fact that the input frequency was much smaller than the fundamental 

frequency of the models. The result for numerical models with the soft boundary was very similar 

to the results with rigid boundary case and the existence of the soft boundary in their models did 

not have any effect on the response (due to similar reason as before). 

Dewoolkar et al. (2000) used a dynamic centrifuge to study the seismic performance of 

cantilever walls with liquefiable backfill. They used a layer of absorbing material called duxseal 

to minimize un-wanted stress-wave reflections from far end container boundary. From their 

experimental results they concluded that under static loading conditions the presence of the 

duxseal boundary was not critical. Under dynamic loading conditions, they performed two 

identical tests one with duxseal boundary and one without. They concluded that for the conditions 

of their experiments, the soil type and the base input excitation applied to their models the 

duxseal layer was not necessary and its existence did not have any effect on the results. They also 

concluded that if the length of the backfill is sufficiently longer than the wall height (in their case 

2.4 time longer) then rigid model boundaries will not have significant effect on model response. 

However, they mentioned that if the behaviour of the soil close to the far end boundary is of 

interest, then a suitable absorbing boundary may be necessary. 

In a more recent shaking table study by Krishna and Latha (2009) the effect of container 

boundary condition on acceleration and displacement response of GRS models was investigated. 

The walls were 600 mm high, 750 mm long and 500 mm wide. They were constructed in a rigid 

container and a flexible laminar container. The walls were reinforced with geotextile and geogrid 
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reinforcement materials. The wall facing was either wrap-faced (reinforced with geotextile) or 

rigid-faced (reinforced with geogrid). Unreinforced control walls with rigid facing were also built 

for comparison. The backfill used in the experiment was dry sand. The models were subjected to 

a sinusoidal input acceleration with a frequency of 3 Hz and peak acceleration of 0.2g.  

The test results showed that the wrap-faced walls reinforced with geotextile experienced higher 

wall deformation when built in a laminar box, compared to a rigid box. The increase in wall 

deformation due to the laminar box was almost two times greater compared to the rigid box. 

However, the wall displacement profile for the rigid-faced walls reinforced with geogrids was not 

affected by the container boundary. The effect of container boundary was evident in the tests with 

wrap-faced walls. The flexible boundary container allowed more deformation, while this effect 

was masked by the facing system in the case of the rigid-faced walls. The acceleration 

amplifications observed in all model walls constructed in the laminar box were typically larger 

(about 30%) compared to models built in the rigid box, but again, the container boundary effect 

was more pronounced for the wrap-faced walls compared to rigid-faced walls.  

Bathurst and Hatami (1998) investigated the effect of truncated far-end boundary using 

numerical simulations of GRS walls at prototype scale (wall height, H = 6 m). The numerical grid 

used in that study was 40 m long (depth of backfill behind the wall, B = 40) giving a B/H ratio of 

6.6. Three types of far-end boundary condition were examined: free-field, rigid and stationary, 

rigid and excited. The input acceleration record that was applied to all models had a peak 

acceleration of 0.2g and predominant frequency of 3 Hz. The numerical results showed that the 

free-field option resulted in the maximum predicted wall horizontal movement and also 

maximum reinforcement connection loads. They also varied the B/H ratio between 1.3 and 6.6 

and showed that the magnitude of wall horizontal displacement was significantly influenced by 
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the volume of soil that is simulated behind the wall. However, they concluded that there was a 

diminishing effect of backfill volume on wall response features for B/H > 5 when a rigid back 

wall condition was used. 

Yang et al. (2004) used a finite element model to simulate the seismic response of an earth dam 

model tested in a dynamic centrifuge. Two different lateral boundary conditions were considered 

at the boundaries of the numerical model: flexible container and rigid container. The flexible 

container allowed seismic energy to be applied to the model only from the base of the model but 

the rigid container allowed seismic energy to be applied to the model from the base and end 

boundaries. Hence, the flexible container numerical model experienced weaker vibration and 

smaller lateral and vertical displacements. 

10.2.3 Summary of lessons learned and current shaking table testing program 

Based on the review of prior related work the following summary points can be made: 

 There is not a clear consensus on how to treat the boundaries in shaking table 

experimental and numerical studies. It appears that based on the type of the tests, level of 

input base accelerations, size of the models and the performance parameters of interest, 

different conclusions can be made about the effects of a rigid back boundary condition. In 

some studies rigid boundaries had no significant effect on model response while in other 

model types laminar boxes (or shear stacks) may be necessary to generate free-field 

conditions in the soil. 

 The inclusion of an energy absorbing layer between the rigid boundaries and soil may 

help in creating near free-field conditions but selection of these soft materials is not 

straight forward and in some cases may not function as expected.  
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 Near free-field conditions may not be easy to achieve immediately adjacent to a rigid 

boundary in a model. However, as the distance from the rigid boundary is increased the 

effects of the rigid boundary decreases. The review of the literature shows that at 

distances larger than 1.5×H (H = thickness of soil layer or height of a wall) the effects of 

a rigid back boundary will decrease. 

In the current shaking table experiments on GRS models with hinged toe boundary condition 

one end of the models representing the GRS wall face can be considered a flexible boundary 

similar to a simple shear boundary condition. The rigid back boundary in the models is 

located at a distance of about 1.8×H. Hence it can be argued that the effects of stress wave 

reflections from the rigid back boundary will be reduced in the volume of soil behind the 

GRS wall. Furthermore, excitation of the models below their fundamental frequency will 

further minimize the influence of the back wall of the strong box on GRS model response to 

shaking. 

The strategy adopted in this thesis work included the decision to perform physical tests with 

simple boundary conditions and then use the experimental results to verify numerical models 

with the same rigid back boundary. These verified numerical models can be used in turn to 

investigate the effect of rigid back boundary on model response by comparing results of 

nominally identical numerical models simulating non-energy-reflecting boundaries. 

Nevertheless, in order to investigate the effect of back boundary condition on the 

experimental results in the current experimental research program, two GRS shaking table 

tests with and without a layer of EPS geofoam were carried out. 
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10.3 Shaking table tests 

10.3.1 General 

Two reduced-scale model tests of geogrid soil reinforced walls (Walls 3 and 5) were constructed 

and subjected to simulated earthquake loading. These tests were performed as part of the larger 

program of 11 geosynthetic reinforced soil model walls introduced in Chapter 6.  The two tests 

described here are highlighted in boldface text in Table 10.1. Cross-section views of the two 

models are shown in Figure 10.1. 

The difference between the two tests was that in one test an EPS layer was placed against the 

rigid back wall of the strong box container (Wall 5) and in the other the rigid back wall boundary 

was left unmodified (Wall 3).   

10.3.2 Experimental design, test materials, construction and excitation 

Descriptions of the test materials, model construction and excitation of the two tests in this 

investigation are provided in Chapter 9. This section is focused on model details that are unique 

to the test configuration with an EPS layer placed at the rigid wall boundary.  

The thickness of the geofoam layer at the back wall boundary was selected based on the results of 

numerical modelling using the program FLAC (Itasca 2005). The numerical model described in 

Chapter 5 was easily adapted to include a vertical EPS zone at the back of the problem domain. 

Linear-elastic Mohr-Coulomb constitutive models were used to simulate the soil and EPS. This 

approach was judged to be sufficient for the purpose of experimental design. The input material 

properties for backfill soil and geogrid reinforcement used for the preliminary design of EPS 

layer were very close to the values reported in Chapter 6. The thickness and elastic modulus of 

the EPS layer was adjusted until near free-field conditions were achieved at the back boundary of 
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the numerical model. The results of numerical simulations led to the selection of 0.15 m-thick (t) 

elasticized EPS layer (with elastic modulus of E = 0.25 MPa) as the optimum energy absorbing 

boundary. The selection of this EPS layer was also confirmed using the EPS seismic buffer 

design charts developed by the writer and presented in Chapter 4 (Zarnani and Bathurst 2009). 

Based on these design charts for walls with height of about 1 m excited at frequencies of about 5 

Hz (or 30% of their fundamental frequency), an EPS seismic buffer with stiffness values (K = 

E/t) less than 10 MN/m3 would result in maximum reduction of dynamic earth pressures. The 

stiffness of the seismic buffer used in Wall 5 was about 1.7 MN/m3. The final design was based 

on the need to minimize the layer thickness and to use the same EPS geofoam material available 

from the other geofoam buffer tests.  

The Plexiglas at the back boundary was drilled in 18 locations (at three different elevations, 

Figure 10.1b) and 12 mm-diameter threaded rods were screwed into the Plexiglas back 

boundary. Similar holes were also drilled in the geofoam layer and then the geofoam placed 

against the back boundary of the box. The ends of the threaded rods at the inside of the box were 

placed flush against the geofoam surface. Next, a 3 mm-thick steel plate was placed against the 

entire geofoam layer and touching the ends of the threaded rods. The steel plate was temporarily 

fixed to the shaking table during the construction and vibro-compaction of the backfill. This 

method prevented the EPS geofoam from being compressed during the backfill vibro-compaction 

stage. After backfill placement, the steel plate was pulled out gently while the threaded rods were 

left in place. 

The compression of the geofoam was measured at five different elevations using potentiometer-

type displacement devices (POTs). The POTs were used to measure the compression of the 
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geofoam layer (at the same elevation as geogrid layers) by extending the device cores by rods and 

attaching the end of each rod to a thin plate located at the geofoam-soil interface. 

10.4 Results 

10.4.1 General 

The performance of the two model GRS walls identified in this chapter are discussed with respect 

to: wall horizontal movement, vertical and horizontal toe loads at the toe boundary, acceleration 

amplification, global geogrid strain measurements and tensile loads at the reinforcement 

connections to the facing, and development of failure mechanisms in the backfill. Observed and 

predicted critical acceleration values are compared as are measured reinforcement connection 

loads based on current pseudo-static methods of analysis. 

10.4.2 Wall horizontal movement 

Figure 10.2 shows the development of maximum horizontal wall displacement measured at the 

top of the facing with peak measured input acceleration for Walls 3 and 5. The results of both 

walls illustrate that the wall horizontal displacement increased as the base acceleration was 

increased. Interestingly both walls had identical displacement up to base acceleration of about 

0.42g. At acceleration levels higher than 0.42g, Wall 5 (with geofoam at the back boundary) 

experienced larger horizontal displacement at the top of the wall. This acceleration threshold is 

very similar to the observed critical acceleration level for Wall 3 described in Chapter 6. At peak 

input acceleration of 0.65g, the maximum horizontal movement at the top of the wall was about 

280 mm and about 150 mm for Walls 5 and 3, respectively. The increasing trend in wall 

horizontal movement beyond the critical acceleration level observed in Wall 5 when compared to 

Wall 3 is judged to be due to the effect of compressible inclusion placed against the rigid back 

boundary. This compressible inclusion allows the backfill soil to undergo more deformation and 
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hence results in more wall horizontal movement. However, before the critical acceleration 

threshold the EPS geofoam layer at the back boundary does not have a detectable influence on 

wall horizontal movement. 

10.4.3 Wall toe loads 

The decoupled boundary loads at the toe of the model walls were measured with vertical and 

horizontal load cells. The wall toe was restrained from horizontal sliding in these models and the 

horizontal toe loads were measured. Figures 10.3a and 10.3b present the measured horizontal 

and vertical toe loads respectively for both walls. The measured horizontal toe load for Wall 5 

was higher than Wall 3 at the beginning of the test and Wall 5 maintained the same higher load 

up to about 0.42g (i.e. critical acceleration level) (Figure 10.3a). Beyond this acceleration level 

the measured horizontal toe load for Wall 5 remained reasonably constant. However, in Wall 3 

the increasing trend in measured horizontal toe load with base acceleration continued. The two 

walls had very similar horizontal toe loads at acceleration level beyond 0.6g. The higher initial 

horizontal toe load in Wall 5 (geofoam at the back) is judged to be due to the difference in 

construction at the back wall. If the initial (static) horizontal load is subtracted from these plots 

then the remaining dynamic load component is the same up to the critical acceleration level of 

0.42g identified earlier. 

Figure 10.3b shows that both walls had similar increasing trends in measured vertical toe load 

with input acceleration. Wall 5 has slightly higher vertical toe loads compared to Wall 3. The 

measured vertical toe loads are also compared to the predicted vertical load from stability analysis 

of GRS walls using the pseudo-static seismic analysis method presented in Chapter 6. The 

relationship between predicted and measured load values for Wall 3 has been discussed in 

Chapters 6 and 9 and is not repeated here. However, the important observation from the data 
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trends for both Walls 3 and 5 is that both are qualitatively similar. If both data sets were re-

plotted using the loads at end of initial static loading as datum, they would be practically 

indistinguishable. This means that the presence of the EPS back boundary did not practically 

influence the dynamic vertical toe load response. 

10.4.4 Acceleration response and critical acceleration level 

Figure 10.4 shows the variation of acceleration amplification factor with base peak acceleration 

calculated at the location of the facing accelerometers using the root mean square (RMS) method 

described in Chapter 8. The two walls have similar acceleration amplification at the wall face. 

The peak acceleration amplification factor is about 2.2 at the top of the wall facing. The 

acceleration amplification factor at the top of the wall facing is significantly higher than that 

computed at the middle of the wall face. The acceleration amplification factors computed at 

backfill accelerometer locations are plotted in Figure 10.5. Wall 5 had slightly higher 

acceleration amplification inside the backfill soil. In general, the conclusion from the 

amplification data plotted in Figures 10.4 and 10.5 is that both sets are for practical purposes the 

same. This comparison is consistent with directly measured wall deformations that showed that 

the critical acceleration was the same for both walls and hence independent of the presence of the 

non-energy reflecting EPS back boundary.  

10.4.5 Reinforcement tensile strains 

The maximum global strains, converted from local strains measured by strain gauges are plotted 

for all strain gauge locations along reinforcement layers for all shaking stages in Figure 10.6 for 

both walls.  The results show that generally as the shaking intensity increased the strains in 

geogrid also increased. There are some exceptions where strains decrease with increasing shaking 

intensity that may be due to geogrid slippage at high acceleration levels and the development 
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complex failure mechanisms. For example, the second reinforcement layer from bottom in Wall 5 

(Figure 10.6b) shows decreasing global reinforcement strains during the last two stages (stage 8 

and 9) which may be related to multi-wedge failure mechanisms that were developed in Wall 5 

late in the shaking program (discussed more in subsequent sections). The top three reinforcement 

layers in both walls generally had small global strains (< 0.3%). The trends of global strains in the 

bottom reinforcement layer for both walls were similar with maximum strains occurring close to 

the back of the wall facing and decreasing along the reinforcement layer. However the 

magnitudes of peak strains in the bottom layer in Wall 5 (with geofoam) were significantly 

higher. In Wall 3 the maximum strain behind the facing in the last shaking stage was about 1.4% 

while in Wall 5 this value was about 3.5%. The distributions of maximum global strains along the 

second reinforcement layer from bottom of the walls were different in the two walls. In Wall 3 

(Figure 10.6a) the peak strains generally occurred closer to wall facing and were reduced along 

the reinforcement layer. However, in Wall 5 a sharp peak strain was developed in the middle of 

the reinforcement length due to the formation of failure wedges which are shown later. The 

locations of peak strains along the reinforcement layers can be matched with observed location of 

internal failure planes. The major conclusion from the data in Figure 10.6 is that maximum 

reinforcement strains were larger for Wall 5 than Wall 3 which is consistent with the greater wall 

displacement measured for Wall 5.  

10.4.6 Reinforcement connection loads and toe loads 

Reinforcement connection loads were back-calculated from strain gauge measurements close to 

the wall facing and are presented in Figure 10.7. The initial condition was taken as just before 

releasing the external support to the wall facing. Superimposed on the figures are the predicted 

connection load distributions along the wall height reported previously in Chapters 5 and 6 using 

pseudo-static methods. At acceleration levels up to about 0.37g, the distribution of connection 
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loads in both walls are similar and the distribution over height is relatively uniform (Figures 

10.7b, 10.7c and 10.7d). However, as the shaking intensity increases beyond the critical 

acceleration level (Figures 10.7e and 10.7f) the connection loads in the two lowermost 

reinforcement layers of Wall 5 become larger than the matching layers in Wall 3. Hence, 

observations made in Chapter 6 regarding the relative accuracy of different pseudo-static 

methods to estimate reinforcement loads are not affected up to critical acceleration values. 

However, at large of base excitation levels (0.51g and 0.62g) it can be argued that the NCMA 

(2009) method is the most accurate to estimate the highest loads observed in Wall 5 while the 

AASHTO (2010) method is reasonably accurate over the top half of the wall. 

Figures 10.8 and 10.9 show computed summations of reinforcement connection loads and 

horizontal toe loads versus input acceleration, respectively (Ti and Ti+RH). The data plots are 

judged to be qualitatively similar for both walls in each figure. If the data were re-potted to isolate 

the dynamic load component the plots would be sensibly identical. 

Figure 10.10 shows the ratio of horizontal toe load to the summation of connection loads and 

horizontal toe load plotted against peak input acceleration. Figure 10.11 presents the normalized 

elevation of the resultant earth force acting behind the wall. From a practical point of view the 

data in these two figures demonstrate that there is no difference in the facing load response of 

these two walls based on back wall boundary condition.  

10.4.7 Development of failure mechanism in backfill soil 

A high-speed digital video camera was used to capture images of the sand backfill and wall 

facing during shaking and at the end of the tests. The field of view of the camera is shown in 

Chapter 9 (Figure 9.1). Horizontal layers of coloured sand were used to facilitate detection of 

soil mass movement. 
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Figures 10.12a and 10.12b show the field of view of the backfill soil behind the facing for Walls 

3 and 5, respectively. Also superimposed on the figures are the deformed shapes of reinforcement 

layers and wall facing at the end of the test. The deformed shapes of geogrid reinforcement layers 

were detected by careful survey during the excavation of backfill soil. The yellow lines in the 

photographs are predicted failure plane angles based on pseudo-static analysis (Chapter 5) at 

three acceleration levels: a) 0g (or static), b) critical acceleration of about 0.45g and c) the 

acceleration corresponding to the last shaking stage for each test. Finally, the failure surfaces 

detected by visual inspection of the layered coloured sand are superimposed on the figures using 

red lines. It should be noted that for both Walls 3 and 5, the failure planes visible in the field of 

view started to develop at input acceleration levels of 0.47g which is very close to the observed 

critical acceleration levels for the model walls. At this critical acceleration level, the failure 

mechanisms at the onset of failure were almost identical in both walls – failure plane #2 started to 

develop from its upper left side at the same location and orientation. This observation matched 

the previous conclusions that there is no difference in wall response between these two model 

walls up to the critical acceleration level. At higher acceleration levels, the failure planes started 

to grow larger and extend deeper into the reinforced soil mass. The failure mechanisms illustrated 

in Figure 10.12 were developed at the end of shaking in the two models.  

The three major failure surfaces observed in Wall 3 (#1, 2 and 3) are almost exactly at the same 

location and have similar orientations as in Wall 5. However, they are longer and extended deeper 

into the reinforced soil zone in Wall 5 (Figure 10.12b). Also, in Wall 5 there are three additional 

failure planes observed; two are vertical planes developed behind the facing, and one is parallel to 

failure plane #3 but closer to the wall facing. These additional failure mechanisms are a result of 

the larger horizontal movement of Wall 5 (and the retained soil) compared to Wall 3 which did 
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not have geofoam at the back boundary. The deformations measured at the end of the 

reinforcement layers in Wall 5 are also greater consistent with larger soil mass movement. The 

multi-mechanisms were observed to develop progressively after the critical acceleration level was 

reached. The intersection points of the failure surface in Wall 5 with reinforcement layers 

correspond reasonably well with the location of peak global reinforcement strains presented in 

Section 10.4.5. 

10.4.8 Back boundary EPS geofoam compression 

Figure 10.13 illustrates the maximum compression of the 0.15 m-thick EPS geofoam layer 

placed between the rigid back boundary of shaking table strong box and the backfill soil in Wall 

5. The compression of the geofoam was measured at five different elevations using POTs. The 

data points in each plot are time coincident and correspond to the time of maximum peak input 

acceleration during each shaking stage. The figure shows that the maximum buffer compression 

at the last stage of shaking reaches about 3 mm (2% compressive strain) measured at the mid-

height of the geofoam inclusion. This strain level is well within the elastic limit of the material. 

The non-uniform shapes are a consequence of phase change through the soil column. In Chapter 

2 a non-uniform EPS buffer compression profile was noted when the stiffness of the material 

became very low. In this earlier test the buffer height was 1 m. In the current experiment the 

buffer is 1.42 m-high and the stiffness is greater. Hence, taken together it appears that 

deformation modes for EPS seismic buffers are a function of height and stiffness. 

10.5 Conclusions 

In order to experimentally investigate the influence of far-end boundary condition on shaking 

table tests of model GRS walls, two nominally identical model walls were built with different 

back boundary condition for the model strong box. In one model the back boundary was left 
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untreated (i.e. rigid far-end boundary). In the other model a 0.15 m-thick compressible layer of 

EPS geofoam was placed between the backfill soil and the rigid back boundary. The simulated 

seismic response of these two model walls was investigated with respect to different performance 

parameters in order to quantify the influence of the back boundary condition. The major 

conclusions are: 

 The maximum wall horizontal movement in both walls was practically identical up to the 

critical base input acceleration of about 0.42g. At greater acceleration levels, the model 

with EPS geofoam in the back boundary developed larger horizontal wall movements.  

 The wall with geofoam at the back boundary generated initially higher vertical and 

horizontal toe loads at the beginning of shaking which may be due to differences in 

construction. However, the qualitative trends for vertical toe load with increasing input 

acceleration were similar for both walls. The trends of horizontal toe load with input 

acceleration were similar for both walls up to the critical base input acceleration level of 

about 0.4g. Beyond the critical acceleration level there were differences with the no-

geofoam wall case generating greater loads. 

 The magnitudes of acceleration amplification in both walls were practically identical at 

the locations where these values were computed. 

 Before the critical acceleration level was reached, both walls had similar reinforcement 

connection load distributions over wall height. However, at acceleration levels greater 

than critical acceleration, the wall with geofoam experienced greater connection loads in 

the bottom reinforcement layer. The larger connection loads at the base of the wall were 

consistent with larger strain measurements in the same layers. This may be related to the 
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development of multiple failure mechanisms in the backfill at higher acceleration levels 

and greater wall deformation. 

 The qualitative trends for the variation of total earth force (sum of connection loads and 

horizontal toe load) with base input acceleration level were similar for the two walls. If 

dynamic load components are considered only, then both walls gave practically identical 

facing load responses with increasing base excitation. 

A practical implication of these observations taken together is that the back boundary condition of 

the strong box container in these two models did not have a significant influence on the seismic 

performance of GRS model walls below the critical acceleration level. At acceleration levels 

higher than critical acceleration, the EPS geofoam inclusion at the back boundary of the model 

wall allowed more deformation to occur in the backfill soil. This in turn affected the wall 

horizontal movement, distribution of reinforcement connection loads and the development of 

multi-wedge failure mechanisms. Nevertheless, when the total dynamic load-response of the wall 

facing with respect to base acceleration level is isolated, the influence of the back-wall boundary 

condition essentially disappears even beyond the critical acceleration level.  

It should be reminded that, the strategy adopted in this testing program was to perform the 

experiments with simple boundary conditions (i.e. rigid far-end boundary) to facilitate test 

interpretation, and then use the experimental results to verify numerical models (with rigid back 

boundary). These verified numerical models can be used in the future to investigate the effect of 

rigid back boundary and non-energy-reflecting boundaries in numerical experiments and to scale 

the numerical experiments up to prototype scale.  
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Table  10.1 Shaking table test summary (adapted from Chapter 6) Note: Walls investigated in 
this chapter are in boldface type. 

Wall Number 

G
eo

gr
id

 le
ng

th
, L

 
(m

) Geogrid type  
and stiffness,  
J (kN/m) 

Toe boundary 
condition 

Back wall  
boundary  
condition 

In
pu

t e
xc

ita
tio

n 
fr

eq
ue

nc
y,

 f
 (

H
z)

 

EPS inclusion 
between wall facing 
and backfill soil 

Wall 1 (trial) 0.9 R, 210 hinged rigid wall 5 No 

Wall 2 (trial) 0.9 R, 210 hinged rigid wall 5 
No

Wall 3 
(control) 

0.9 R, 210 hinged rigid wall 5 No 

Wall 4 0.9 R, 210 sliding rigid wall 5 
No

Wall 5 0.9 R, 210 hinged 
EPS 
geofoam 

5 No 

Wall 6 0.9 R, 210 hinged rigid wall 5 Yes 

Wall 7 0.9 R, 210 hinged rigid wall 2 No 

Wall 8 1.1 R, 210 hinged rigid wall 5 Yes 

Wall 9 1.1 R, 210 hinged rigid wall 5 No 

Wall 10 0.9 R, 210 hinged rigid wall 8 No 

Wall 11 0.9 F, 1980 hinged rigid wall 5 No 

Notes: All walls have height H = 1.42 m; R = Raugrid 2/2-20 geogrid; F = Fortrac 200 geogrid
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Figure  10.1 GRS model wall configurations: a) Wall 3 (control); b) Wall 5 with EPS geofoam 
back boundary. 
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Figure  10.2 Maximum facing top horizontal movement. 
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Figure  10.3 Maximum toe load measurements: a) horizontal toe load; b) vertical toe load. 
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Figure  10.4 Acceleration amplification based on RMS method for facing accelerometers. 
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Figure  10.5 Acceleration amplification based on RMS method for backfill accelerometers: a) 
ACC 4; b) ACC 3; c) ACC 2; d) accelerometer locations. Note: ACC 1 did not function properly 
in Wall 5 test. 

 

d) 
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Figure  10.6 Maximum global tensile strains along reinforcement: a) Wall 3; b) Wall 5 (geofoam 
back boundary). 
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Figure  10.7 Reinforcement tensile connection load distribution along the wall height at different excitation levels: a) 0g; b) 0.18g; c) 0.3g; d) 
0.37g; e) 0.51g; f) 0.62g. 
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Figure  10.8 Measured and predicted sum of reinforcement connection loads. 

 

 

Figure  10.9 Measured and predicted total earth force at the back of facing. 
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Figure  10.10 Ratio of horizontal toe load to total earth force. 

 

Figure  10.11 Normalized elevation of the resultant earth load. 
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Figure  10.12 Observed and predicted failure surfaces at the end of shaking: a) Wall 3; b) Wall 5. 
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Figure  10.13 Back boundary EPS geofoam compression. 
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Chapter 11 

Influence of Predominant Frequency of Input Excitation and 

Reinforcement Parameters on the Seismic Performance of Reinforced 

Soil Walls Using Shaking Table Tests1 

11.1 Introduction 

One-g shaking table tests on reduced-scale models are a useful method to experimentally 

investigate the seismic performance of geosynthetic reinforced soil (GRS) retaining walls 

(Chapter 6). Different parameters can be isolated and investigated separately in a suite of models 

in order to study the influence of each parameter on the dynamic response of these structures to 

simulated earthquake. While there are documented cases of the superior performance of GRS 

walls during past major earthquakes around the world compared to conventional structures, the 

understanding of the complex behaviour of these multi-component systems is lagging (Bathurst 

et al. 2010; Koseki et al. 2006).  

This chapter presents and analyses the results of five shaking table tests on reduced-scale model 

GRS walls that were performed at the Royal Military College of Canada (RMC). These tests are 

part of a larger experimental study program on the seismic performance of GRS walls; the results 

of other tests in this program are reported in other chapters (Chapters 6, 9 and 10). In four of the 

tests reported here the influence of base input excitation predominant frequency, geosynthetic 

reinforcement length and stiffness was investigated while keeping all other parameters the same 

as the control structure in the program of tests. 

                                                      
1 This chapter contains material that is under preparation for submission as a journal paper in collaboration 
with Dr. Bathurst. 
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11.2 Background study 

Many parameters may influence the seismic performance of GRS retaining walls. These include 

but are not limited to: reinforcement parameters such as length, vertical spacing and stiffness; 

input excitation characteristics such as duration, predominant frequency and peak acceleration; 

wall facing characteristics such as wall toe boundary condition, batter angle and facing type; and 

backfill soil properties. It should be noted that wall response may be strongly influenced by 

proximity of the predominant frequency of the input excitation to the fundamental frequency of 

the wall. This was first pointed out in the context of reinforced soil walls by Bathurst and 

Hatami (1998). The current experimental study focuses on the influence of predominant 

frequency of the input excitation, geosynthetic reinforcement length and stiffness by performing 

shaking table tests on reduced-scale model GRS walls with height of 1.42 m. There are similar 

experimental and numerical studies available in the literature that also investigate the influence of 

these parameters. In this section a summary of these studies is presented in two separate parts 

dealing with the influence of input frequency and geosynthetic reinforcement parameters (length 

and stiffness). 

11.2.1 Influence of predominant frequency 

One of the earliest experimental studies on the seismic performance of reinforced soil retaining 

wall models was performed by Richardson and Lee (1975). They constructed a 380 mm-high 

wall reinforced with metallic mesh on a small shaking table and subjected it to a sinusoidal input 

excitation with different peak acceleration magnitudes (ranging from 0.05g to 0.5g) and different 

predominant frequencies (ranging from 3 to 22 Hz). They observed that the wall responded as a 

damped single mode elastic oscillator giving a well-defined frequency distribution curve at each 

acceleration level. However, the frequency response curves at various levels of excitation were 

different suggesting nonlinear wall behaviour. This observation was consistent with the nonlinear 
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behaviour of sand at high acceleration levels where increases in shear strain lead to decreases in 

shear modulus and increases in damping. Their study also shows that at small acceleration levels, 

higher predominant frequencies result in larger wall movement, but at high acceleration levels 

higher predominant frequencies result in smaller wall movement compared to lower predominant 

frequencies.  

Lo Grasso et al. (2004, 2006) examined the influence of predominant frequency on 0.35 m-high 

GRS model walls reinforced with geogrids. Their experimental results on models excited at 0.4g 

acceleration level and frequencies of 4, 5 and 6 Hz indicated that there was not a significant 

influence on the magnitude of wall horizontal movement due to frequency change. However, for 

models excited at 7 Hz, there was detectable increase in wall horizontal movement.  

The experimental results reported by Sabermahani et al. (2009) on 1 m-high wrapped face walls 

reinforced with geosynthetics showed that at acceleration levels of about 0.1g and 0.2g the 

influence of predominant frequency change on wall horizontal movement was not very 

significant. However, at the acceleration level of 0.3g, the model excited at 8 Hz predominant 

frequency resulted in almost half of the wall horizontal movement for a similar model excited at 5 

Hz. Only these two frequencies were examined and no acceleration level greater than 0.3g was 

investigated.  

In studies by Latha and Krishna (2008) and Krishna and Latha (2007), 0.6 m-high model 

GRS walls (with wrapped face) reinforced with geotextiles were tested on a small shaking table at 

acceleration levels of 0.1g and 0.2g. For the walls excited at 0.1g the predominant frequencies of 

the input excitation were 1, 2 and 3 Hz (Krishna and Latha 2007). It was observed that the 

largest wall displacements occurred at predominant frequency of 2 Hz while the model excited at 

3 Hz resulted in the smallest wall horizontal movement. At all elevations, accelerations were 
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amplified less at 2 Hz frequency and they were even amplified more at 3 Hz frequency compared 

to base excitation with 1 Hz frequency. Similar trends in wall horizontal movement for models 

excited at 0.2g acceleration level and predominant frequencies of 2, 3 and 5 Hz were also 

observed (Latha and Krishna 2008). The model excited at 3 Hz had the largest wall horizontal 

movement while the models excited at 2 and 5 Hz had smaller wall movement. They repeated the 

three tests and confirmed the original observed trends due to influence of predominant frequency.  

El-Emam (2003) carried out two nominal identical tests with predominant input frequency of 2.5 

and 5 Hz, on 1 m-high GRS model walls with rigid facing panels reinforced with geogrid on a 

relatively large shaking table. 

The writer analyzed the original data from these tests and noted that when the maximum 

displacement at the top of the wall was plotted against the peak measured input acceleration up to 

about 0.45g there was no significant difference between wall top displacements at these two 

frequencies. However, at greater accelerations, larger lateral displacement occurred in the model 

excited with the higher predominant frequency (5 Hz). Some preliminary numerical parametric 

studies reported by El-Emam (2003) were investigated by the writer and they illustrate similar 

trends observed by Krishna and Latha (2007) and Latha and Krishna (2008) (i.e. larger 

displacements at the middle excitation frequency).  

These studies show that there are no experimental data available in the literature that include at 

least three different predominant frequencies of input excitation and a wide range of input 

acceleration levels for GRS model walls with rigid facing panels. This lack of information has 

been a major motivation for the experimental investigation described in this chapter.  
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11.2.2 Influence of reinforcement parameters 

The other two parameters that are investigated in this chapter are reinforcement length and 

stiffness. There are some experimental shaking table studies available in the literature that 

quantitatively illustrate the benefit of increasing the reinforcement length in GRS walls to 

improve their seismic performance under dynamic loading conditions.  

Watanabe et al. (2003) performed shaking table tests on 0.5 m-high GRS wall models reinforced 

with grids of phosphor-bronze strips and increased the length of reinforcement from 40% of wall 

height to 70% of wall height (an increase of about 75%). It was observed that the wall horizontal 

displacement was reduced significantly in the model with longer reinforcement layers. Also, the 

tensile loads in the longer reinforcements were higher compared to the shorter reinforcements 

which may have been related to the different pattern of failure plane formation in these models.  

Murata et al. (1992), Matsuo et al. (1998), El-Emam and Bathurst (2007) and Sabermahani 

et al. (2009) performed shaking table tests on 1 m-high model GRS walls with different 

reinforcement lengths. It was observed that increasing the ratio of the reinforcement length to 

wall height (i.e. increasing reinforcement length) was an effective method of reducing wall 

deformation and improved the stability of GRS model walls under dynamic loading conditions. 

However, the results of shaking table test reported by Sakaguchi (1996) and the predictions from 

numerical modelling results of walls subjected to simulated seismic shaking (Bathurst and 

Hatami 1998; Ling et al. 2005a) showed that there may be a diminishing benefit from uniform 

reinforcement lengths when the ratio of L/H approaches unity and beyond. 

Watanabe et al. (2003) also concluded that increasing the length of several of the upper 

reinforcement layers is very beneficial for improving the seismic performance and stability of 
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GRS walls. Similar observations have also been reported by Koseki et al. (1998), Lo Grasso et 

al. (2004) and Ling et al. (2005b). 

Another important factor that affects the response of GRS walls under both static and dynamic 

(i.e. earthquake) loading is the reinforcement stiffness. Current seismic design guidelines for GRS 

walls in North America do not explicitly consider the stiffness of the reinforcement layers and its 

effect on the distribution of connection loads. Numerical studies (Rowe and Hoe 1998; Bathurst 

and Hatami 1998; Hatami et al. 2001) and field measurements (Allen and Bathurst 2002) have 

shown that reinforcement stiffness (rather than tensile strength at rupture) is a key parameter 

influencing tensile loads in reinforcement layers under operational conditions. The experimental 

shaking table study on 0.6 m-high GRS model walls reported by Krishna and Latha (2009) and 

on 1 m-high GRS model walls reported by Sabermahani et al. (2009) also illustrate that the 

ultimate tensile strength of the reinforcing material does not influence the performance of the 

walls, but the secant axial stiffness value at the low strains that are developed in the walls was 

important. By using numerical simulation of GRS walls under dynamic loading, Bathurst and 

Hatami (1998) illustrated that the tensile loads in all reinforcement layers increased as the 

reinforcement stiffness increased. The experimental shaking table data available in the literature 

also show that the seismic stability of model GRS walls was improved by increasing the stiffness 

of the reinforcement. The shaking table tests on 1 m-high GRS model walls performed by 

Sabermahani et al. (2009) and El-Emam and Bathurst (2007) demonstrate that the maximum 

horizontal wall deformation decreased as the stiffness of the reinforcement layers was increased 

and hence the stability of GRS model walls was improved under simulated earthquake loading. 

Based on the review of the literature reported in this section, it was concluded that the effect of 

predominant frequency of input excitation should be investigated using a minimum of three 
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different frequencies. These frequencies should be away from the fundamental frequency of the 

wall-backfill soil system in order to prevent resonance. Hence in this experimental shaking table 

study it was decided to examine predominant frequencies of 2, 5 and 8 Hz which are much 

smaller than the fundamental frequency of the models (about 61 Hz). Also, the experimental data 

available in the literature on the effect of predominant frequency on seismic performance of GRS 

walls are mainly for wrapped-face GRS walls rather than GRS model walls with rigid facing 

panels. The previously reported experimental study by El-Emam (2003) only investigated two 

frequencies applied to smaller-scale model GRS walls and excited with stepped-amplitude 

sinusoidal acceleration records. These excitations were not as uniform and clean (without any 

high frequency noise and spikes in accelerogram) as the accelerogram used in the current study 

and did not include smoothly rising and decaying portions that are a feature of the records used 

here. 

It should be mentioned that that the test program reported in this thesis has benefited from prior 

experimental work reported by El-Emam and Bathurst (2004) using similar reduced-scale GRS 

models placed on a smaller shaking table. However, in the current study major improvements in 

the experimental design were made and the scope of the testing program is larger. For example 

the walls in the current study were taller and wider, built with natural sand (as opposed to 

artificial sand), excited with a staged variable-amplitude harmonic accelerogram and monitored 

using a high-speed camera and advanced image analysis. 

11.3 Shaking table experimental setup 

The shaking table tests reported here were performed with the new shaking table facility built 

recently at the Royal Military College of Canada (RMC). The shaking table platform is 2.6 m by 

3.3 m (in the direction of shaking). A rigid “strong box” with one open side was constructed and 
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bolted to the shaking table platform. The other three side walls were constructed from 25 mm-

thick Plexiglas in order to provide visual observation of the wall and soil. The models were built 

inside the strong box while the wall facings were located at the open end of the box. More details 

of the shaking table facility are provided in Chapter 6. 

The back boundary (or far-end boundary) of the strong box is rigid which can be expected to 

influence the dynamic response of GRS model walls due to reflected energy (Bathurst and 

Hatami 1998; Chapters 6 and 10). However, the strategy adopted in this testing program was to 

perform the experiments with simplified boundary conditions (i.e. rigid far-end boundary) and 

then use those experimental results to verify numerical models (with rigid back boundary). These 

verified numerical models can then be used to investigate the effect of rigid back boundary in the 

experiments by carrying out nominally identical numerical simulations with non-energy-

reflecting boundaries. 

11.3.1 Model configurations and construction 

Figure 11.1 illustrates a typical cross section of the model retaining walls (including the 

instrumentation). The retaining wall panels were built with stacked hollow steel sections that 

were rigidly connected at their ends. The wall facing (panel) was seated on a steel plate which in 

turn was placed on four pairs of carriages sliding on four low-friction rails. The movement of the 

wall facing was limited to rotation around its base (with a hinged connection between the wall 

and the base plate) while the toe of the wall was prevented from horizontal and vertical 

movement. During the design of the reduced-scale GRS model retaining walls the similitude laws 

proposed by Iai (1989) were used to scale reinforcement stiffness and wall facing panel sections 

assuming a prototype to model scaling factor  = 4. The height of the wall (H) was 1.42 m in all 

tests. Five layers of reinforcement were used to reinforce the backfill soil. Each reinforcement 
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layer was clamped and fixed between two aluminum bars with the same width as the facing 

panels. The results of five GRS model walls are presented in this paper:  

a) Wall 3, was reinforced with five layers of reinforcement with length (L) of 0.9 m (i.e. 

L/H = 0.63) and excited with an input acceleration record with predominant frequency of 

5 Hz (this wall is considered the control case) (Figure 11.2a). 

b) Walls 7 and 10 were identical to Wall 3 except they were excited with input acceleration 

records with predominant frequencies of 2 Hz and 8 Hz, respectively (Figure 11.2b). 

c) Wall 11, was identical to Wall 3 except the stiffness of the reinforcement was increased 

by about one order of magnitude (Figure 11.2c). 

d) Wall 9, was identical to Wall 3 except the length of all reinforcement layers was extended 

by 0.2 m, to 1.1 m (L/H = 0.78) (Figure 11.2d).  

The five tests that are the focus of this chapter are highlighted in boldface text in Table 11.1. 

More details about the general arrangement of the model shaking table tests, wall toe 

arrangement, and model setup are provided in Chapter 6.  

The construction method that was adopted for these walls included installing temporary rigid 

vertical supports in front of the facing panels to prevent any wall horizontal deformation during 

construction. The backfill soil was placed loose in 150 mm-thick layers and then each lift was 

gently vibro-compacted by shaking the table at a frequency of about 6 Hz for about 5 seconds. 

When the wall construction was complete, the vertical supports were removed and the wall was 

allowed to reach static equilibrium. This stage was considered the initial stage prior to applying 

any shaking to the models. This construction technique and facing type falls between the field 
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case of an incrementally constructed (un-braced) segmental (modular block or concrete panel) 

wall and a full-height braced rigid panel wall. 

11.3.2 Material properties 

The backfill soil that was used in the model walls was clean, uniform-sized, rounded beach sand 

(SP in the Unified Soil Classification System) with D50 = 0.35 mm, coefficient of curvature Cc = 

1.09 and coefficient of uniformity Cu = 2.26. The fines content (particle sizes < 0.075 mm) was 

less than 1%. The sand has a flat compaction curve which helped to ensure that the final 

compacted density was uniform throughout the backfill. This sand is the same soil that has been 

used in previous RMC large-scale reinforced soil retaining wall projects and has been extensively 

studied and characterized by Burgess (1999), Walters (2004) and Hatami and Bathurst (2005). 

The writer also performed separate tests to confirm previously reported material property values. 

For example, direct shear box tests, 10 cm by 10 cm in area, were performed on the sand prepared 

to the same dry density as the backfill soil in model walls. These tests gave a peak secant friction 

angle of 43° (or 45° peak plane strain friction angle based on an equation by Bolton (1986)), 

constant volume friction angle of 36° and dilation angle of 11° at 10 kPa normal stress. The 

average dry density and moisture content of the sand measured in all model tests were 1736 ± 28 

kg/m3 and 0.64% ± 0.11%, respectively. 

The geosynthetic reinforcement materials for the model walls were selected to satisfy similitude 

laws for reduced-scale models (Iai 1989). The commercially available polyester (PET) geogrid 

reinforcement with PVC coating (Raugrid 2/2-20, manufactured by Luckenhaus) (hereafter 

called type “R”) with aperture size of 23 mm by 24 mm was used in Walls 3, 7, 9 and 10. In Wall 

11 with stiffer reinforcement, the commercially available polyester (PET) geogrid reinforcement 

with PVC coating (FORTRAC 200, manufactured by Huesker) (hereafter called type “F”) with 
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aperture size of 30 mm by 30 mm was used. PET reinforcement products are less affected by 

loading rate and are practically strain-rate independent (Bathurst and Cai 1994; Shinoda and 

Bathurst 2004) and hence are ideal candidate geosynthetic reinforcement materials in seismic 

experimental study of GRS walls (Chapter 6). Proper scaling of the reinforcement material is 

important but often ignored in reduced-scale physical modelling of GRS walls. The selected 

reinforcements for this research project had suitable stiffness based on the scaling laws. For 

geogrid type “R” the width of the strands in the cross-machine direction was greater than in the 

machine direction which made these strands more suitable for attaching strain gauges. Hence, the 

geogrid was placed with the cross-machine direction in the direction of loading. Geogrid type “F” 

was oriented in the machine direction. Table 11.2 summarizes stiffness values for both geogrids 

at model scale and their equivalent values at prototype scale. The less stiff geogrid (type “R”) is 

equivalent to typical geogrid products used in field walls (at prototype scale). The stiffer geogrid 

(type “F”) has stiffness approximately one order of magnitude higher than type “R”. Figure 11.3 

presents the results of tensile tests on specimens of the two geogrids performed at a rate of 20% 

strain per minute. The results clearly illustrate the difference in stiffness (at 2%, J2%).  

11.3.3 Instrumentation 

Figure 11.1 illustrates the instrumentation layout adopted for this shaking table experimental 

program. Instrumentation details are provided in Chapter 6 and only a brief description is given 

here for completeness. The instrumentation included: 

 An accelerometer and a potentiometer-type displacement transducer (POT) attached to 

the shaking table platform.  

 Four POTs placed against the wall face.  
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 Two accelerometers attached to the facing panel at mid-height and top of the wall.  

 Four accelerometers placed inside the backfill soil at equal vertical spacing and about 0.9 

m from the wall.  

 Two horizontal load cells and eight vertical load cells (Figure 11.1) to measure 

decoupled horizontal and vertical toe load components.  

 Eight pairs of strain gauges (nine pairs for the longer reinforcements in Wall 9) bonded to 

the longitudinal members of the geogrid.  

 A row of load rings to measure tensile loads at each of the geogrid-facing connections. 

The accelerometers in the backfill and along the facing, facing POTs and reinforcement strain 

gauges were located over the middle width of the model to further minimize potential side wall 

boundary effects. Reinforcement tensile loads at the connections were also deduced from strain 

gauge measurements taken immediately adjacent to the facing panel. All the instruments were 

connected to a high-speed synchronous data acquisition system. The data was acquired at the rate 

of 200 Hz in order to prevent aliasing effects and to capture the peak values of dynamic wall 

response induced by base shaking. A high-speed digital video camera was also used to record and 

monitor soil movements behind the facing. Figure 11.1 illustrates the approximate location of the 

camera field of view. Camera images were taken through the transparent Plexiglas/polyethylene 

side wall of the shaking table strong box at a rate of 100 frames per second. Thin layers of black 

coloured sand were placed at vertical intervals of 20 mm immediately adjacent to the Plexiglas 

side wall facing the video camera. This coloured layered sand behind the Plexiglas also provided 

visual tracking of the progressive development and location of the failure planes in the sand 

backfill during shaking. 
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11.3.4 Model excitation 

After initial static equilibrium was achieved in the models, a variable-amplitude harmonic 

excitation was used as the input base excitation to shake the models. This accelerogram has both 

increasing and decaying peak acceleration portions. Figure 11.4a shows one of the shaking 

stages (stage 10) for Wall 7 that illustrates the variable-amplitude shape of the accelerogram. The 

displacement record was calculated by double integration and was applied to the shaking table 

using a computer-controlled actuator (Appendix A). The final input acceleration was applied to 

the model walls in multiple stages of the reference accelerogram with increasing acceleration 

amplitude at each stage. Figure 11.4b shows the 10 shaking stages that were applied to Wall 7 

with peak acceleration levels ranging from 0.1g in stage 1 up to 0.86g in stage 10. The variable-

amplitude sinusoidal record was chosen over constant or stepped-amplitude sinusoidal excitation 

because it has been shown that constant or stepped-amplitude sinusoidal excitation is more 

aggressive than an equivalent earthquake record with similar predominant frequency and peak 

acceleration amplitude (Watanabe et al. 2003; Bathurst and Hatami 1998; Matsuo et al. 

1998). After each stage there was a pause of ten minutes during which the video file captured 

during each stage was downloaded. There was no detectable influence of the pause between 

excitation stages on the collected data. The peak acceleration levels were increased in the models 

until excessive deformation occurred which was different for each model. Hence each model wall 

was dynamically loaded with different number of shaking stages and the tests were stopped at 

different peak acceleration levels: Wall 3, 9 stages, 0.67g; Wall 7, 10 stages, 0.86g; Wall 9, 10 

stages, 0.78g; Wall 10, 12 stages, 0.96g; Wall 11, 9 stages, 0.67g. 

The predominant frequency of the input excitation was selected as 2 Hz, 5 Hz and 8 Hz. Table 

11.2 summarizes the frequency values at model scale and their conversion to equivalent values at 

prototype scale based on scaling laws proposed by Iai (1989). These model frequencies are 
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equivalent to 1 Hz, 2.4 Hz and 3.9 Hz at prototype scale. Frequencies of 2 to 3 Hz are 

representative of typical predominant frequencies of medium to high frequency earthquakes 

(Bathurst and Hatami 1998) and fall within the expected earthquake parameters for North 

American seismic design (NBCC 2005; AASHTO 2010). Figure 11.4c illustrates the fast 

Fourier transformation (FFT) analysis results of the measured shaking table acceleration 

(measured with the accelerometer attached to the table platform) for stage 10 of shaking in Wall 

7. This plot clearly illustrates the predominant frequency of 2 Hz for the input acceleration 

record. The predominant frequencies investigated here are much lower than the fundamental 

frequency of the model retaining walls which were estimated to be about 61 Hz based on 

numerical free vibration simulations, closed-form calculations and experimental measurements 

(Chapter 6). 

11.4 Results 

The influence of predominant frequency of input excitation and reinforcement parameters on 

seismic performance of the GRS model walls are investigated separately based on the following 

dynamic responses: maximum wall horizontal movement, acceleration amplification, wall toe 

loads, reinforcement connection loads and development of failure planes in the backfill soil. The 

observed and predicted critical acceleration values are also compared. The measured 

reinforcement connection loads are compared to predicted values using closed-form solutions 

found in design guidelines. 

11.4.1 Wall horizontal movement 

Figure 11.5 illustrates the variation of maximum wall horizontal movement occurring at the top 

of the wall facing (measured by POT4 in Figure 11.1) versus peak measured input acceleration at 

each stage. Figures 11.5a and 11.5b focus on the influence of reinforcement parameters and 
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predominant frequency on wall maximum movement, respectively. With respect to the influence 

of reinforcement parameters it is shown that (Figure 11.5a) up to about 0.45g input acceleration 

level, Wall 3 (the control case) had the highest wall movement. The wall movement was less in 

the model with longer reinforcement (Wall 9). By using a stiffer reinforcement in Wall 11, the 

wall movement was reduced further; at 0.45g base input acceleration level Walls 3, 9 and 11 had 

maximum wall movements of about 53, 31 and 27, mm respectively. However, at acceleration 

levels greater than 0.45g the horizontal movement in Wall 11 (with stiffer reinforcement) 

increased significantly while the trend in wall movement for Walls 3 and 9 remained similar (i.e. 

wall with longer reinforcement resulted in smaller wall movements). The sudden increase in wall 

horizontal movement in Wall 11 (with stiffer reinforcement) may be due to the onset of slippage 

between reinforcement layers and the backfill soil. This slippage may be related to the larger 

aperture sizes of the geogrid used in Wall 11 compared to the control wall. 

The influence of predominant frequency of input excitation on wall maximum displacement is 

illustrated in Figure 11.5b. The plots for all three frequencies illustrate that as the input 

acceleration level increases the maximum wall horizontal movement also increases but there 

appears to be a complex effect of predominant frequency on measurement results. One trend that 

is clear throughout the entire excitation stages is that the wall excited with the smallest 

predominant frequency (2 Hz, Wall 7) always had smaller wall displacements compared to Wall 

3 that was excited at 5 Hz. This is similar to the results from the shaking table tests reported by 

El-Emam (2003) that were re-analyzed by the writer. The model GRS walls excited at 5 Hz 

predominant frequency in this earlier study also had generally higher wall displacement compared 

to the models excited at 2.5 Hz (no frequency higher than 5 Hz was used in these earlier tests). 

However, for Wall 10 with predominant frequency of 8 Hz the comparison is not straight forward 
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because the three walls were not excited at exactly the same acceleration level at each stage. In 

order to make the comparison easier, a fourth-order polynomial curve was fitted to each data plot 

in Figure 11.5b. These polynomial fits are presented in Figure 11.5c. The dynamic component of 

wall displacements (after releasing the facing supports) at the same acceleration levels was then 

interpolated from these smoothed approximations for the three walls. The results are plotted 

versus predominant frequency in Figure 11.6. As the inset figure shows, at acceleration levels up 

to about 0.3g the wall displacement were small but generally increased with increase in 

predominant frequency. However, as the acceleration level increased beyond 0.3g, wall 

displacements for walls excited at 8 Hz were smaller than the walls excited at 5 Hz. At very high 

acceleration levels (> 0.6g) displacements were even smaller than for walls excited at 2 Hz. These 

results show that although the three model walls were identical, the model excited at predominant 

frequency of 5 Hz generally had larger wall movement at acceleration levels higher than 0.3g 

compared to the walls excited at 2 and 8 Hz. The only other experimental studies that have 

investigated the influence of three different frequencies are reported by Latha and Krishna 

(2008) (frequencies of 2, 3 and 5 Hz) and Krishna and Latha (2007) (frequencies of 1, 2 and 3 

Hz).  One important difference in their tests and the current study is that these earlier tests were 

done on very small models compared to the current investigation (H = 0.6 m versus 1.42 m) and 

they used flexible wrapped-face construction compared to the hinged hard-faced walls here. 

Nevertheless, they reported a similar observation that the middle frequency in their tests also 

resulted in the maximum measured wall movement. It is interesting to note that in the numerical 

simulations of the same walls presented in Chapter 12, the same nonlinear relationship between 

input frequency and wall facing response was repeated. 
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11.4.2 Wall toe loads 

The decoupled boundary load components at the toe of the wall were measured separately using 

horizontal and vertical load cells installed at the wall toe (Figure 11.1). The maximum horizontal 

toe loads at each stage are plotted against the peak measured input acceleration for all model 

walls in Figure 11.7a. The walls with longer reinforcement (Wall 9) and stiffer reinforcement 

(Wall 11) generally had smaller horizontal toe loads compared to the control case (Wall 3). The 

longer reinforcement resulted in more horizontal toe load reduction compared to the stiffer 

reinforcement. This behaviour is expected since the longer reinforcement layers will increase the 

anchorage length and hence more load can be transferred to the reinforcement layers and less load 

is required to be carried by the restrained facing panel toe. With respect to the influence of 

predominant frequency, the model excited with predominant frequency of 8 Hz had the smallest 

horizontal toe load values compared to the other models excited at 5 and 2 Hz. The horizontal toe 

loads for Walls 3 and 7 were very similar. Since current design guidelines assume that all the 

earth force acting against GRS walls will be carried only by reinforcement layers (i.e. horizontal 

toe restraint is not mobilized), the measured horizontal toe load values could not be compared 

against predicted values. Ismik and Guler (1998) proposed a two-wedge failure mechanism for 

seismic stability of GRS walls and developed the corresponding formulation based on limit 

equilibrium analysis. In their method a horizontal shear force is considered at the interface of the 

bottom of wall facing and the foundation. For the model walls with hinged toe (no horizontal 

sliding allowed) examined here, the method proposed by Ismik and Guler (1998) is not 

applicable since the problem is statistically indeterminate. 

The vertical toe loads for all models are presented in Figure 11.7b. The results show that up to 

input acceleration level of about 0.3g there is no significant difference between the measured 

vertical toe loads of all models. However, as the input acceleration level increases, the model with 
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stiffer reinforcement (Wall 11) experiences higher vertical toe loads than all other models. 

Furthermore, the model excited with predominant frequency of 8 Hz (Wall 10) had the smallest 

vertical toe loads at higher acceleration levels. It should be mentioned that for all walls the 

measured vertical toe load was significantly higher than the self-weight of the wall facing system, 

at the end of construction and before applying any base excitation. This is due to the development 

of down-drag forces behind the wall facing caused by backfill settlement during compaction that 

are transferred through the friction between the backfill soil and wall facing and soil load on the 

reinforcement connections to the facing. The measured vertical toe loads are also compared to the 

predicted vertical load from stability analysis of GRS walls according to pseudo-static seismic 

analysis methods recommended in current design guidelines (AASHTO 2010; FHWA 2009; 

NCMA 2009; Bathurst and Cai 1995; Chapter 6) which are based on the Mononobe-Okabe 

(M-O) theory. Two different backfill-wall interface friction angles () were assumed:  = () = 

backfill peak plane strain friction angle = 45° and  = backfill constant volume friction angle = 

36°. The comparison illustrates that for Walls 3, 7 and 9 the measured vertical toe loads typically 

fell within the upper and lower limits (shaded area) of the prediction range. The measured vertical 

toe load for Wall 10 fell below the prediction range at acceleration levels higher than 0.45g. The 

measured vertical toe load for Wall 11 was slightly greater than the prediction range at 

acceleration levels smaller than 0.55g. The almost linear vertical load versus peak input 

acceleration response for these two walls could be better predicted by assuming a gradual 

reduction in backfill-wall interface friction angles with increasing base excitation acceleration as 

noted in Section 6.6.2. These results are qualitatively and quantitatively similar to the results 

reported in Chapter 6.  
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11.4.3 Acceleration response and critical acceleration level 

The amplification of acceleration over the height of the facing structure of a GRS wall and over 

the backfill height is important for analytical and numerical modelling. Acceleration 

amplification in the field can have important implications to the stability of structures resting on 

top of the backfill behind a GRS wall. Acceleration amplification factors were computed for all 

models using measurements from accelerometers installed in the backfill soil, on the wall facing 

and on the shaking table platform. For the models excited at a predominant frequency of 5 Hz 

(Walls 3, 9 and 11) and 2 Hz (Wall 7) all measured acceleration data were filtered with a low pass 

filter (Hamming filter type with 101 terms) with a cut-off frequency of 12 Hz. For the model 

excited with a predominant frequency of 8 Hz (Wall 10) a cut-off frequency of 15 Hz was used. 

These cut-off frequencies were selected after performing FFT analysis on the unfiltered data to 

confirm that the filtering process would only affect the unwanted frequency content and not the 

measurement results in the desired range of frequencies. The acceleration amplification factors 

were calculated with reference to the shaking table acceleration measured with the accelerometer 

attached to the table platform (Figure 11.1). Four different methods were used to calculate the 

amplification factors: ratio of peak measured accelerations, ratio of maximum FFT values, ratio 

of maximum root mean square (RMS) acceleration, and ratio of average peak points in 

accelerograms. Details of the four calculation methods are presented in Chapter 8. The RMS 

method is used here because it gives the largest amplification factor of four different methods 

examined in Chapter 8 and thus is a useful indicator of the critical acceleration level in the 

model tests in this investigation.   

The calculated acceleration amplification factors with RMS method for accelerometers installed 

on the wall facing are illustrated in Figure 11.8. The results show that, as expected, the top of the 

wall in all models (Figure 11.8a) experienced higher acceleration amplification compared to the 
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middle of the wall height (Figure 11.8b). The models that were excited with a predominant 

frequency of 5 Hz (Walls 3, 9 and 11) had very similar amplification curves. The amplification 

factors measured at the top of the walls increased continuously up to about 0.45g acceleration 

(reaching amplification factors ranging between 2.1 to 2.2) and thereafter started to decrease due 

to reduction in the stiffness of the system due to significant deformation. This acceleration level 

when the model starts to undergo significant deformation is called the critical acceleration 

(Chapter 6) and is discussed further in subsequent sections. However, the amplification curves 

for models excited with predominant frequencies of 8 Hz and 2 Hz were different from the other 

curves. Wall 10 (8 Hz frequency) had the highest amplification factor (about 2.55) and the 

increasing portion of the curve was much steeper with a lower critical acceleration level 

compared to other models. The model excited with the smallest predominant frequency (2 Hz, 

Wall 7) had a different amplification curve. There was a slight reduction in amplification factor at 

the beginning stages of the shaking and then it continuously increased without any further 

reduction even at higher acceleration levels. Hence, a clear critical acceleration level could not be 

defined for this model wall based on interpretation of the acceleration amplification curves. 

Similar trends were also observed for the acceleration amplification factor at the middle of wall 

height (Figure 11.8b). 

The acceleration amplification curves for the backfill accelerometers are illustrated in Figure 

11.9. Similar to facing accelerometers, as the elevation of accelerometers in the backfill 

increased, the amplification factors also increased. Again the amplification curves for the models 

excited at 5 Hz predominant frequencies (Walls 3, 9 and 11) were very similar (i.e. there was not 

a significant effect of reinforcement length and stiffness on the amplification factor for the 

backfill and the wall facing). The highest amplification factors calculated at the backfill surface 
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for these three models were between 1.7 and 1.85. For Wall 10 (excited at 8 Hz) the amplification 

factor at the backfill surface was the highest of all models with a value of about 2. Critical 

acceleration levels could be determined from the amplification curves for all models except Wall 

7. If the amplification factors calculated for the backfill are compared to the values corresponding 

to the wall facing, it can be observed that they are not the same. This implies that the wall facing 

and backfill do not move monolithically as a single body which is the assumption made in most 

current design guidelines. Similar observations were also made for the shaking table tests 

reported in Chapters 7, 8 and 9. 

 The backfill acceleration amplification factors were plotted against elevation in Figure 11.10 at 

four different acceleration levels. The plots clearly illustrate the increase in amplification factor 

with elevation in the backfill. At acceleration levels up to about 0.3g (Figures 11.10a and 

11.10b), the highest and lowest amplification factors were observed in Walls 10 (frequency of 8 

Hz) and 7 (frequency of 2 Hz), respectively. The other three models with different reinforcement 

parameters had similar amplification profiles which fell between the plots for Walls 10 and 7. As 

the acceleration level was increased to about 0.44g (Figure 11.10c), the profiles for Walls 3, 9 

and 11 increased and became closer to the amplification factor plot for Wall 10.  At acceleration 

level of about 0.6g (Figure 11.10d) the profiles for Walls 3, 9 and 11 were very similar in shape 

to Wall 10 and reached similar values. Wall 7 had the smallest amplification over all acceleration 

levels. 

When the total moment (due to dynamic plus initial static loads) acting about the toe of the 

hinged models in this chapter exceeds the available stabilizing moment then permanent wall 

rotation will occur. The critical acceleration coefficient value for this failure mechanism (kc) can 

be determined as the value of horizontal acceleration coefficient that gives a factor of safety of 



 

413 

 

unity in the pseudo-static factor of safety expression. The corresponding equations are presented 

in Chapter 9 and are not repeated here for brevity. Similarly, the selection of some constants in 

these equations remains the same as those described in Chapter 9. The average observed critical 

acceleration levels from experimental measurements are determined from wall displacement 

curves (Figure 11.5), wall toe load plots (Figure 11.7) and acceleration response of the models 

(Figures 11.8 and 11.9). The predicted critical acceleration coefficients (kc(Pre)) are compared 

against the observed critical acceleration coefficients (kc(Obs)) in Figure 11.11. The average values 

of observed critical acceleration levels are 0.42g (kc(Obs) = 0.42), 0.46g (kc(Obs) = 0.46), 0.46g 

(kc(Obs) = 0.46), 0.3g (kc(Obs) = 0.3) and 0.45g (kc(Obs) = 0.45) for Walls 3, 7, 9, 10 and 11 

respectively. For a perfect fit between theory and observed values, the data points would plot 

along the 1:1 ratio line. The results show that the predicted over-turning critical acceleration 

values almost all fall below the 1:1 ratio line. Similar under-prediction of the overturning critical 

acceleration of reinforced soil walls tested on shaking table was observed by Koseki et al. 

(1998), El-Emam (2003) and reported in Chapter 9. A practical implication of this observation 

is that the method error is on the safe side for design. 

11.4.4 Reinforcement tensile strains 

The global tensile strain in the longitudinal members of reinforcement layers were calculated 

from local strains measured with pairs of strain gauges bonded to the top and bottom of strands to 

cancel any bending strains (Chapter 6). The global tensile strains were calculated at eight 

different locations along the longitudinal strands at the mid section of the reinforcement width. 

Two strain gauge pairs were attached to geogrid layers just behind the facing panel and used later 

to estimate the tensile connection loads of reinforcement layers. For Wall 9 (with longer 

reinforcement), nine pairs of strain gauges were bonded to the geogrid. Figures 11.12a, 11.12b, 

11.12c and 11.12d show the variation of maximum global tensile strain along reinforcement 
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layers at different shaking stages for Walls 3, 7, 10 and 9, respectively. It should be added that for 

Wall 11 with stiffer reinforcement, no calibration between local and global strain was possible 

due to shortage of material to perform tensile tests. However, the calibration between local strain 

and tensile load was performed on a wide-width geogrid layer with full clamp mechanism as 

described in Chapter 6. As the results show, generally as the shaking intensity increased, the 

tensile strains in the reinforcement layers also increased. The maximum tensile strain generally 

occurred at the bottom reinforcement layer (layer 1) and just behind the facing and started to 

decrease along the geogrid towards the end of the reinforcement layer. For Walls 3, 7 and 10 

(excited at 5, 2 and 8 Hz predominant frequency) the maximum peak tensile strain behind the 

facing ranged between 1.4 to 1.7%. The strains continuously decreased at the upper reinforcement 

layers and the maximum peak tensile strain in the upper layer (layer 5) was reduced to about 

0.3% for these three walls. In Wall 9 (with the longer reinforcement) the maximum peak strain in 

the bottom reinforcement layer was about 2.7% and the strains were distributed deeper along the 

reinforcement layer compared to Wall 3 (with shorter reinforcement) due to longer anchorage 

length.  

11.4.5 Reinforcement connection loads 

The maximum reinforcement connection loads over the wall height at different acceleration levels 

are presented in Figure 11.13 for Walls 3, 7 and 10 and show the influence of predominant 

frequency. The results in Figure 11.13a show that under static conditions all walls have similar 

connection load distributions. The connection load distributions under static loading conditions 

are more uniform and different from the linear increase with depth predicted using classical earth 

pressure theory. This is consistent with the observations made for instrumented field GRS walls 

(Bathurst et al. 2008). As the base acceleration is increased up to about 0.3g (Figures 11.13b, 

11.13c), the models excited with predominant frequency of 5 Hz (Wall 3) and 2 Hz (Wall 7) have 
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very similar connection load profiles. The model excited with 8 Hz frequency (Wall 10) had 

larger connection loads compared to the other two models at acceleration levels up to 0.3g. In fact 

the connection loads measured at the middle reinforcement layer (layer 3) increased significantly 

at 0.3g in Wall 10. At acceleration levels higher than 0.3g (Figures 11.13d, 11.13e, 11.13f) 

connection load profile of Wall 10 increased slightly and more load was carried by the bottom 

two reinforcement layers. Generally the connection loads for the upper reinforcement layers were 

not affected significantly with increase in acceleration levels unlike the lower elevation 

reinforcement layers which experienced more increase in connection load with acceleration 

increase. This may be due to higher confining pressures in the lower portions of the backfill 

compared to the upper section in the backfill where the soil overburden depth is shallower. On the 

same plots the predicted connection loads using different analysis methods are also shown 

(AASHTO 2010; FHWA 2009; NCMA 2009; Bathurst and Cai 1995) and compared to the 

measured values. More details about the calculation of connection loads are provided in Chapter 

5. The comparison generally shows that none of the design guideline methods could predict the 

connection load distribution correctly over the entire wall height and at different acceleration 

levels. At lower reinforcement elevations all methods over-predict connection loads at low 

acceleration levels. At acceleration levels beyond 0.4g, the predicted values using the AASHTO 

method are closest to the measured values for lower reinforcement layers while the other design 

guidelines over-predicted the connection loads at higher reinforcement elevations. Similar 

observations were made for the walls reported in Chapters 5, 6 and 9. At very high acceleration 

level (Figure 11.13f) the NCMA method and the method proposed by Bathurst and Cai (1995) 

over-predict the connection loads at all reinforcement layers. It can be argued that the NCMA 

method and the method proposed by Bathurst and Cai (1995) were generally more conservative 

(i.e. safest for design) (compared to AASHTO or FHWA). However, these methods may result 
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in seismic over-design of GRS walls. It should be added that the model GRS walls in this thesis 

were excited to higher acceleration levels compared to previous shaking table tests reported in 

Chapter 5. 

In Figure 11.14 the influence of reinforcement parameters on connection load distribution is 

presented. It is observed that over most acceleration levels (Figures 11.14a, 11.14b, 11.14c, 

11.14d, 11.14e) Wall 9 (with longer reinforcement) had the largest connection loads over the wall 

height. At acceleration levels up to about 0.3g, Wall 11 (with stiffer reinforcement) had the 

smallest connection loads and the connection load profile of Wall 3 (control wall) falls between 

these two walls. However, as the acceleration levels increase beyond 0.3g the connection loads 

for Wall 11 start to increase significantly and this increase is more evident for the reinforcement 

layers at the lower elevations of the wall. It should be added that for Wall 11 (with stiffer 

reinforcement) the connection loads measured by load rings were used as opposed to the 

measurements deduced from strain gauges which were used for the rest of the walls. As discussed 

in Chapter 6, connection loads deduced from strain gauges were typically higher than load ring 

measurements for the less stiff reinforcement. However, in Wall 11 (with stiffer reinforcement) 

the trends were opposite and load rings registered higher loads. Load ring values are used in this 

chapter.  

Similar observations made for Figure 11.13 can also be made regarding the comparison between 

the measured connection loads and the predicted values using current analysis methods. The 

AASHTO method usually provided better prediction of reinforcement connection loads 

especially for Wall 9 (with longer reinforcement). At higher acceleration levels (Figures 11.14e, 

11.14f) the NCMA method and the method proposed by Bathurst and Cai (1995) significantly 

over-predicted the connection loads at most elevations.  
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Wall displacement for this model (Figure 11.5a) shows that up to input acceleration level of 

about 0.45g, this wall had smaller wall displacement compared to Wall 3, which is expected due 

to higher reinforcement stiffness. However, this expected smaller wall displacement should be 

accompanied by greater reinforcement connection loads. Hence it would be expected that 

reinforcement connection loads for Wall 11 would be greater than Wall 3. However, the results in 

Figure 11.14 do not show this expected trend and in fact the reinforcement connection loads 

measured by load rings for Wall 11 are smaller than Wall 3 up to 0.45g acceleration level. The 

connection load measurements from load rings in Wall 11 were even higher than the values 

deduced from strain gauges. Nevertheless, it is believed that the load rings under-registered 

connection loads in this wall as was observed for the other walls described earlier. 

Figures 11.15 show the variation of reinforcement connection load summation (Ti) with respect 

to input acceleration. The influence of predominant frequency and reinforcement parameters are 

presented in Figures 11.15a and 11.15b, respectively. The predicted values of sum of connection 

loads using different analysis methods are also presented on the figures. The results generally 

show that as the input acceleration levels increase, the sum of connection loads also increase. For 

the three model GRS walls excited at different frequencies the sums of connection loads were 

almost identical with Wall 10 (excited at 8 Hz) but having slightly higher sum of connection 

loads at low acceleration levels. When the influence of reinforcement parameters are investigated 

(Figure 11.15b), Wall 9 with longer reinforcement has the highest sum of connection load. Wall 

11 with stiffer reinforcement has the smallest sum of connection load up to about 0.45g 

acceleration. As the acceleration is increased beyond this level, the sum of connection loads for 

Wall 11 starts to increase significantly and reach similar values as Wall 3. The predicted values 

using the NCMA (2009) method over-predicted the measurements over the entire acceleration 
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range. The AASHTO (2010) method over-predicted the measured results up to acceleration level 

of about 0.45g, but at higher acceleration values the measurements were closer to predicted 

values using AASHTO.  

Figures 11.16 show the variation of reinforcement connection load summation plus horizontal 

toe load (Ti + RH, total dynamic earth force) with respect to input acceleration. The influence of 

predominant frequency and reinforcement parameters are presented in Figures 11.16a and 

11.16b, respectively. The predicted values using different analysis methods described in design 

guidelines are also presented on the figures. Since current design guidelines assume all the earth 

force is carried by reinforcement layers and no load is carried by the horizontally restrained toe of 

the wall, the plots of predicted values in Figure 11.16 are identical to those in Figure 11.15. 

When the measured horizontal toe load is added to the sum of connection loads to calculate total 

dynamic earth force all the measured curves should become closer. As expected, as the 

acceleration level increases dynamic earth pressures also increase continuously. The 

measurements show that the predominant frequency of input excitation did not have any effect on 

the total dynamic earth force up to about 0.5g acceleration level. Beyond this level, Wall 10 

(excited at 8 Hz) has slightly lower total dynamic earth force compared to Walls 3 and 7 (Figure 

11.16a). The predicted values using AASHTO and NCMA methods are close to the measured 

values up to about 0.35g. However, beyond this acceleration level the measured values fall 

between predictions using AASHTO and NCMA, while the NCMA method significantly over-

predicts the measurements. Wall 11 (with stiffer reinforcement) has smaller total dynamic earth 

force up to acceleration level of about 0.5g compared to Walls 3 and 9 (Figure 11.16.b). Similar 

conclusions can be made about the comparison of measurements with predicted values in Figure 

11.16a. 
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Figure 11.17 shows the ratio of measured horizontal toe load to the total dynamic earth force. A 

significant portion of the total horizontal dynamic earth force is carried by the restrained toe of 

the models, especially at small acceleration levels. As the acceleration increases more loads are 

carried by the reinforcement layers (as deformations increase backfill soil and tensile strength of 

the reinforcement layers is mobilized). The results show that as the acceleration level increases all 

the curves start to converge to a ratio of between 30 and 40% which means more than a third of 

the dynamic earth force is carried out by the horizontally restrained toe. Similar conclusions on 

the horizontal load bearing capacity of the restrained toe have been reported for both static and 

dynamic loading conditions for walls with a structural facing (Bathurst et al. 2000, 2001; El-

Emam and Bathurst 2005, 2007). 

Figure 11.18 presents the normalized elevation of the resultant force from the base of the model 

walls versus input acceleration levels for all walls. The predicted locations based on different 

methods are also presented in the figures. The results show the normalized elevation of the 

resultant earth force is typically between 20 and 35% of the wall height. Wall 11 (with stiffer 

reinforcement) at low acceleration levels has a shallower line of action for the dynamic resultant 

force compared to other walls which may be due to larger loads attracted by the toe compared to 

the reinforcement layers. However, as the acceleration levels increase and more loads are 

attracted by reinforcement layers in Wall 11, the elevation of the resultant earth force increases 

and reaches a similar value as in the other walls. The predicted elevations of the resultant force 

using different analysis methods are higher than all the observed values.  

For the calculation of the critical acceleration level an assumption had to made regarding 

parameter  (the normalized elevation of resultant dynamic earth force increment above the toe – 

Equation X). The results in Figure 11.11 illustrate that for the over-turning mode of failure the 
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predicted critical accelerations calculated assuming were closest to the observed critical 

acceleration levels (compared to other values with This observation is consistent 

with the calculated normalized resultant elevation in Figure 11.18. 

11.4.6 Development of failure planes in the backfill soil 

During the construction and placement of the backfill soil, layers of black coloured sand were 

poured against the Plexiglas at one side of the strong box within the camera field of view (Figure 

11.1). Figures 11.19a, 11.19b, 11.19c, 11.19d and 11.19e show the layered sand layers at the end 

of each test within the field of view of the backfill soil behind the facing for Walls 3, 7, 10, 9 and 

11, respectively. Also superimposed on the figures are the deformed shapes of reinforcement 

layers and wall facing at the end of the test. The deformed shapes of reinforcement layers were 

determined from careful survey during the excavation of backfill soil. Predicted angles for failure 

planes based on pseudo-static analysis (Zarrabi 1979, Chapter 5) are also illustrated on the 

figures for three acceleration levels: a) 0g (or static), b) critical acceleration of about 0.45g and c) 

the acceleration corresponding to the last shaking stage for each test. Finally, the observed failure 

planes detected by visual inspection of the coloured sand layers are superimposed on the figures. 

It should be added that in model walls the failure planes visible in the field of view started to 

develop at different input acceleration levels: Wall 3 (control case) at 0.47g, Wall 7 (2 Hz 

frequency) at 0.85g, Wall 10 (8 Hz frequency) at 0.9g, Wall 9 (longer reinforcement) at 0.6g and 

Wall 11 (stiffer reinforcement) at 0.47g. For Walls 3 and 11 which had similar reinforcement 

length and were excited at similar predominant frequencies failure planes started to develop at 

0.47g. This acceleration level is very close to the observed critical acceleration from other 

measurement results. In models excited at predominant frequencies different than 5 Hz (Walls 7 

and 10) the failure planes started to develop at much higher acceleration levels. This is consistent 
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with the larger wall displacement observed for Wall 3 at higher acceleration levels compared to 

Walls 7 and 10 (Figures 11.5b and 11.6). At acceleration levels higher than these, the failure 

planes started to grow larger and deeper and the failure planes illustrated in Figure 11.19 are the 

final planes at the end of the tests. 

The three major failure surfaces observed in Wall 3 (#1, 2 and 3) are almost exactly at the same 

location, as in Wall 11 but have shallower slopes (Figures 11.19a and 11.19e). The major failure 

planes observed in Walls 3 and 11 are almost parallel and there was no visual indication of any 

other failure plane present below plane 1 in both tests. In other words, the lowest observed failure 

plane in Walls 3 and 11 was #1 and the backfill soil below and behind this failure plane did not 

experience significant movement or shear failure during shaking. It should be added that each of 

the observed failure planes in Walls 3 and 11 were located at the end of a reinforcement layer. 

Failure planes 1, 2 and 3 developed at the end of the second, third and fourth reinforcement layers 

(from the bottom), respectively. The more severely deformed shape of the top two reinforcement 

layers in Wall 11 (compared to Wall 3) is consistent with the larger wall displacement and 

rotation observed in Wall 11.  

In Walls 7 and 10 (excited at 2 Hz and 8 Hz) the failure plane patterns are slightly different 

(Figures 11.19b and 11.19c). In both walls failure plane #1 developed similar to Wall 3, but this 

was the only observed failure plane in Wall 10 (Figure 11.19c) that developed at very high 

acceleration level (about 0.9g). An additional failure plane was detected in Wall 7 (Figure 

11.19b) which was similar to plane #2 in Wall 3. The failure planes observed in Wall 7 were 

deeper and longer compared to Walls 3 and 10. This may be due to the larger displacement that 

was applied to the base of the model because of its smaller predominant frequency in order to 

generate similar acceleration levels as the other walls. The smaller and shorter failure planes 
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observed in Wall 10 may be due to the small amount of base input displacement that was applied 

to the shaking table to generate acceleration levels similar to other walls but at higher 

predominant frequencies. In other words, the development of failure planes appears to be related 

to the magnitude of ground horizontal movement in addition to the peak acceleration magnitude. 

Larger ground movements may cause more deformations in the backfill soil and along the GRS 

wall face.  

In Wall 9 (Figure 11.19d), due to longer reinforcements the observed failure planes were not as 

continuous and deep as in Wall 3. Failure plane #3 was observed in both Walls 3 and 9. However, 

generally the observed failure planes in Wall 9 were shorter in length and shallower compared to 

Wall 3. Possible failure planes deeper in the backfill soil could not be detected because of the 

limited camera field of view and because no layered coloured sand was placed beyond the field of 

view of the camera. Nevertheless, it is believed that the most important failure mechanisms were 

generated within and immediately behind the reinforced soil mass and these are clearly visible in 

the camera images. 

The predicted failure plane angles at critical acceleration level in Walls 7, 10, 9 and 11 were very 

close to the observed failure plane angles calculated with using pseudo-static analysis. 

11.5 Conclusions 

This chapter describes details of shaking table tests of five reduced-scale model GRS walls 

carried out at the Royal Military College of Canada (RMC). The walls were dynamically excited 

to bring them to failure. The influence of predominant frequency of input excitation and 

reinforcement parameters such as length and stiffness were investigated. To demonstrate the 

influence of each parameter, measurements of facing movement, acceleration response at 
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different locations, reinforcement loads and wall toe loads were analyzed for all the walls. The 

major observations are: 

 Generally, at acceleration levels less than the critical acceleration level of about 0.45g, 

wall horizontal displacement were reduced by using longer reinforcement layers. The 

wall movement was even further reduced if the stiffness of the reinforcement was 

increased by about an order of magnitude compared to the control case. At acceleration 

levels beyond the critical acceleration, the model wall with longer reinforcement layers 

had smaller wall displacements at all shaking stages. However due to possible slippage of 

reinforcement layers, the wall with stiffer reinforcement experienced greater wall 

displacement compared to the control wall at post-critical acceleration levels.  

 The influence of predominant frequency of input excitation on wall displacement was 

more complex. Up to base acceleration level of about 0.3g, typically the models excited 

at higher predominant frequencies experienced greater wall horizontal displacement. 

However, as the acceleration magnitude increased, the model wall excited at the middle 

frequency of 5 Hz resulted in higher wall displacements compared to the other two 

models excited at 2 and 8 Hz. 

 The measured horizontal and vertical toe loads were also influenced by the predominant 

frequency and reinforcement parameters. The walls with longer reinforcement and 

excited at 8 Hz predominant frequency generally had smaller horizontal toe loads while 

the horizontal toe loads for other walls were similar. The vertical toe load of the model 

excited at 8 Hz predominant frequency was smaller than all the other walls, while the 

horizontal toe load of the model with stiffer reinforcement was the greatest. The other 
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walls had similar horizontal toe load variations with input acceleration. The range of 

predicted vertical toe loads using pseudo-static analysis and considering the reduction of 

backfill-wall interface friction angle was relatively close to most measurement results up 

to about 0.65g input acceleration level. 

 Considerable acceleration amplification occurred over the height of the model wall 

facings and in the soil backfill. The acceleration amplifications generally increased with 

elevation. The models excited with a predominant frequency of 5 Hz had very similar 

acceleration amplification curves. For these walls the amplification factors generally 

increased continuously up to about 0.45g acceleration (critical acceleration level) and 

thereafter started to decrease due to significant deformation and reduction in the stiffness 

of the system. The largest amplification factors calculated at the backfill surface and at 

the top of the wall facing for these three models were about 1.85 and 2.2 respectively. For 

the models that were excited at predominant frequencies of 2 and 8 Hz, the trends were 

different. There was less acceleration amplification in the model excited at 2 Hz 

predominant frequency and more amplification in the model excited at 8 Hz, compared to 

the other walls (excited at 5 Hz). For the model excited at 2 Hz, there was no distinctive 

acceleration level that could be identified as the critical acceleration. For the model 

excited at 8 Hz, the critical acceleration typically occurred at smaller acceleration levels 

compared to the models excited at 5 Hz. 

 Under static loading conditions the connection load distributions over wall height for all 

model walls were more uniform and different from the linear increasing distribution with 

depth assumed in current limit-equilibrium based analysis methods found in current 

North American design guidelines. 
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 Under dynamic loading conditions, up to critical acceleration level (i.e. about 0.45g), the 

reinforcement connection load distribution of the model walls excited at 2 and 5 Hz 

frequency were every similar while the wall excited at 8 Hz had typically greater 

connection loads. At acceleration levels greater than 0.5g, the connection load 

distribution became more linear increasing with depth and the bottom reinforcement layer 

attracted more load. There was no clear influence of predominant frequency on the 

connection load distribution at very high acceleration levels. 

 In the models with different reinforcement parameters, the connection load distribution 

for the wall with longer reinforcement was consistently greater than the control model, 

during dynamic loadings. It is believed that the connection load measurements using load 

rings in the wall with stiffer reinforcement were under registered. This under registration 

is evident specifically at acceleration levels below 0.45g, where the wall displacement 

was smaller than the control wall; however, the connection loads were also smaller which 

is opposite to the expected trend. At acceleration levels above 0.45g, the load rings 

started to pick up more load and connection loads increased significantly; at some 

elevations they were even greater than the loads in the control wall. 

 Under both static and dynamic loading conditions none of the analysis methods found in 

current design guidelines could predict the reinforcement connection load distributions 

accurately at all elevations and at different acceleration levels. However, the predicted 

connection load distributions using the AASHTO (2010) method were the closest to the 

measurement results. The NCMA (2009) method over-predicted connection loads at 

most elevations especially at higher acceleration levels. Nevertheless, these over-

predictions suggest that current design guideline methods will result in conservative 
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(safe) designs for GRS walls in the field assuming that the results of the reduced-scale 

models in this investigation are applicable to similar GRS walls at prototype scale. 

 The sum of reinforcement connection loads were less influenced by the range of 

parameter values investigated in these model walls. The model wall with longer 

reinforcement layers and the model excited at 8 Hz frequency had slightly higher sum of 

connection loads compared to the control wall. The measured values were closer to 

predicted values using the AASHTO method. The NCMA method significantly over-

predicted the sum of connection loads at all acceleration levels. 

 The sums of connection loads plus horizontal toe loads (i.e. total horizontal earth force) 

varied almost linearly with input base acceleration level and were not influenced by 

different parameters investigated in this chapter. The measurements were close to the 

predicted values using both NCMA and AASHTO methods, up to acceleration level of 

about 0.35g. At greater acceleration levels, AASHTO under-predicted and the NCMA 

method over-predicted the total horizontal earth force. However, the measurement values 

varied linearly with acceleration and their magnitudes fell between the predicted values 

using the AASHTO and NCMA methods. 

 A significant portion of the total horizontal earth force (between 50 and 70%) was carried 

by the restrained toe of the model walls under static loading conditions. This ratio 

typically decreased with increase in input acceleration and reached a plateau of about 30 

to 40%, beyond the critical acceleration level (0.45g). This reduction may be due to the 

mobilization of greater tensile loads in the reinforcement layers due to larger movement 

and rotation of the wall face after the critical acceleration level. None of the current 
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pseudo-static methods found in seismic design guidelines for GRS walls consider the 

portion of the total horizontal earth force that can be carried by the restrained (or partially 

restrained) toe of the wall. 

 The normalized elevation of the resultant force generally did not change with acceleration 

level and remained at an elevation of about 20 to 30% of wall height from bottom of the 

walls. Analysis methods in all design guidance documents predict higher elevation of 

resultant force. This can lead to conservative (safe) design outcomes with respect to 

facing stability analysis of GRS walls. 
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Table  11.1 Shaking table test summary (adapted from Chapter 6) Note: Walls investigated in 
this chapter are in boldface type. 

Wall Number 

G
eo

gr
id

 le
ng

th
, L

 
(m

) Geogrid type  
and stiffness,  
J (kN/m) 

Toe boundary 
condition 

Back wall  
boundary  
condition 

In
pu

t e
xc

ita
tio

n 
fr

eq
ue

nc
y,

 f
 (

H
z)

 

EPS inclusion 
between wall facing 
and backfill soil 

Wall 1 (trial) 0.9 R, 210 hinged rigid wall 5 No 

Wall 2 (trial) 0.9 R, 210 hinged rigid wall 5 
No

Wall 3 
(control) 

0.9 R, 210 hinged rigid wall 5 No 

Wall 4 0.9 R, 210 sliding rigid wall 5 
No

Wall 5 0.9 R, 210 hinged 
EPS 
geofoam 

5 No 

Wall 6 0.9 R, 210 hinged rigid wall 5 Yes 

Wall 7 0.9 R, 210 hinged rigid wall 2 No 

Wall 8 1.1 R, 210 hinged rigid wall 5 Yes 

Wall 9 1.1 R, 210 hinged rigid wall 5 No 

Wall 10 0.9 R, 210 hinged rigid wall 8 No 

Wall 11 0.9 F, 1980 hinged rigid wall 5 No 

Notes: All walls have height H = 1.42 m; R = Raugrid 2/2-20 geogrid; F = Fortrac 200 geogrid  
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Table  11.2 Scaling geogrid stiffness and predominant frequency of the input excitation. 

 

   Values at model scale Equivalent values at prototype scale 

Wall # 
Model 

height (m) 

Scaling ratio 

(prototype height 

assumed 6 m),  

geogrid stiffness, 

J2% (kN/m) 

excitation 

frequency, f (Hz) 

geogrid stiffness, 

J2% (kN/m) 

excitation 

frequency, f (Hz) 

3 

1.42 4.23 

210 5 210×2=3750 5×-0.5=2.4 

7 210 2 210×2=3750 2×-0.5=1 

10 210 8 210×2=3750 8×-0.5=3.9 

11 1980 5 1980×2=35350 5×-0.5=2.4 
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Figure  11.1 Schematic of a typical model wall cross section. 
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Figure  11.2 Schematics of different test arrangements and variables investigated: a) Wall 3 (control); b) Wall 7; c) Wall 10; d) Wall 11; e) Wall 9. 
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Figure  11.3 Geogrid tensile test results. Note: J = tensile load/strain. 

type “F”

type “R”
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Figure  11.4 Base input acceleration record: a) typical accelerogram for each stage of shaking 
(stage #10, Wall 7); b) complete input acceleration record for Wall 7; c) FFT analysis of 
measured input acceleration at stage 10 Wall 7. 
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Figure  11.5 Maximum movement at the top of the wall face: a) influence of reinforcement length 
and stiffness; b) influence of predominant frequency; c) polynomial fits to measured data. 
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Figure  11.6 Influence of predominant frequency of input excitation on maximum wall 
displacement. 
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Figure  11.7 Maximum wall toe load variation with maximum input acceleration: a) horizontal toe 
loads; b) vertical toe loads. 
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Figure  11.8 Acceleration amplification factor (by RMS) for facing accelerometers: a) facing top 
accelerometer; b) facing middle accelerometer. 
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Figure  11.9 Acceleration amplification factor (by RMS) for backfill accelerometers: a) backfill 
ACC 4; b) backfill ACC 3; c) backfill ACC 2; d) backfill ACC 1. 
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Figure  11.10 Acceleration amplification variation (by RMS) over backfill height at different 
acceleration levels: a) 0.16g; b) 0.3g; c) 0.44g; d) 0.6g. 
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Figure  11.11 Comparison between predicted and observed critical acceleration levels for over-
turning about the wall toe. 
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Figure  11.12 Reinforcement global tensile strains: a) Wall 3; b) Wall 7; c) Wall 10; d) Wall 9. 
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Figure 11.12 (continued) Reinforcement global tensile strains: a) Wall 3; b) Wall 7; c) Wall 10; d) Wall 9.
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Figure  11.13 Variation of maximum reinforcement connection load with height at different peak acceleration and predominant frequency 
of input excitation: a) 0g; b) 0.18g; c) 0.3g; d) 0.4g; e) 0.51g; f) 0.67g. 
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Figure  11.14 Variation of maximum reinforcement connection load with height at different input acceleration levels, influence of 
reinforcement length and stiffness: a) 0g; b) 0.18g; c) 0.3g; d) 0.4g; e) 0.51g; f) 0.67g. 
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Figure  11.15 Variation of sum of reinforcement connection load with input acceleration: a) 
influence of predominant frequency of input excitation; b) influence of reinforcement length and 
stiffness. 
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Figure  11.16 Variation of sum of reinforcement connection load and toe horizontal load with 
input acceleration: a) influence of predominant frequency of input excitation; b) influence of 
reinforcement length and stiffness. 
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Figure  11.17 Ratio of wall horizontal toe load to total horizontal earth load. 
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Figure  11.18 Normalized elevation of horizontal resultant load including horizontal toe load. 
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Figure  11.19 Observed failure planes in the backfill soil: a) Wall 3; b) Wall 7; c) Wall 10; d) 
Wall 9; e) Wall 11. 
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Figure 11.19 (continued) Observed failure planes in the backfill soil: a) Wall 3; b) Wall 7; c) 
Wall 10; d) Wall 9; e) Wall 11. 
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Chapter 12 

Numerical Simulation of Geosynthetic Reinforced Soil Retaining Wall 

Shaking Table Tests1 

12.1 Introduction 

Geosynthetic reinforced soil (GRS) retaining walls have shown better performance under seismic 

loading compared to traditional gravity-type retaining walls during past major earthquakes around 

the world (Koseki et al. 2006; Huang et al. 2003; Tatsuoka et al. 1997; White and Holtz 

1996). Their superior behaviour during earthquake is often attributed to the more ductile 

behaviour of the reinforced soil mass under dynamic loading compared to conventional retaining 

walls. There is a large body of research (both experimental and numerical) on the seismic 

performance of GRS walls but much work remains to fully understand their behaviour during 

earthquake and to develop better analytical and numerical models to predict their performance.  

Shaking table testing of reduced-scale model GRS retaining walls is an important experimental 

approach to observe the dynamic response of these systems to simulated earthquake loading and 

to gather physical data against which analytical and numerical models can be verified. A 

summary of published 1-g shaking table experimental studies on model GRS walls is presented in 

Chapter 6. Additional shaking table tests performed by the writer at the Royal Military College 

of Canada (RMC) were performed as part of this thesis work and are described in Chapters 6, 9, 

10 and 11.  

                                                      
1 This chapter contains material that is under preparation for submission as a journal paper in collaboration 
with Dr. Bathurst. 
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Numerical modelling is a potentially powerful tool to simulate the behaviour of GRS walls and to 

gain insight into their behaviour during seismic loading. A properly formulated and verified 

model can be used to investigate a wide range of wall geometries, reinforcement configurations, 

soil types and seismic loading conditions. Such parametric analyses offer time and cost 

advantages over experimental modelling.  

Finite element method (FEM) and finite difference method (FDM) numerical approaches have 

been used by researchers to model GRS walls subjected to simulated earthquake loading. A 

review of this prior work appears in Chapter 5. Nevertheless, this review reveals that a large 

number of these studies employed numerical models that have not been verified against physical 

laboratory or field measurements (Cai and Bathurst 1995; Bathurst and Hatami 1998; Hatami 

and Bathurst 2000, 2001; Hatami et al. 2005; Vieira et al. 2006; Guler and Enunlu 2009). 

Numerical simulation studies using models that have been verified against physical 

measurements of 1-g shaking table tests of reduced-scale model walls include the work by 

Helwany et al. (2001), Helwany and McCallen (2001), Fakharian and Attar (2007), Lee et al. 

(2010) and Ling et al. (2010). Verification of numerical models using centrifuge shaking table 

tests on very small model walls under higher gravitational forces has been reported by Ling et al. 

(2004, 2005a) and Fujii et al. (2006).  

The numerical models in the prior work cited above have employed material constitutive models 

with different levels of complexity ranging from simple (e.g. elastic perfectly-plastic) to more 

advanced formulations, some with more than 10 input parameters. One observation from these 

earlier numerical studies is that a satisfactory prediction of measured physical results is not 

necessarily achieved by using more complex constitutive models for the component materials. 

Confining stress levels in the 1-g shaking table model tests of the type described in this thesis are 
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typically lower than prototype scale. Hence, there may be differences in response of stress-

dependant soils between model and field-scale structures. Thus, caution must be taken if 

quantitative and qualitative projections of model behaviour to field-scale are attempted. Despite 

this shortcoming, verified numerical models against results of reduced-scale shaking table tests 

can be used to perform parametric numerical studies. These numerical parametric studies are the 

most practical strategy available today to better understand the behaviour of retaining walls under 

earthquake loading (Muir Wood et al. 2002). 

12.2 Current study 

This chapter describes:  

a) Seven RMC shaking table GRS model walls selected from the suite of tests reported in 

Chapters 6, 10 and 11;  

b) The parameters that were varied in each model from the control configuration; 

c) The numerical approach and model development using the FDM computer program 

FLAC (v5, Itasca 2005);  

d) Material constitutive models and the selection of model parameters from independent 

laboratory tests, and; 

e) Comparison of numerical and experimental measured model response for the seven 

model tests.  

The performance parameters that are compared include: wall horizontal movement, wall toe loads 

(horizontal and vertical) at the base of the wall facing, reinforcement connection loads at the wall 
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facing and backfill mass movement. Estimates of facing deformations are important because 

failure of GRS walls may occur as excessive movement even without structural collapse.  

In this paper the influence of choice of material constitutive model is also investigated by 

assigning two different constitutive models to the granular backfill soil. The first and more 

simplistic model is elastic perfectly-plastic with Mohr-Coulomb (M-C) failure criterion. The 

writer and co-workers used the same M-C model implemented within a FLAC code to simulate 

two GRS model shaking table tests (Chapter 5) that were originally reported by El-Emam and 

Bathurst (2004, 2005). Numerical simulations resulted in generally satisfactory agreement 

between physical measured GRS model wall response and numerically predicted values using the 

M-C constitutive model for the backfill soil. 

The second soil constitutive model is more advanced and is based on the equivalent linear  

method (ELM) (first introduced by Seed and Idriss (1969)) which accounts for reduction of 

shear modulus and increase in soil damping ratio with increase in shear strain amplitude. The 

ELM approach simulates the cyclic nonlinear hysteretic behaviour of granular soil under dynamic 

loading conditions more realistically. However, this model requires more input parameters taken 

from independent laboratory testing. This constitutive soil model has been implemented in the 

numerical geofoam buffer models reported in Chapter 3. 

There are other important differences between the current study and the earlier work described in 

Chapter 5:   

a) Previous GRS model walls were of shorter height (H = 1 m versus H = 1.42 m in the 

current study) and carried out on a lower capacity shaking table at RMC; 

b) Seven shaking table tests are simulated as opposed to two in the previous study; 
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c) The models in the current study used different reinforcement materials and soils;  

d) A more advanced material constitutive model (with nonlinear hysteretic characteristics), 

ELM, was implemented for the granular backfill soil in the current study and compared 

to results using the M-C model used in the previous related study.  

12.3 RMC shaking table model walls 

A schematic cross section of the control 1/4-scale model wall including instrumentation is shown 

in Figure 12.1. For brevity only a brief description of the physical test arrangement is reported 

here. Details are reported in Chapter 6. 

The new shaking table facility built recently at the Royal Military College of Canada (RMC) was 

used to perform the tests. The dimensions of the shaking table platform are 2.6 m by 3.3 m (in the 

direction of shaking) and the table is driven by a 250 kN-capacity hydraulic actuator at 1g with 

±125 mm stroke at full payload capacity. A rigid “strong box” was constructed and fixed to the 

shaking table platform. This strong box had one open side and the other three side walls were 

constructed from 25 mm-thick Plexiglas in order to allow visual observation of the backfill soil 

and the wall during the tests. The models were built inside the strong box and the wall facings 

were located at the open end of the box. The strong box is 1.5 m high by 2.28 m wide and 2.65 m 

long. Hollow steel sections were stacked and rigidly connected at their ends in order to form the 

retaining wall facing panels. The wall facing (panel) was seated on a steel plate which in turn was 

placed on four pairs of carriages sliding on four low-friction rails. The bottom facing panel 

section was seated on and attached to a thick steel base plate with a continuous hinge. The base 

plate was seated on four pairs of carriages sliding on four very low-friction linear rails which 

were bolted to the shaking table platform. This arrangement eliminated the friction at the wall toe 

in the horizontal direction and also fully decoupled the vertical and horizontal load components at 
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the toe. Two different wall toe boundary conditions were examined: hinged toe and sliding toe. In 

the hinged toe model the wall was only allowed to rotate at the hinge located at the toe of the wall 

while the horizontal and vertical movement of the toe base plate was prevented. In the sliding toe 

model, the wall was allowed to rotate about toe of the wall (i.e. base plate hinge) and slide 

horizontally while restrained vertically. These two wall toe boundary conditions can be 

considered as the two limiting cases with respect to actual field structures. The similitude laws 

proposed by Iai (1989) for 1g shaking table experiments were used during the design of the 

experiments to scale the reinforcement stiffness and wall facing panel sections. The wall height at 

prototype scale was assumed as 6 m; hence, a model to prototype scaling factor of about ¼ was 

achieved. All model GRS walls were 1.42 m high and the facings were vertical. The GRS model 

walls were reinforced with five layers of geogrid reinforcement. During the model wall 

construction, temporary rigid vertical supports were installed in front of the facing panels to 

prevent any wall horizontal deformation. The backfill soil was placed in 150 mm-thick layers in 

loose condition and then each lift was gently vibro-compacted by shaking the table at a frequency 

of about 6 Hz for about 5 seconds. The lifts were then hand tamped and the density and moisture 

content of each lift was measured at six locations with a nuclear density gauge to ensure uniform 

and consistent density in all lifts. When the wall construction was complete, the vertical supports 

were removed and the wall was allowed to reach static equilibrium. This stage was considered the 

initial stage prior to applying any shaking to the models. This construction technique and facing 

type falls between the field case of an incrementally constructed (un-braced) segmental (modular 

block or concrete panel) wall and a full-height braced rigid panel wall. 

In this chapter the numerical results of seven GRS wall configurations are compared to the 

corresponding physical shaking table tests described above. These tests and parameters that were 



 

460 

 

varied between tests are summarized in Table 12.1. Wall 3 was the control wall. In Wall 4 the toe 

boundary condition was changed from hinged to sliding. In Wall 5 a 0.15 m-thick energy 

absorbing layer of expanded polystyrene (EPS geofoam) was placed between the backfill soil and 

the rigid steel back wall of the strong box in order to minimize stress wave reflections due to the 

rigid far end boundary. In Walls 7 and 10 the predominant frequency of the input excitation 

record was changed from 5 Hz (control wall, Wall 3) to 2 Hz and 8 Hz, respectively. In Wall 9 

the reinforcement length was increased from 0.9 m to 1.1 m and the stiffness of the geosynthetic 

(geogrid) reinforcement was increased by an order of magnitude in Wall 11.  

All model walls were excited with a staged variable-amplitude harmonic sinusoidal acceleration 

record after reaching static equilibrium. The peak acceleration amplitude was increased at each 

stage (step) until excessive deformation or numerical instability occurred in the models. Figure 

12.2a shows the measured acceleration record during stage 3 shaking of Wall 4. The trace shows 

increasing and decaying acceleration sections. For this wall a total of seven shaking stages 

(Figure 12.2b) were applied until the tests were stopped after reaching a peak acceleration of 

about 0.6g.  Figure 12.2c presents the fast Fourier transformation (FFT) analysis of the measured 

acceleration at the shaking table platform during stage 7 of Wall 4. The target predominant 

frequency of 5 Hz is clearly evident in the plot. This variable-amplitude sinusoidal record was 

chosen over constant- or stepped-amplitude sinusoidal excitation because these artificial 

accelerograms are more aggressive than equivalent earthquake records with similar predominant 

frequency and peak acceleration amplitude (Bathurst and Hatami 1998; Matsuo et al. 1998). 

For each physical wall test the total number of shaking stages and thus the magnitude of the final 

peak acceleration amplitude was different depending on when the test was stopped. 
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12.4 Numerical approach 

The finite difference method (FDM) computer program FLAC (Fast Lagrangian Analysis of 

Continua) (Itasca 2005) was used to develop the plane strain numerical model for the GRS walls 

and to simulate their dynamic response. The backfill soil, facing panels, shaking table platform 

and back wall of the strong box were modeled as continuum zones (Figure 12.3a). The shaking 

table platform (the foundation for the model wall) and the back wall of the strong box were 

considered to be rigid in these models. In numerical simulation of Wall 5 (with EPS geofoam 

between the backfill soil and rigid back boundary) (Figure 12.3b), the effect of truncated back 

boundary on the numerical simulation results was also investigated by using a free-field boundary 

condition in FLAC. The purpose of placing a 0.15 m-thick EPS geofoam layer between the 

backfill soil and the rigid back boundary in shaking table test Wall 5 was to experimentally 

investigate the influence of an energy absorbing layer at the back boundary of the model wall. 

Generally, in numerical simulations the boundaries of the truncated numerical grid should be 

placed at sufficient distance to minimize wave reflection and thus approximate free-field 

conditions. However, this may lead to impractical large numerical grids. An alternative solution is 

to enforce free-field conditions in such a way that boundaries have non-reflecting properties. This 

can be achieved in FLAC by coupling the lateral boundaries of the main numerical grid to the 

free-field grid by viscous dashpots (Figure 12.3c); this imposes a far-field condition identical to 

an infinitely wide model. The free-field model in FLAC consists of a one-dimensional column of 

unit width (Itasca 2005). The influence of this free-field back boundary condition was 

investigated in numerical simulations of Wall 3 and the results compared to the physical response 

of Wall 5 that was constructed with EPS geofoam at the back boundary of the model strong box. 
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Two-noded one dimensional cable structural elements with tensile strength and no compressive 

strength were used to simulate the geosynthetic (geogrid) reinforcement layers. The 

reinforcement layers were rigidly attached to the corresponding grid point on the back of the 

facing panel zone matching the attachment detail in the physical models. The wall toe boundary 

condition (hinged or sliding) was modeled with two one-dimensional two-noded beam structural 

elements supporting the wall facing panels. In the hinged toe models, the beams at the wall toe 

form a hinge node that was prevented from horizontal and vertical movement. This arrangement 

only allowed the wall to rotate around the hinged point (Figure 12.3a). In the sliding toe model 

(Wall 4) the arrangement was similar to the hinged toe except that the hinged node was also 

allowed to slide horizontally.  

The size of the numerical grid (mesh) zones was selected based on preliminary simulation runs 

and previous numerical simulation experience by the writer and others (Zarnani and Bathurst 

2009a; Bathurst and Hatami 1998) in order to optimize numerical accuracy and calculation 

time. The size of the numerical zones was selected such that eight zones were placed between 

reinforcement layers to prevent numerical effects due to coarse level of discretization. The 

numerical mesh was generated using nodes placed on a square grid with 0.0355 m centres. The 

dynamic calculation time step was set automatically by FLAC at 6.76E-6 seconds for M-C 

models. The dynamic calculation time step was reduced to 1.37E-6 seconds for ELM models. 

Recommendations and guidelines mentioned in FLAC manual for dynamic analysis (Itasca 

2005) was used to develop the numerical model and perform the dynamic analyses and are not 

repeated here for brevity. Large strain mode was used in the models to account for large 

deformations. 
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The numerical grid was constructed in layers to simulate soil placement. However, there was no 

significant difference in numerical results by constructing the entire numerical domain 

instantaneously. The models were brought to static equilibrium after each soil layer was placed 

and following removal of the external props. Next, the full width of the foundation and back wall 

of the numerical model were subjected to the velocity-time record computed from the measured 

base acceleration record applied to each of the physical shaking table models. 

12.5 Material properties 

12.5.1 Soil 

The backfill soil that was used in the model walls was clean, uniform-sized, rounded beach sand 

(SP in the Unified Soil Classification System). The properties of the soil from laboratory shear 

box and triaxial compression tests (Burgess 1999; Walters 2004; Hatami and Bathurst 2005) 

have been reported in Chapter 6 and are summarized in Table 12.2a.  

The soil was modeled as frictional material with linear elastic-plastic response and Mohr-

Coulomb (M-C) failure criterion. A very small amount of cohesion was also introduced in 

numerical simulations in order to ensure numerical stability at the unconfined soil surface. 

Although not measured experimentally, the small amount of cohesion used in numerical 

simulations could account for very small apparent soil cohesion due to moisture (suction) in the 

sand. 

As mentioned earlier, two different numerical constitutive models were used in this study to 

model the dynamic behaviour of the backfill soil. The first was the linear elastic-plastic model 

with M-C failure criterion (Table 12.2a). In these simulations constant Rayleigh damping of 5% 

was assigned to the backfill soil material. As illustrated schematically in Figure 12.4a, the 
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component material with M-C constitutive model will have linear-elastic behaviour with constant 

Rayleigh damping ratio (and no hysteresis behaviour) up to the yield point. Beyond yield, the 

material will undergo plastic deformation. During unload-reload cycles, the unloading modulus is 

similar to the reloading modulus but hysteresis damping is also developed. This post-yield 

hysteresis damping and secant modulus reduction in the M-C model is illustrated in Figure 12.4a.  

The second numerical modelling approach was ELM with nonlinear hysteresis behaviour. This 

model simulates nonlinear cyclic behaviour including shear modulus degradation with shear 

strain and strain-dependent damping ratio. As depicted in Figure 12.4b, the inclination of each 

loop is dependent on the material stiffness described by the secant shear modulus (G). The 

breadth of the hysteresis loop is related to the area inside the loop which is a measure of energy 

dissipation and can be described by the damping ratio  . The tips of the hysteresis loops at 

different cyclic shear strain amplitudes create a locus of points which form the backbone curve. 

Cyclic shear strain amplitude affects the secant shear modulus of soils; at low strain amplitudes 

the secant shear modulus is high but it decreases as the strain amplitude increases. The slope of 

the backbone curve at the origin corresponds to the maximum tangent shear modulus (G0) but at 

greater cyclic shear strain amplitudes the modulus ratio G / G0 will decrease to values less than 

one. This variation of shear modulus ratio with shear strain is graphically represented by a 

modulus reduction curve which provides the same information as the backbone curve. The 

breadth of the hysteresis loops also increases with increasing cyclic shear strain amplitude which 

indicates that the damping ratio increases with increasing strain amplitude. The ELM hysteresis 

option has been implemented in the FLAC model. Figure 12.4b illustrates the hysteresis cyclic 

behaviour during the elastic portion of material behaviour and when the material is yielded; the 

hysteresis behaviour at post yield is depicted in Figure 12.4c. 
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Resonant column tests (RC) were also performed on the same sand with similar moisture content 

and relative density. The details of the tests are presented in Chapter 7 and are not repeated here 

for brevity. Shear modulus versus shear strain from these tests are plotted as continuous curves in 

Figure 12.5a. Superimposed on this figure are back-calculated shear modulus values from shear 

stress-strain hysteresis loops that were developed from acceleration measurements by 

accelerometers embedded in the backfill (Chapter 7). The results in Figure 12.5a show there is 

reasonably good agreement between the shear modulus values from both sets of data. From these 

combined results, the value of maximum shear modulus for backfill soil was taken as G0 = 120 

MPa. This value corresponds to the maximum shear modulus measured at the smallest confining 

pressure (47 kPa) used in the resonant column tests. It also corresponds to the lower bound value 

of back-calculated shear modulus from accelerometer data if they are extrapolated to smaller 

shear strain levels. Figure 12.5b shows the normalized shear modulus variation (with respect to 

maximum shear modulus, G0) against shear strain. The measured results from RC tests are 

presented as black curves and back-calculated results from accelerometer data are presented as 

symbols. Also superimposed on this figure is the range (grey shaded area) for the normalized 

shear modulus degradation curves for granular material available in the literature. Similar results 

are also presented for the corresponding damping ratio variation with shear strain in Figure 12.5c 

for each set of data. The measured resonant column test results fall within the range of shear 

modulus degradation and damping ratio variation for sand available in the literature. However, 

there is more scatter in the back-calculated shear modulus and damping ratio data using values 

deduced from accelerometer measurements. 

The hysteretic model that was adopted in FLAC uses a continuous three-parameter sigmoidal 

function to represent the soil modulus degradation curve. In order to find the best fit with the 
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measured values, FLAC simulations with different cyclic shear strain amplitudes were performed 

on unit volumes of soil in this study. The generated data were compared to degradation curves 

and damping curves described earlier for Figures 12.5b and 12.5c. Best-fit parameters were 

selected through trial and error (the average curve in these figures). Lower and upper-bound 

curves were also generated in order to investigate the sensitivity of numerical results to the choice 

of modulus degradation curve. It should be added that the upper bound shear modulus 

degradation curve used for FLAC model (Figure 12.5b) corresponds to the lower bound damping 

ration curve shown in Figure 12.5c and vice versa. Further details about the implementation of 

the ELM model in FLAC are provided by Itasca (2005) and an earlier numerical simulation study 

on seismic geofoam buffers (Zarnani and Bathurst 2009b – Chapter 3). Since hysteresis 

damping (applied through the ELM approach) provides almost no energy dissipation at very low 

cyclic shear strain levels, it is recommended to add a small amount of Rayleigh damping in 

FLAC models to avoid low-level oscillations (Itasca 2005). In the numerical simulations using 

the ELM approach in this study, additional Rayleigh damping of 0.5 and 1% was used. 

Degradation curves for the ELM approach were used along with the shear yield strength for 

backfill soil described by the M-C failure criterion (Figure 12.4c). Below the yield strength the 

response remains continuously nonlinear (Figure 12.4b). The FLAC hysteresis response was 

fitted to resonant column laboratory results and back-calculated results from accelerometer data, 

while plasticity parameters (e.g. friction and dilation angle) were matched to static laboratory 

strength tests. 

12.5.2 Reinforcement 

The geosynthetic reinforcement for the model shaking table tests was selected so that the scaling 

laws for 1-g reduced-scale models proposed by Iai (1989) were satisfied. The commercially 
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available PVC-coated polyester (PET) geogrid reinforcement product (Raugrid 2/2-20) 

(hereafter called type “R”) was used in Walls 3, 4, 5, 7, 9 and 10. In Wall 11 a similar but stiffer 

geogrid product was used (FORTRAC 200) (hereafter called type “F”). PET reinforcement 

products are less affected by loading rate and are practically strain-rate independent (Bathurst 

and Cai 1994; Shinoda and Bathurst 2004); hence their simple load-strain properties make 

them attractive candidate geosynthetics materials in reduced-scale model testing. The 

reinforcement material was modeled using linear elastic-plastic cable elements with no 

compressive strength. The material properties used in FLAC for the two types of geogrid 

reinforcement in this study are summarized in Table 12.2b. The stiffer geogrid (type “F”) has 

stiffness approximately one order of magnitude higher than type “R”. 

12.5.3 EPS Geofoam and other boundaries 

In Wall 5 elasticized EPS geofoam was used as an energy absorbing layer between the backfill 

soil and the rigid back boundary of the model. Conventional EPS geofoam has linear-elastic 

behaviour at compressive strain levels smaller than 1% strain. Above this strain value geofoam 

starts to yield and behave nonlinearly. However, elasticized EPS geofoam exhibits linear-elastic 

behaviour up to about 10% strain under compression and linear (proportional) behaviour up to 

about 40% strain. However, it also has smaller elastic modulus compared to unmodified material. 

The 0.15 m-thick elasticized geofoam layer at the back boundary of Wall 5 was also simulated 

with four-noded linear-elastic continuum zones. The elastic properties of the EPS geofoam used 

in numerical simulations are summarized in Table 12.1c. 

Four-noded, linear-elastic continuum zones were also used to model the full height-rigid facing 

panel, shaking table and far-end boundary. These zones were assigned unit weight, shear modulus 

and bulk modulus values of 13.8 kN/m3, 1000 MPa, and 1100 MPa, respectively. It was found 
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that larger values of bulk and shear modulus for the facing panel resulted in numerical instability 

due to the large difference in these values between adjoining soil and facing panel zones. 

12.5.4 Interfaces 

The reinforcement (cable) elements in the numerical model were attached to soil grid points to 

simulate a perfect bond. This attachment ensured compatibility of displacement between 

reinforcement structural nodes and backfill soil grid points. As noted later in this chapter, possible 

slip between the soil and upper reinforcement layers in the physical tests may have contributed to 

relatively less accurate reinforcement load prediction. However, in the absence of physical test 

data to guide the selection of interface stiffness values a perfect bond simplifies the modelling 

and interpretation of results.  

The interface between the backfill soil and the foundation was modeled using a thin (0.02 m 

thickness) soil layer placed directly on the foundation (Figure 12.3). The material properties of 

this layer were the same as those of the backfill material consistent with the rough sand bottom 

(glued layer of sand) in the physical tests. 

The interface between the reinforced soil and the facing panel was modeled using a thin (0.02 m 

thick) soil column directly behind the facing panel (Figure 12.3). The soil-facing panel interface 

material properties were the same as the backfill properties. The friction angle () was computed 

at peak base acceleration levels in the physical tests with a hinged toe based on the measured 

vertical and horizontal components of the toe reaction, weight of the facing panel, and the sum of 

the total connection loads (see Equation 5.1 – Chapter 5). Back-calculated facing-backfill 

interface friction angle values are presented in Chapter 6 and based on those results a value of  
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= ps = 45º (ps = backfill peak plane strain friction angle) was judged to be reasonable and was 

used in all numerical simulations.  

12.6 Comparison of numerical predictions and physical test results 

As described earlier, the input excitation was applied in stages and the peak acceleration 

amplitude was increased at each stage until the tests were terminated. The time histories of 

measured and predicted results, from experimental and numerical studies, were analyzed for each 

response parameter. To reduce the volume of presented data and improve clarity only peak values 

during each stage of shaking are plotted. These peak values are taken at the time of peak positive 

acceleration in the direction towards the wall facing. Hence the data points in the plots to follow 

correspond to the peak values in the positive acceleration direction. 

12.6.1 Wall fundamental frequency 

An often over-looked response feature of soil-structures is the fundamental frequency of the 

system. In design practice it is desirable that the predominant frequency of the input motion 

(design earthquake) be different from the model wall fundamental frequency to prevent premature 

failure due to a resonance condition (e.g. Zarnani and Bathurst 2009a – Chapter 4). Retaining 

walls of typical height (say H < 10 m) are short-period structures and thus their seismic response 

is dominated by their fundamental frequency (Hatami and Bathurst 2000). The natural 

frequencies of the FLAC numerical models were determined by performing a free vibration 

analysis. In the free vibration analysis, the same numerical models but without any damping, 

were subjected to similar acceleration-time histories as the shaking table tests with peak 

acceleration levels of 0.15g and 0.5g (to investigate the possible effect of acceleration magnitude 

on fundamental frequency of the models). The wall fundamental frequency was numerically 

predicted for Walls 3 and 4, with hinged and sliding toe boundary condition, respectively. The 
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results of FFT analysis are presented in Figure 12.6a. The corresponding measured experimental 

values for the two walls are plotted in Figure 12.6b. As the numerical predictions illustrate, both 

hinged and sliding toe walls had similar fundamental frequencies, 59.6 Hz and 59.4 Hz for Walls 

3 and 4 respectively. The measured values from shaking table tests were about 59.9 Hz for both 

walls which are very close to the predicted values. The experimental and numerical results show 

that the wall toe boundary condition did not have any significant effect on the fundamental 

frequency of GRS model walls. The numerical results (not presented here) also showed that the 

peak acceleration level did not have any effect on the predicted fundamental frequency of the 

model walls. In addition, the fundamental frequencies of the models were calculated using 

closed-form solutions for two dimensional linear-elastic media (Appendix B). The calculated 

fundamental frequencies were about 60.6 Hz and 62.8 Hz based on the solutions proposed by 

Matsuo and Ohara (1960) and Wu and Finn (1996), respectively, which are very close to the 

measured and numerically-predicted fundamental frequency values. These fundamental 

frequency values are well above the input excitation frequency values examined here (2, 5 and 8 

Hz) which means that the response of the physical and numerical models in this study is not 

complicated by close proximity to the fundamental frequency of the systems. 

12.6.2 Wall deformations 

Estimates of facing deformations are important because failure of GRS walls is most easily 

recognized as excessive outward wall facing deformation. In the figures to follow the peak 

horizontal movements at the top of the wall facing during each shaking stage (which occur at 

positive accelerations, i.e. outward movement of the wall) are used. 

Figure 12.7a shows the variation of maximum horizontal movement at the top of the wall with 

maximum measured input acceleration at each stage for Wall 3 (control wall). Predictions from 
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five different numerical simulations are compared with the matching measured shaking table test 

results. The numerical predictions were made by using:  

a) M-C model with 5% Rayleigh damping (Wall 3-3). 

b) ELM model with average curve and 0.5% Rayleigh damping (Wall 3-6). 

c) ELM model with average modulus degradation curve and 1% Rayleigh damping (Wall 3-

11). 

d) ELM model with upper modulus degradation curve and 1% Rayleigh damping (Wall 3-

14). 

e) ELM model with lower modulus degradation curve and 1% Rayleigh damping (Wall 3-

15).  

It should be noted that the identification numbers that are used for numerical simulations 

presented in this chapter (e.g. Wall 3-11) correspond to the wall number and simulation number 

from a larger pool of numerical simulations that were carried out on each wall during the 

verification process. These identification numbers are preserved in this chapter so that they can be 

easily traced back to archived numerical results in the future. The predictions using the M-C 

model have generally good agreement with experimental results up to base input acceleration 

level of about 0.45g. Above this acceleration level, the numerical predictions become larger than 

the measured values. The predictions by all ELM models were essentially identical up to input 

acceleration level of about 0.45g (shaking stage 6) and were slightly smaller than the predictions 

using the M-C model. However, overall they were reasonably close to the measured values. 

Beyond 0.45g acceleration level, ELM models had minor differences with predicted values. With 
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respect to the effect of additional Rayleigh damping in ELM models (with average modulus 

degradation curve), the results show that the choice of 0.5 or 1% Rayleigh damping did not have 

any effect on the simulation results up to acceleration level of about 0.53g (shaking stage 7). The 

only minor difference between the two predictions occurred during the last stage of shaking 

(stage 8) in which the simulation with ELM model and 1% Rayleigh damping (Wall 3-11) was 

stable until the end of stage 8 shaking. However, using the ELM model and 0.5% Rayleigh 

damping (Wall 3-6) the model became numerically unstable before the end of the stage. Hence, 

for this reason and the better prediction accuracy of the ELM model with 1% Rayleigh damping it 

was decided to use 1% additional Rayleigh damping in all subsequent numerical simulations with 

the ELM model. In this chapter, numerical instability (i.e. unstable numerical model) means that 

the numerical simulations were terminated automatically by the FLAC program due to large 

deformations in the models.  

The influence of choice of shear modulus degradation curve on simulation results with the ELM 

model are also shown in Figure 12.7. The simulations with the upper modulus degradation curve 

(simulation to about middle of stage 8, Wall 3-14) and lower modulus degradation curve 

(simulation up to about middle of stage 7, Wall 3-15) reached numerical instability sooner than 

the simulation with average modulus degradation curve. In fact, the time histories of wall top 

displacement during stage 7 of shaking from ELM simulations with average and lower modulus 

degradation curves are almost indistinguishable in Figure 12.7b. As the time histories illustrate, 

both models gave identical predictions of wall displacement up to about the middle of stage 7 of 

shaking. At this point, for reasons that were not obvious to the writer, the model with lower 

modulus degradation curve reached instability and abruptly stopped. Hence it was decided to use 
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the average modulus degradation curve with additional 1% Rayleigh damping in all subsequent 

numerical simulations with ELM model.  

The maximum measured and predicted horizontal displacements at the top and at the base of Wall 

4 (sliding toe) are presented in Figures 12.8a and 12.8b, respectively. There is judged to be 

excellent agreement between the measured results and the numerical predictions using the M-C 

model at all shaking stages (total of seven stages), both for the displacement at the top and at the 

toe of the wall. When the ELM model with average modulus degradation curve and 1% additional 

Rayleigh damping is used, the numerical model become unstable at the end of stage 5. However, 

up to an acceleration level of about 0.45g, there were no detectable differences between the wall 

displacements predicted using the M-C and ELM models. 

The predictions of wall top movement for Wall 5 (with EPS geofoam at the back boundary) are 

presented in Figure 12.9a. The geofoam was placed between the backfill soil and the rigid back 

boundary of the shaking table as an energy absorbing layer. The preliminary design of this 

geofoam layer (thickness and modulus) for the physical test was carried out numerically to 

replicate a free-field boundary condition. Therefore for Wall 5, the results of three numerical 

predictions are presented:  

a) Numerical model similar to Wall 3 (no geofoam layer) but with the free-field back 

boundary (Wall 5-3). 

b) Numerical model including the layer of geofoam and M-C model for backfill (Wall 5-7). 

c) Numerical model including the layer of geofoam and ELM model for backfill (Wall 5-8). 
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The numerical predictions illustrated in Figure 12.9a show that there is very good agreement 

between the predicted values and the measured values. The predictions using the model with free-

field boundary condition (Wall 5-3) are very close to the measured values during all shaking 

stages. This illustrates that the free-field condition was successfully replicated with the inclusion 

of EPS geofoam layer at the back boundary of the shaking table strong box. The predictions using 

the model with the layer of geofoam and M-C model for the backfill (Wall 5-7) were judged to be 

almost identical to the measured values up to stage 7. The predictions using the model with the 

layer of geofoam and the ELM soil model (Wall 5-8) gave similar predictions as the simulation 

with the M-C soil model; but again, the numerical model became unstable sooner and terminated 

at stage 7. Figures 12.9b and 12.9c compare the effect of the EPS geofoam layer at the back 

boundary of the model walls on experimental and numerical results, respectively. The 

experimental results show that the EPS geofoam did not have a detectable effect on the seismic 

response of model GRS walls at accelerations up to about 0.43g. At higher acceleration levels the 

model with geofoam at the back boundary recorded larger wall displacement. Similar 

observations can be made based on numerical predictions for these two walls (Figure 12.9c). The 

predicted values for these two models are almost identical up to acceleration level of about 0.46g. 

Beyond this acceleration level the numerical model with geofoam layer experienced slightly 

higher wall movements. These acceleration thresholds are very close to the observed critical 

acceleration levels for the two model walls presented in Chapter 10. 

Ling et al. (2010) reported numerical simulation results of 1-g shaking table tests. They mention 

that a layer of EPS geofoam was simulated at the back boundary of the numerical models. The 

elastic modulus of the EPS was taken as 2000 MPa, which is three orders of magnitude higher 

than typical values published in the literature (e.g. Bathurst et al. 2007). Unfortunately, no 
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additional information about the thickness of the EPS layer is provided in the numerical study 

paper (Ling et al. 2010) or in the companion experimental study paper (Ling et al. 2005b). 

Finally, no comparisons were made between models with and without EPS geofoam at the back 

boundary in their numerical simulations. 

The results for horizontal top of wall facing movements from numerical and physical model walls 

excited at predominant frequencies of 2 Hz (Wall 7) and 8 Hz (Wall 10) are presented in Figures 

12.10a and 12.10b. The agreement between the predicted and measured values was generally 

good at acceleration levels up to about 0.45g with both numerical models (M-C and ELM soil 

models), for both walls. Again, there was no significant difference between the numerical 

predictions using M-C and ELM soil models. The simulations with the ELM model became 

numerically unstable one stage sooner than the simulations with the M-C soil model. The 

influence of predominant frequency of input excitation on wall maximum displacement from 

numerical (using M-C model) and experimental results is presented in Figures 12.11a and 

12.11b, respectively. The numerically predicted values of wall displacement at high acceleration 

levels were larger than the measured values for the matching physical models, however, 

qualitatively both sets of results in Figure 12.11 indicate that the maximum wall displacement 

was affected by the input frequency. It appears that the middle examined frequency (5 Hz) 

resulted in higher wall horizontal movement, specially at high acceleration levels, compared to 

the other two examined frequencies (2 and 8 Hz) for both numerical predictions and experimental 

results. Similar observations were also made by Krishna and Latha (2007) and Latha and 

Krishna (2008) on shorter, more flexible walls (0.6 m high) with wrapped-face construction. 

Krishna and Latha (2007) examined three frequencies: 1, 2 and 3 Hz and they observed that the 

middle frequency (2 Hz) resulted in largest wall displacement. Latha and Krishna 2008 also 
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observed that the models excited at 3 Hz had the largest wall horizontal movement while the 

models excited at 2 and 5 Hz had smaller wall movement. 

Figures 12.12a and 12.12b show the maximum wall displacements for Walls 9 (with longer 

geogrid) and 11 (with stiffer geogrid), respectively. Up to shaking stage 6 (input acceleration of 

about 0.5g) there is no significant difference between the numerical predictions using M-C and 

ELM soil models. Both sets of numerical predictions show reasonably good agreement with the 

measured shaking table test for Wall 9 up to 0.5g peak acceleration. The simulation with the M-C 

soil model shows good agreement up to 0.6g peak acceleration for Wall 11. 

12.6.3 Toe loads 

The maximum decoupled horizontal and vertical toe loads measured by load cells at the toe of the 

model GRS walls are compared with numerical predictions in this section. Figures 12.13a and 

12.13b present the variation of maximum vertical and horizontal toe load of Wall 3, respectively. 

There is good agreement between the predicted vertical toe loads by numerical models and the 

measured values (Figure 12.13a). The choice of constitutive model and Rayleigh damping value 

did not have any significant effect of the vertical toe load predictions. The predictions of 

horizontal toe loads were not as good as those for vertical loads (Figure 12.13b); however, the 

predictions using the ELM approach were closer to the measured horizontal toe loads at very high 

acceleration levels. The under-prediction of horizontal toe loads at small acceleration levels by 

numerical models may be related to compaction effects that could not be generated in numerical 

simulations. An effort was made to numerically simulate the vibro-compaction stage during the 

construction of numerical models. However, the models reached numerical instability during this 

simulated vibro-compaction stage when the walls were braced during construction. Hence it is 

believed that the higher horizontal toe loads at lower acceleration levels in experimental 
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measurements could not be captured in the numerical simulations. Figure 12.14 compares the 

predicted vertical toe load in Wall 4 with the measured values. There is judged to be reasonably 

good agreement between the predicted and measured values up to about 0.45g input acceleration 

level. 

Figures 12.15, 12.16, 12.17, 12.18 and 12.19 compare the predicted and measured toe loads 

(horizontal and vertical) for Walls 5, 7, 9, 10 and 11, respectively. Generally the predictions of 

vertical toe loads from numerical simulations are better than the prediction for horizontal toe 

loads, when compared to measured results. Similar under-predictions of horizontal toe loads at 

lower acceleration levels were observed which may be due to vibro-compaction efforts noted 

earlier. The numerical predictions using the ELM approach were very close to predictions with 

the M-C model at most acceleration levels; however, the predicted horizontal toe load at high 

acceleration levels using the ELM approach were slightly closer to measured values from the 

shaking table tests. 

Generally, the predicted qualitative and quantitative trends in vertical toe loads are in better 

agreement with the measured values. The predicted qualitative trends in horizontal toe loads are 

judged to be in satisfactory agreement with the measured values during base excitation. However, 

there is considerable under-prediction of horizontal toe loads early in the test and over-prediction 

at very high acceleration levels. The self-weight of the facing panel is much less than measured 

and predicted vertical loads at the wall toe due to soil down-drag at the back of the wall facing. 

The under-prediction of horizontal toe loads by numerical models can be attributed to possible 

additional locked in stresses in the backfill soil developed by vibro-compaction during 

construction of the physical models which could not be replicated in numerical simulations. The 

same explanation was made based on comparison of experimental and numerical results for EPS 
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geofoam seismic buffer simulations performed by the writer (Zarnani and Bathurst 2007, 2008) 

and reported in Chapter 2.  

12.6.4 Geogrid connection loads 

Numerically predicted and measured reinforcement connection loads versus peak input 

acceleration for Walls 3, 4, 5, 7, 9, 10 and 11 are shown in Figures 12.20a, 12.20b, 12.20c, 

12.20d, 12.20e, 12.20f and 12.20g, respectively for all the reinforcement layers. The range bars in 

the figure represent the variation on the estimate of reinforcement loads deduced from strain 

gauge readings close to the back of the facing. The figures show that predicted connection loads 

accumulate with time during base shaking. Generally, numerical simulations over-predicted 

reinforcement connection loads. However, for some walls and some reinforcement layers the 

numerical predictions are judged to be in satisfactory agreement with reinforcement connection 

loads. The numerical predictions using the ELM approach were very close to predictions using 

M-C constitutive model at most acceleration levels. The over-prediction of connection loads in 

numerical simulations may be due to slip between the reinforcement and soil in the physical tests 

due to low confining pressure which is not captured in numerical simulations using a perfect bond 

between the geogrid layers and the backfill soil.  

12.6.5 Backfill mass movement and failure planes 

Plots of shear zones within the reinforced soil and retained soil zones from the numerical model 

of Walls 3 (control case, hinged toe) and 4 (sliding toe) are shown in Figures 12.21a and 12.21b. 

These plots correspond to the last stage of shaking in the numerical models.  The numerical 

results show the existence of a bi-linear failure surface. In the physical tests, thin layers of black 

coloured sand were placed in the backfill to facilitate visual detection of soil failure mechanisms 

within the field of view of the camera used to take digital images. The observed failure planes at 
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the end of shaking table tests of these two walls are superimposed on the shear zone contour plots 

of the numerical models. For Wall 3, the three almost parallel observed failure planes match the 

diagonal high shear strain zones in the numerical model (Figure 12.21a). For Wall 4, the lowest 

diagonal failure plane and the three shorter almost vertical failure planes developed at the end of 

reinforcement layers #1 (bottom layer), #2 and #4 observed in shaking table test match zones of 

high shear strain predicted by the numerical model. 

In the numerical models the reinforced soil zone can be observed to have deformed as a 

parallelogram indicating that the combination of rigid facing panel, soil and reinforcement layers 

creates a monolithic block. A swale at the soil surface at the end of the reinforcement zone was 

also observed in the physical tests consistent with the block deformation pattern predicted in the 

numerical simulations. A similar parallelogram block movement has been reported by Tatsuoka 

et al. (1998) from similar but smaller-scale reinforced soil wall tests with a rigid facing.   

Superimposed on the figures are linear failure surfaces inclined at an angle computed using a 

solution to pseudo-static Mononobe-Okabe (M-O) wedge theory (Zarrabi 1979, Chapter 5). For 

both walls, the analytical solution for the failure surface is oriented parallel to the numerically 

predicted zones of high shear strain in the retained soil zone. However, the numerical and 

physical tests show a bi-linear failure wedge geometry (most pronounced for the sliding toe case) 

which is not consistent with the single-wedge geometry associated with M-O theory.  

12.7 Conclusions 

The results of numerical modelling of reduced-scale reinforced soil wall models tested on a 

shaking table are described in this chapter. The numerical simulations were carried out using the 

commercially available dynamic finite difference program FLAC (Itasca 2005). The dynamic 

properties of soil were determined from resonant column tests and also back-calculated from 
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accelerometer measurements during the shaking table experiments (Chapter 7). The model walls 

were subjected to the same input base acceleration record as that measured in the physical tests. A 

unique feature of this study is that the influence of material constitutive model adopted for the 

backfill soil is also investigated. Linear elastic-plastic constitutive model with Mohr-Coulomb 

(M-C) failure criterion with Rayleigh damping and nonlinear constitutive model with hysteresis 

damping (equivalent linear method, ELM) were examined. Some important lessons from this 

study are summarized below: 

 The predicted wall horizontal displacements with M-C constitutive model were generally 

in good agreement with measurements up to acceleration levels of about 0.4g to 0.5g (i.e. 

vicinity of observed critical acceleration level). Beyond these acceleration thresholds, the 

predicted wall displacements with M-C model were generally higher than measured 

values. For some walls (Walls 4, 5 and 11) the satisfactory agreement between the 

predicted results and measurements extended to higher base input acceleration levels 

(0.6g). 

 When the ELM approach with hysteresis damping was used in the numerical models, the 

models typically ended sooner due to numerical instability than the simulations with the 

M-C model. When the two methods were stable the predicted wall displacements using 

both constitutive models very close up to the critical acceleration (between 0.4g and 

0.5g). However, ELM approach generally predicted smaller wall displacement at larger 

peak accelerations thresholds compared to the simulations with the M-C model. These 

smaller wall displacements predicted by the ELM approach at high acceleration levels 

were generally closer to the measured values from shaking table tests. 
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 Qualitative trends observed in experimental results with respect to the influence of 

predominant frequency of input excitation were captured in numerical simulations. 

Numerical predictions confirmed that an input accelerogram with a predominant 

frequency of 5 Hz resulted in greater wall displacements than the same accelerogram 

applied at frequencies of 2 Hz and 8 Hz when peak accelerations were greater than the 

critical acceleration value for the models. 

 The predicted model wall displacements using a numerical simulation with a free-field 

boundary condition at the back of the numerical model matched very well the measured 

values for a physical test with a geofoam inclusion at the back boundary (Wall 5). This 

comparison confirms that a properly selected EPS geofoam compressible inclusion at the 

back boundary of the rigid strong box in 1-g the shaking table tests is a useful 

approximation to an idealized free-field condition.  

 Both experimental and numerical results illustrated that up to the critical acceleration 

level of about 0.45g the presence of the EPS geofoam at the back boundary did not 

influence wall facing displacements. However, beyond the critical acceleration level the 

measured and predicted wall displacements were larger for the case with geofoam for the 

same peak acceleration level.  

 The numerical predictions of vertical toe load were typically closer to measured values 

than the predictions of horizontal toe load. This is believed to be due to higher horizontal 

toe loads developed at the end of physical model wall construction due to vibro-

compaction of backfill which could not be simulated successfully in numerical models. In 

most cases there was close agreement between predicted vertical toe loads using the M-C 
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model and measurements from shaking table tests. However, agreement between the 

predicted vertical and horizontal toe loads improved slightly when ELM approach was 

used in numerical models, especially at higher acceleration levels. 

 Generally, numerical simulations over-predicted reinforcement connection loads. 

However, for some walls and some reinforcement layers the numerical predictions are 

judged to be in satisfactory agreement with reinforcement connection loads. The over-

prediction of connection loads by numerical simulations may be due to slip between the 

reinforcement and soil due to low confining pressure which is not captured in numerical 

simulations using a perfect bond between the geogrid layers and the backfill soil. A 

properly formulated user-defined grout interface model in FLAC to better simulate the 

interface between the reinforcement and backfill soil is a future research topic. 

 The location and predicted orientation of major failure planes for Walls 3 (control wall, 

hinged toe) and 4 (sliding toe) were reasonably close to observed failure mechanisms in 

the shaking table tests. This observation demonstrates that the numerical models used in 

this investigation can capture mass movement of the backfill soil observed in the physical 

experiments. 

 Overall, the comparisons between numerical predictions and measured values show that 

the numerical models did very well predicting the seismic performance of the GRS model 

wall shaking table tests at least up to the critical base input acceleration levels between 

0.3g and 0.4g. The ELM constitutive model did not result in improved prediction 

accuracy at pre-critical acceleration levels. Hence, at these excitation levels the linear 

elastic perfectly plastic M-C model was preferred because it is simpler and requires fewer 
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input parameters and less calculation time. Similar conclusions were made from 

previously reported numerical simulation work in Chapters 3 and 5. Nevertheless, there 

were some improvements in model prediction accuracy using the ELM approach at 

higher acceleration levels, but these improvements were small and offset by instances of 

numerical instability that caused the program to terminate early. 

 The verified FLAC numerical models developed in this research work can be used to 

carry out numerical parametric studies to investigate the influence of a wider range of 

GRS wall geometries, foundation condition, wall facing type, reinforcement arrangement 

and type and earthquake loading conditions on the seismic performance of these systems 

at field scale. 
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Table  12.1  Shaking table test summary (adapted from Chapter 6). Note: Walls investigated in 
this chapter are in boldface type. 

Note: All walls have height H = 1.42 m; R = Raugrid 2/2-20 geogrid; F = Fortrac 200 geogrid 
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EPS inclusion 
between wall facing 
and backfill soil 

Wall 1 (trial) 0.9 R, 210 hinged rigid wall 5 No 

Wall 2 (trial) 0.9 R, 210 hinged rigid wall 5 No 

Wall 3 
(control) 

0.9 R, 210 hinged rigid wall 5 No 

Wall 4 0.9 R, 210 sliding rigid wall 5 No 

Wall 5 0.9 R, 210 hinged EPS 
geofoam 

5 No 

Wall 6 0.9 R, 210 hinged rigid wall 5 Yes 

Wall 7 0.9 R, 210 hinged rigid wall 2 No 

Wall 8 1.1 R, 210 hinged rigid wall 5 Yes 

Wall 9 1.1 R, 210 hinged rigid wall 5 No 

Wall 10 0.9 R, 210 hinged rigid wall 8 No 

Wall 11 0.9 F, 1980 hinged rigid wall 5 No 
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Table  12.2 Backfill soil and geosynthetic material properties used in numerical modelling: a) 
backfill soil; b) reinforcement material; c) EPS geofoam. 

a) Backfill soil                                                                    

Properties used in numerical model Value 

Unit weight,   16.8 kN/m3 
Cohesion, c 0.7 kPa 
Plane strain peak friction angle, ps 45 
Dilation angle,  11 
Shear modulus, Go  120 MPa 
Bulk modulus, Ko 260 MPa 
Model and damping (type and value) M-C with constant 5% Rayleigh damping or 

ELM hysteresis damping  + 0.5 and 1% 
Rayleigh damping 

Note: Residual friction angle of sand (cv) computed as 36 degrees but not used in constitutive 
soil model  
 

b) Reinforcement material  

 Values 
Properties type “R” type “F” 

Elastic modulus, E = J/t 105 MPa 990 MPa 
Yield strength, fyield = Trupture/t  9.75 MPa 92.5 MPa 

Compressive strength 0 0 
Cross section area   0.002 m2 0.002 m2 
Cross-section perimeter 2 m 2 m 

Notes: Axial stiffness J at 2% strain = 210 kN/m and 1980 kN/m; tensile rupture strength Trupture = 
19.5 kN/m and 185 kN/m from tensile tests, for types “R” and “F” respectively; thickness of 
geogrid taken as t = 2 mm.  
 

c) EPS geofoam 

Properties Values 

Elastic Young’s modulus, E 0.25 MPa 
Poisson’s ratio,  0.07
Density,  10 kg/m3 
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Figure  12.1 General arrangement and cross section of shaking table GRS model wall including 
instrumentation layout. 
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Figure  12.2 Details of input base acceleration of Wall 4: a) measured variable-amplitude input 
acceleration during stage 3 shaking; b) acceleration record for all shaking stages; c) FFT analysis 
of the measured shaking table acceleration during stage 7 shaking. 
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Figure  12.3 FLAC model of reinforced soil wall with hinged toe boundary condition: a) numerical grid; b) back boundary with EPS geofoam in 
Wall 5; c) free-field back boundary. 
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Figure  12.4 Cyclic loading condition in a) M-C model; b) ELM model, before yield; c) ELM model, post-yield. 
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Figure  12.5 Dynamic soil properties: a) shear modulus measurements from resonant column 
(RC) tests and shear stress-strain data from shaking table tests (using accelerometer 
measurements); b) normalized modulus degradation curves; c) damping ratio measurements from 
resonant column tests and shear stress-strain data from shaking table tests (using accelerometer 
measurements). Note: PI = plasticity index. 
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Figure 12.5 (continued) Dynamic soil properties: a) shear modulus measurements from resonant 
column (RC) tests and shear stress-strain data from shaking table tests (using accelerometer 
measurements); b) normalized modulus degradation curves; c) damping ratio measurements from 
resonant column tests and shear stress-strain data from shaking table tests (using accelerometer 
measurements). Note: PI = plasticity index. 

 

 

 

 

 

 



 

496 

 

 

 

Figure  12.6 Free vibration frequency response from: a) numerical simulations with FLAC; b) 
physical shaking table tests. 
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Figure  12.7 Maximum horizontal movement at the top of the facing, Wall 3: a) all numerical 
predictions; b) Wall 3-11 and 3-15 simulations. 
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Figure  12.8 Maximum horizontal movement of Wall 4: a) top of the facing; b) toe of the wall. 
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Figure  12.9 Maximum horizontal movement at the top of wall: a) Wall 5 (geofoam layer at far 
field boundary); b) experimental results for Walls 3 (no geofoam layer at far field boundary) and 
5; c) numerical results for Walls 3 and 5. 
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Figure  12.10 Maximum horizontal movement at the top of the facing: a) Wall 7 (f = 2 Hz); b) 
Wall 10 (f = 8 Hz). 
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Figure  12.11 Effect of the input excitation frequency on wall horizontal movement: a) numerical 
predictions; b) experimental measurements (Walls 3, 7 and 10). 
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Figure  12.12 Maximum horizontal movement at the top of the facing: a) Wall 9 (J = 210 kN/m; L 
= 1.1 m); b) Wall 11 (J = 1980 kN/m; L = 0.9 m). 
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Figure  12.13 Comparison of predicted and measured toe loads for Wall 3, a) vertical toe load; b) 
horizontal toe load. 
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Figure  12.14 Comparison of predicted and measured vertical toe loads for Wall 4. 

 

 

Figure  12.15 Comparison of predicted and measured toe loads for Wall 5: a) horizontal toe load; 
b) vertical toe load. 
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Figure  12.16 Comparison of predicted and measured toe loads of Wall 7: a) horizontal toe load; 
b) vertical toe load. 
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Figure  12.17 Comparison of predicted and measured toe loads for Wall 9: a) horizontal toe load; 
b) vertical toe load. 
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Figure  12.18 Comparison of predicted and measured toe loads for Wall 10: a) horizontal toe 
load; b) vertical toe load. 
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Figure  12.19 Comparison of predicted and measured toe loads for Wall 11: a) horizontal toe 
load; b) vertical toe load. 
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Figure  12.20 Comparison of maximum connection loads; a) Wall 3; b) Wall 4; c) Wall 5; d) Wall 
7; e) Wall 9; f) Wall 10; g) Wall 11. 
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Figure 12.20 (continued) Comparison of maximum connection loads; a) Wall 3; b) Wall 4; c) 
Wall 5; d) Wall 7; e) Wall 9; f) Wall 10; g) Wall 11. 
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Figure 12.20 (continued) Comparison of maximum connection load; a) Wall 3; b) Wall 4; c) Wall 5; d) Wall 7; e) Wall 9; f) Wall 10; g) Wall 11. 
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Figure  12.21 Predicted and observed soil failure mechanisms for: a) Wall 3 (hinged toe); b) Wall 
4 (sliding toe). Note: Shading indicates zones of relatively large shear strain. 

a) 

b) 
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Chapter 13 

General Discussion 

The focus of this thesis work is on the seismic performance of geosynthetic-soil retaining wall 

structures. It can be divided into two major parts based on the type of structures investigated and 

the flow of the chapters in the thesis. The first part concentrates on the application of expanded 

polystyrene (EPS) geofoam seismic buffers in rigid retaining walls and the second part focuses on 

the seismic performance of soil retaining structures that are reinforced with geosynthetic 

reinforcement layers. In some of these geosynthetic reinforced soil (GRS) walls, EPS geofoam is 

also used as a compressible inclusion to attenuate dynamic loads. 

The shaking table experimental study that was performed at the Royal Military College of Canada 

(RMC) (Gaskin 2000; Bathurst et al. 2007; Zarnani and Bathurst 2007) provided the first 

physical proof of concept and showed that EPS geofoam seismic buffers can be used to reduce 

earthquake-induced loads against rigid retaining wall structures. However, there are many 

parameters that may influence the performance of seismic buffers that cannot be practically 

investigated in physical shaking table tests due to model size, time and cost. Numerical modelling 

is a valuable tool to study the behaviour of models under simulated earthquake loading 

conditions. They can also be used to perform numerical parametric studies to investigate the 

influence of a wide range of parameters beyond those investigated in the original experimental 

program. Hence, a numerical model was developed using the program FLAC (Itasca 2005) and 

then validated against the shaking table experimental test results. After gaining confidence in the 

capability of the numerical model to predict qualitative trends and in most cases quantitative 

results of the experimental program the numerical model was used to perform numerical 
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parametric studies. The first modelling efforts (Chapter 2) were kept simple with respect to the 

material constitutive models for backfill soil and EPS geofoam. The constitutive model was linear 

elastic-perfectly plastic with Mohr-Coulomb (M-C) failure criterion with fixed Rayleigh 

damping. The comparison of the predicted values using FLAC against measured values showed 

that the model was capable of predicting the performance of seismic buffers under simulated 

earthquake loading conditions in shaking table tests. However, a more advanced material 

constitutive model with nonlinear hysteresis behaviour (equivalent linear method, ELM) was used 

for component materials in order to investigate the influence of material constitutive model on the 

performance of seismic buffers (Chapter 3). The comparison showed that the two models gave 

generally similar predictions at lower acceleration levels. However the advanced ELM model 

gave predictions that were closer to the measured results for the seismic buffer test with the most 

compressible EPS when model accelerations and total wall forces were greatest. However, the 

simpler model (M-C) is judged to be sufficiently accurate for practical purposes when the 

dynamic force increment is considered only. This outcome is of practical benefit to future 

designers of EPS geofoam buffers who use commercially available computer programs such as 

FLAC which have a choice of built-in library constitutive models to choose from.  

Parametric numerical analyses were performed with the verified FLAC model using the M-C 

material constitutive model to investigate the influence of a number of factors on the performance 

of EPS seismic buffers including: proximity of the predominant frequency of excitation to the 

natural frequency of the wall system, thickness and stiffness of the seismic buffer, wall height and 

type of input excitation. Chapter 4 shows that different combinations of buffer thickness and 

EPS geofoam type (with different elastic modulus) can provide the same seismic load attenuation. 

A major contribution of this work to practical design of EPS seismic buffers is the introduction of 
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buffer stiffness defined as the ratio of elastic modulus to buffer thickness as the most important 

engineering property for the seismic design of these systems. Design charts were developed based 

on the buffer stiffness and magnitude of dynamic load reduction compared to the control scenario 

with no seismic buffer. These charts are shown to be valid for a wide range of earthquake 

accelerograms including actual earthquake histories and synthetic records. The design charts were 

developed assuming a single backfill soil type. Nevertheless, these charts are a practical and 

useful guide to engineers for the preliminary design of these systems.  

The experimental and numerical studies on EPS geofoam seismic buffers presented in this thesis 

demonstrate that EPS seismic buffers can attenuate seismic loads against rigid retaining wall 

systems such as bridge abutments and basement walls. However, a possible additional application 

is the seismic protection of buried infrastructure such as tunnels with rigid liner walls and 

reinforced concrete subway station boxes. These applications are potential future research topics. 

The second part of the thesis (Chapters 5 to 12) concentrates on the seismic performance of 

geosynthetic reinforced soil (GRS) retaining walls. A new high capacity shaking table facility 

(250 kN payload capacity and plan area of 2.6 by 3.3 m) was constructed at RMC. The design, 

construction management and commissioning of this facility was a major effort of the writer in 

support of this portion of the thesis program. To the best knowledge of the writer this facility is 

the only purpose-built 1-g shaking table in Canada designed to carry out seismic studies on earth 

structures.   Reduced-scale model GRS walls were designed and built on this shaking table and 

then subjected to simulated earthquake loading conditions. In some shaking table tests, combined 

use of EPS geofoam and horizontal geosynthetic reinforcement layers was investigated. The 

measured seismic performance parameters of the model GRS walls were compared against 
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predicted values using analysis methods found in the journal literature and in current North 

American design guidelines.  

In North America and the rest of the world, the current approach for the seismic design of GRS 

walls is based on pseudo-static limit-equilibrium methods of analysis that are typically an 

extension of Mononobe-Okabe (M-O) earth pressure theory, modified method of slices or, 

multiple block (wedge) analyses. These methods are understood to be inadequate for earthquake 

events in excess of 0.3g and in all cases are unable to account for wall response as a function of 

other characteristics of a seismic record such as duration of shaking, velocity-time history, and 

proximity of predominant frequency to fundamental frequency of the structure. Recently, the 

National Building Code of Canada has increased the design peak ground acceleration at almost all 

locations in Canada. For regions such as western parts of British Colombia and the Quebec City 

area in Canada, the peak horizontal ground acceleration is now greater than 0.6g and hence, 

according to current design guidance documents, pseudo-static design methods are not 

recommended. The limitations noted above have been confirmed in the current thesis work by the 

results of GRS model wall shaking table tests. Physical and numerical results show that current 

M-O based analysis methods are most often not capable of predicting correct reinforcement 

connection load distribution over wall height under static loading conditions and at small 

acceleration levels. Under static loading condition the connection load distribution over wall 

height was more uniform rather than linear increasing with depth as predicted using current limit-

equilibrium methods. Under dynamic loading conditions, the predicted connection load 

distributions using the AASHTO (2010) method were the closest to the measurements. The 

NCMA (2009) method and the method proposed by Bathurst and Cai (1995) over-predicted 

connection loads at most elevations especially at higher acceleration levels. Also, the 
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measurements of the sum of all connection loads and the horizontal toe loads (i.e. total horizontal 

earth force) showed that they vary almost linearly with input base acceleration level. However, 

analysis methods found in design guidelines predict different variation at acceleration levels 

higher than about 0.4g. The NCMA (2009) method and the method proposed by Bathurst and 

Cai (1995) over-predicted this total horizontal earth force while AASHTO (2010) and FHWA 

(2009) methods under predicted. The NCMA (2009) method and the method proposed by 

Bathurst and Cai (1995) were more conservative than the other two design methods. However, 

these methods can be understood to be conservative (safe) for design particularly at high peak 

ground accelerations.  

The shaking table test program illustrated that the wall toe boundary condition (hinged versus 

sliding) has significant effect on the distribution of reinforcement connection loads, especially at 

the lowest reinforcement layer. GRS walls in the field constructed with a hard facing have wall 

toe boundary conditions that fall between the two extreme cases that were investigated in this 

experimental study. The influence of a fully- or partially-restrained wall toe condition for GRS 

walls in the field is not considered in current design guidelines. A practical implication of this 

observation is that the additional structural support offered by a structural facing will increase the 

seismic resistance of a wall during earthquake but this additional capacity cannot be easily 

predicted.  

The measurements from GRS model wall shaking table tests also illustrate that reinforcement 

length and stiffness, and predominant frequency of input excitation can influence the magnitude 

of wall horizontal movement and distribution of reinforcement connection loads over wall height. 

However, when all horizontal forces (i.e. reinforcement connection loads and horizontal toe 
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loads) are summed up, the influence of these parameters becomes negligible. This observation 

means that parameters such as reinforcement length and stiffness and predominant frequency of 

input excitation may not have significant influence on the total dynamic earth force that is exerted 

on a GRS wall face under dynamic loading conditions assuming that this observation is also 

applicable to full-scale walls. 

The results from GRS model wall shaking table tests with combined use of EPS geofoam and 

geosynthetic reinforcement layers show that the inclusion of EPS geofoam layer behind the GRS 

wall facing can significantly reduce horizontal and vertical toe loads, reinforcement connection 

loads and horizontal earth forces. The potential reduction in horizontal and vertical toe loads and 

reinforcement connection loads offers potential improved facing stability of GRS walls with 

respect to footing foundation bearing capacity, sliding resistance and wall facing over-turning. 

The inclusion of EPS geofoam between the backfill soil and GRS wall will reduce the effective 

length of reinforcement layers that are in contact with backfill soil and hence in order to reduce 

wall horizontal movement, this effective length should be increased by the same amount as the 

thickness of the geofoam layer. The physical experiment results in this thesis are the first 

documented proof of concept for this combined technology. The quantitative comparison between 

physical tests with and without geofoam at the back of the wall face represents the first 

quantitative demonstration of this combined technology and offers a practical strategy to further 

improve the design of geosynthetic-soil retaining wall systems for seismic environments. 

One-g shaking table tests showed that a layer of properly designed EPS geofoam at the back of 

the model walls (between rigid back boundary of the strong box container and soil) can replicate 

free-field conditions. However, the EPS geofoam layer did not have any influence up to 
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acceleration levels of about 0.4g. In other words, for the model GRS walls in this shaking table 

experimental study the rigid back boundary did not have any undesirable influence on the seismic 

response of the models. However, at higher acceleration levels, EPS geofoam layer at the back 

boundary was able to simulate idealized free-field conditions. This is a valuable contribution to 

future 1-g shaking table testing carried out in conventional strong box containers and thus has 

implications to a wide range of possible earth structure testing.  

A very valuable and original outcome in this thesis is that nonlinear backfill soil properties were 

successfully deduced from accelerometer measurements taken within the soil mass. The 

acceleration measurements from vertical arrays of accelerometers were used to establish 

hysteresis shear stress-strain loops which in turn were used to develop shear modulus degradation 

and damping ratio variation curves. These back-calculated results matched reasonably well the 

results from independent laboratory dynamic element tests (resonant column tests) and the range 

of values reported in the literature for sand. This technique is a collateral valuable contribution to 

1-g shaking table testing instrumentation because it allows test-specific soil dynamic properties to 

be deduced for the sand soil used in the tests instead of (or complimentary to) relatively difficult 

to perform resonant column tests. These nonlinear backfill properties are required for advanced 

numerical simulations using the ELM constitutive model for the soil. 

Numerical models were also developed in order to simulate the seismic performance of GRS and 

geofoam seismic buffer model wall shaking table tests. The numerical models were validated 

against a wide range of response measurements. Different constitutive models were used in 

numerical simulations (M-C and ELM) and the results illustrate that numerical simulations with 

M-C model were reasonably accurate up to acceleration level of about 0.4g. This is a practical 
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and useful implication to future modelling efforts. Numerical simulations with ELM model 

require more input parameters and computational effort. In addition, it was observed that 

numerical simulations with the ELM model reached numerical instability and terminated sooner 

than simulations with the M-C model. The reason for this is not clear but this issue needs further 

investigation. A possible strategy would be to run dynamic finite element models using other 

commercially available computer packages. The measurements from shaking table tests also 

illustrate that there is a threshold acceleration level in the vicinity of about 0.45g after which the 

model GRS walls start to experience significant wall deformation and large soil shear 

deformations leading to softening and strength degradation. This acceleration limit is called the 

critical acceleration level. All numerical and experimental GRS wall model observations in this 

thesis work point to the existence of critical acceleration level in the vicinity of 0.4g to 0.45g. 

This observation is consistent with critical acceleration values in shaking table models reported 

by other researchers. A practical implication of this observation is that the performance of 

properly designed geosynthetic reinforced soil walls is not likely a concern if design peak ground 

accelerations are less than (say) 0.4g. 
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Chapter 14 

Summary, Conclusions and Recommendations 

14.1 General 

The work presented in this thesis is focused on the seismic performance of geosynthetic-soil 

retaining wall structures using experimental shaking table tests and numerical simulations. The 

major results and conclusions from each chapter of the thesis are summarized here. 

Recommendations for future related research work are also provided.  

14.2 Summary and conclusions 

The summary and conclusions for this thesis work can be listed in two sections: a) application of 

EPS geofoam seismic buffers for rigid retaining walls, and; b) seismic performance of GRS 

model walls with and without EPS geofoam. 

14.2.1 Application of EPS geofoam seismic buffers for rigid retaining walls 

Program FLAC (Itasca 2005) was used to simulate the performance of seismic buffer shaking 

table tests (five tests with an expanded polystyrene (EPS) seismic buffer and one control test 

without a seismic buffer) (Chapter 2). The predicted results show that qualitative total earth 

force-time response features were captured by the numerical model and in most cases the 

quantitative values were in good agreement with the experimental measurements. The 

constitutive models used for the component materials in the simulations (i.e. soil and EPS 

geofoam) were kept purposely simple as a first attempt to simulate the physical test results (linear 

elastic-perfectly plastic Mohr-Coulomb (M-C) model for geofoam and backfill soil). The FLAC 

model performed very well when the dynamic wall forces generated during base excitation were 

compared to the corresponding values computed from the physical test results. 
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The equivalent linear method (ELM) was used (Chapter 3) to model cyclic nonlinear hysteresis 

behaviour of the EPS geofoam and sand backfill in FLAC numerical simulations of seismic 

buffer shaking table tests. Wall force predictions were compared against experimental results and 

the earlier numerical results (Chapter 2) using the M-C model for the geofoam and sand backfill 

with Rayleigh damping. It was observed that both methods captured the qualitative trends in the 

measured load-time history of the walls and in many instances were in good quantitative 

agreement with measured data. However, the ELM approach typically gave higher predictions of 

total peak wall forces particularly at greater excitation levels that were closer to the measured 

results for the seismic buffer test with the more compressible EPS. However, for practical 

purposes the M-C constitutive model for the component materials was judged to be sufficient. 

The results of a parametric numerical study performed using the validated FLAC model 

(Chapter 4) show that the magnitude of seismic load attenuation using EPS geofoam against 

rigid retaining walls is influenced by a number of parameters. Load attenuation improved at a 

diminishing rate as the thickness of the buffer increased. EPS geofoam buffers with lower 

modulus resulted in higher seismic load attenuation when all other conditions were the same. It 

was also observed that total wall force typically increased (and load attenuation decreased) as the 

input excitation frequency approached the fundamental (natural) frequency of the buffer-soil 

system. This decrease in efficiency of the seismic buffer was more pronounced for thin buffers. 

The preliminary design charts that were developed from this numerical parametric analysis, 

demonstrate that the practical quantity of interest to attenuate dynamic loads using a seismic 

buffer is the buffer stiffness defined as K = E/t (E = buffer elastic modulus, t = buffer thickness). 

For the range of parameters investigated in this study, K ≤ 50 MN/m3 was observed to be the 

practical range for the optimal design of these systems. It was also shown that the choice of 
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earthquake record as an input excitation affected the magnitude of maximum earth force even 

when different records were scaled to the same peak acceleration and had the same predominant 

frequency. However, when wall response was presented in terms of isolation efficiency (load 

attenuation percentage), the data from scaled accelerograms with the same predominant 

frequency fell within a relatively narrow band when plotted against relative buffer thickness. 

14.2.2 Seismic performance of GRS model walls with and without EPS geofoam 

The results of numerical simulations of two previously reported geosynthetic reinforced soil 

(GRS) model wall shaking table tests (Chapter 5) showed that a simple elastic-plastic (M-C) soil 

model can be sufficient to predict wall deformation, footing and reinforcement loads. Both 

physical and numerical modelling results showed that the magnitude and distribution of 

reinforcement connection loads during static and dynamic loading are affected by the toe 

boundary condition. The numerical results and measurements of mass movement at large base 

accelerations showed the development of a bi-linear failure mechanism which is not predicted 

using closed-form solutions that are variants of well-established pseudo-static methods. While 

there were detectable differences between physical results and numerical outcomes in many 

cases, the numerical simulations with simple constitutive models for the component materials 

were judged to have done reasonably well. Comparison of numerical predictions with 

measurements and predicted values using closed-form analysis methods recommended in 

AASHTO (2010) and FHWA (2009) design guidelines showed that predicted reinforcement 

connection loads fell consistently within measurement ranges even at acceleration levels higher 

than 0.3g. Nevertheless, none of the analytical methods consider the contribution of toe restraint 

to wall load capacity which is significant for the typical case of a partially- or fully-constrained 

horizontal toe.  
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A new shaking table facility with ancillary data acquisition and a high-speed image capture 

camera was constructed at the Royal Military College of Canada (RMC) and used to perform 

shaking table tests of model GRS walls. The experimental results reported in Chapter 6 

demonstrate the success of the testing methodology and experimental setup developed for shaking 

table tests of model GRS walls and for future seismic investigation of other types of earth 

structures. The results also showed the influence of wall toe boundary condition (hinged versus 

sliding) on seismic performance of model GRS walls including wall horizontal displacements. 

The measured vertical toe loads were greater than the self-weight of the wall facing column. This 

is attributed to the down-drag forces developed behind the wall facing. The influence of down-

drag forces on reinforcement connection loads is not considered in current design guidelines 

which is non-conservative (unsafe) for design. The wall toe boundary condition did not have any 

significant effect on the vertical loads at the wall toe. The measured vertical toe loads were 

reasonably well predicted using pseudo-static analysis based on Mononobe-Okabe (M-O) wedge 

theory assuming the reduction of wall-backfill interface friction angle to a residual value with 

increase in input acceleration level. The measured horizontal loads at the restrained toe of the 

model wall illustrated that a significant portion of horizontal earth load is attracted by the 

restrained toe. This load bearing capacity at the toe is not considered in current design guidelines 

which may lead to excessively conservative (safe) design. Under static loading conditions the 

connection load distribution over wall height was more uniform and not linear increasing with 

depth as predicted by limit equilibrium-based analysis and design methods. Under dynamic 

loading conditions, the predicted connection load distributions using AASHTO (2010) and 

FHWA (2009) methods were the closest to measured values. The NCMA (2009) method and the 
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method proposed by Bathurst and Cai (1995) over-predicted connection loads at most elevations 

especially at higher acceleration levels. However, the error is on the safe side for design.  

The non-contact particle image velocimetry (PIV) method was used for the first time to measure 

GRS wall model response during 1-g shaking table tests. The PIV technique was used to track the 

movement of small patches of backfill soil and to identify mass movement patterns and failure 

planes in the backfill soil during shaking. 

The one-dimensional shear beam idealization was successfully used to compute shear stress-

strain time response at accelerometer locations and at mid-points between devices in a vertical 

string of accelerometers placed in the soil of 1-g shaking table tests (Chapter 7). From the 

computed hysteresis loops, secant shear modulus and damping ratios were calculated and 

modulus degradation and damping ratio variation data with respect to shear strain magnitude 

were generated. The comparison between the calculated results and results from dynamic element 

tests on the same material and the reported data in the literature showed that accelerometer data 

can provide useful dynamic nonlinear hysteresis soil properties. This outcome was a collateral 

valuable contribution to 1-g shaking table testing instrumentation methodology.  

Different methods were used to calculate acceleration amplification factors over the backfill and 

wall facing height during shaking table tests (Chapter 8). Significant acceleration amplification 

was observed during base excitation at the top of the wall facing and backfill surface. This 

amplification increased with input acceleration level up to about 0.45g. Beyond this acceleration 

level the amplification factors did not increase and in some locations decreased. This reduction 

was more obvious at the accelerometers located in the upper half of the wall and backfill. It is 

believed that at these locations during high base excitation levels, large model deformations 
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occurred that led to soil softening and strength degradation which may have led to a significant 

reduction in backfill stiffness and increase in damping ratio. This acceleration threshold 

corresponds to a critical acceleration level. The root mean square (RMS) method was 

demonstrated to be the best method to calculate acceleration amplification factors. The difference 

in amplification factors between the backfill mass and the facing panel over the height of the 

model also showed that the entire wall system did not behave as a single monolithic body (i.e. 

rigid body motion) as assumed in pseudo-static design methods for GRS walls. 

The shaking table tests of model GRS walls with EPS geofoam (Chapter 9), demonstrated that 

an inclusion of EPS geofoam layer behind the wall facing generated further reductions in wall 

horizontal and vertical toe loads compared to the case of horizontal layers of geosynthetic 

reinforcement alone. The maximum reduction in horizontal toe loads ranged between 33 and 50% 

for the model walls with EPS geofoam. The maximum reduction in vertical toe loads ranged 

between 40 and 67% for the model walls with EPS geofoam. However, the effective length of the 

reinforcement layers in the backfill soil will be reduced by an amount equal to the thickness of 

the geofoam inclusion - this can result in greater wall deformations. Hence, in practice, when a 

geofoam inclusion is used, the length of reinforcement must be increased appropriately. Overall, 

the sum of all connection loads and horizontal toe load (horizontal earth force) in model walls 

with EPS geofoam was significantly smaller than the model walls without geofoam. The potential 

reduction in horizontal and vertical toe loads and reinforcement connection loads offers potential 

improved facing stability of GRS walls with respect to footing foundation bearing capacity, 

sliding resistance and wall facing over-turning. 
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Inclusion of an EPS geofoam layer between the backfill soil and rigid back boundary of the 

strong box on the shaking table did not have any practical influence on the seismic performance 

of model GRS walls up to base input acceleration level of about 0.42g (Chapter 10). This 

acceleration threshold is very similar to the observed critical acceleration level in other shaking 

table tests of model GRS walls reported in this thesis. However, beyond this acceleration 

threshold, EPS geofoam in the back boundary could successfully simulate the free-field boundary 

condition. It should be added that the strategy adopted in this testing program was to perform the 

experiments with simplified boundary conditions (i.e. rigid far-end boundary) and then use these 

experimental results to verify numerical models (with rigid back boundary). These verified 

numerical models can then be used to investigate the effect of rigid back boundary in the 

experiments by carrying out nominally identical numerical simulations with non-energy-

reflecting boundaries. 

The experimental results in Chapter 11 showed that generally, before the critical acceleration 

level of about 0.45g, the wall horizontal displacement was reduced by using longer reinforcement 

layers. The wall movement was further reduced if the stiffness of the reinforcement was increased 

by about an order of magnitude compared to the control case in this experimental program. At 

acceleration levels beyond the critical acceleration, the model wall with longer reinforcement 

layers recorded smaller wall displacements. However, due to possible slippage of the geogrid 

reinforcement elements used in this experimental program, the wall with stiffer reinforcement 

experienced greater wall displacements compared to the control wall, beyond the critical 

acceleration level. The influence of predominant frequency of input excitation on wall 

displacement was more complex. Typically, up to base acceleration level of about 0.3g, the 

models excited at higher predominant frequencies experienced greater wall horizontal 
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displacement. However, as the acceleration magnitude increased, the model wall excited at the 

middle frequency of 5 Hz resulted in higher wall displacements compared to the other two 

models excited at 2 and 8 Hz.  

For both static and dynamic loading conditions, current closed-form pseudo-static analysis 

methods found in current design guidelines could not consistently satisfactorily predict measured 

reinforcement connection load distributions at all elevations and at different acceleration levels. 

Observations made regarding the relative accuracy of pseudo-static analysis methods in Chapter 

5 based on earlier 1 m-high GRS model shaking table tests were largely confirmed in the current 

study using larger 1.45 m-high models. The sums of connection loads plus horizontal toe loads 

(i.e. total horizontal earth force) varied almost linearly with input base acceleration level and were 

not influenced by different parameters investigated in Chapter 11. The measurements were close 

to the predicted values using the NCMA (2009) and AASHTO (2010) design guidelines, up to 

acceleration level of about 0.4g. However, these design guidelines predict different variation at 

higher acceleration levels. The NCMA (2009) method and the method proposed by Bathurst and 

Cai (1995) over-predicted the total horizontal earth force while AASHTO (2010) and FHWA 

(2009) methods under–predicted these values. The normalized elevation of the resultant earth 

force generally remained at an elevation of about 20 to 30% of wall height above the base of the 

walls. All design guidelines predicted higher elevation of the resultant earth force. This can lead 

to conservative design with respect to facing internal stability of GRS walls. 

The FLAC numerical simulation results of model GRS wall shaking table tests reported in this 

thesis (Chapter 12) show that predictions made using the nonlinear hysteresis constitutive model 

(ELM approach) were practically similar to the predictions made by numerical simulations with 
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the M-C model, especially up to input acceleration level of about 0.4g. This acceleration 

threshold is again similar to the observed critical acceleration during physical shaking table tests. 

In general, the predictions of wall displacement and vertical toe loads were more satisfactory than 

for horizontal toe loads and reinforcement connection loads. This may be due to the inability to 

numerically simulate the vibro-compaction stage during construction which may have caused 

higher initial horizontal toe loads. Also, the assumption of perfect bond between reinforcement 

elements and backfill soil in numerical models may be the source of over-prediction of 

reinforcement connection loads. The free-field condition at the back boundary of the physical 

GRS model walls was simulated successfully in numerical simulations by including a layer of 

EPS geofoam at the back boundary of the numerical models. 

14.3 Recommendations for future work 

 The numerical parametric study on performance of EPS geofoam seismic buffers for rigid 

soil retaining wall structures can be extended to investigate the influence of different soil 

types (properties). These results can then be used to expand the preliminary design charts 

that have been developed for seismic buffers in this thesis. 

 EPS geofoam typically exhibits strain hardening behaviour under compression at high 

compressive strains (e.g. greater than 20% strain). A constitutive model that accounts for 

strain hardening and cyclic hysteresis behaviour of EPS geofoam should be implemented 

in the FLAC numerical code to investigate the influence of this constitutive model and 

large permanent compression of seismic buffers on wall performance during simulated 

earthquake. 
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 The work presented in this thesis is focused on geofoam seismic buffers applied to rigid 

(non-yielding) soil retaining wall structures such as bridge abutments and below-grade 

basement walls. However, the application of EPS geofoam to reduce static and dynamic 

earth pressures against partially yielding retaining walls (e.g. some gravity-type retaining 

walls) should be investigated. 

 EPS geofoam seismic buffers have potential to attenuate dynamic earth pressures acting 

on buried infrastructures such as tunnels with rigid liner walls and reinforced concrete 

subway station boxes during earthquake loading. These applications can be investigated 

using similar numerical models and experience gained in this thesis. 

 In the physical and numerical shaking table tests of model GRS walls the foundation 

under the models was rigid. However, in the field, GRS walls are most often constructed 

on more compliant soil foundations. Hence GRS wall foundation properties and 

behaviour can influence the performance of GRS walls under both static and dynamic 

loading conditions. The influence of foundation type (properties) can be investigated 

using shaking table tests on model GRS walls and/or using numerical FLAC models of 

the type described in this thesis work. 

 Measurement of the connection loads in the physical shaking table tests reported in this 

thesis proved challenging. These measurements are influenced by the complex interaction 

between the geosynthetic reinforcement, backfill soil and wall facing panel behind the 

facing. Fortunately, the redundancy provided by bonding strain gauges to the 

reinforcement at the connections mitigated this problem. However, modifications should 



 

532 

 

be made to the current experimental setup to improve the direct measurement of 

reinforcement connection loads using load cell devices. 

 The results from PIV analysis can provide useful information about the behaviour of the 

backfill soil in walls subjected to dynamic loading conditions, both at macro and micro 

scale. In the experimental work presented in this thesis, PIV results were used to detect 

mass movements of the backfill soil and to locate zones of large displacement in the 

backfill soil behind the wall facing. However, the behaviour of backfill soil at micro scale 

is also of interest. For example, PIV results from higher resolution digital images could 

be used to calculate acceleration, shear strain and shear stress of smaller soil patches 

which in turn can be used to compute dynamic shear modulus degradation and damping 

ratio curves. 

 In the FLAC numerical simulations of GRS model walls presented in this thesis, the 

reinforcement cable elements were bonded to soil backfill. This simple interface model 

was selected to prevent slippage between reinforcement and backfill soil and therefore 

simplify the interpretation of numerical results. However, during the physical shaking 

table tests and especially at high acceleration levels, slippage may have occurred between 

reinforcement layers and backfill soil. An advanced interface model for cable elements 

should be developed in FLAC to simulate soil-reinforcement interaction more 

realistically. However, advanced interface properties are required to characterize the 

constitutive model for the interface. Currently a novel research program on geogrid-soil 

pullout testing is underway at RMC under the supervision of Dr. Bathurst to characterize 

geosynthetic reinforcement interface properties using transparent soil and the PIV 
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technique. The results from this complimentary research program hold promise to 

provide input parameters for future geosynthetic-soil interface constitutive models. 

 Simulating the vibro-compaction stage during construction of model GRS walls in 

numerical simulations may improve the prediction accuracy of the FLAC numerical 

models used in this thesis. Strategies to successfully simulate soil compaction stages in 

reinforced soil walls warrant further investigation. An example is the method reported by 

Huang et al. (2009) who applied a transient vertical pressure to each soil layer during 

numerical simulation of GRS wall construction.  

 A verified FLAC numerical model of GRS wall of the type described in this thesis holds 

promise to explore a wide range of wall response features for walls of different types, 

geometry, material properties and seismic loading using numerical parametric analysis 

and thus expand the knowledgebase of seismic wall performance gained from 1-g 

shaking table tests. 

 The verified FLAC numerical models can be used to perform parametric numerical 

analysis of different combinations of EPS geofoam seismic buffers (i.e. constant or 

variable thickness, stiffness) and different horizontal reinforcement geometry. Other 

variables that should be investigated are excitation record (e.g. synthetic accelerograms 

and recorded earthquake records), backfill soil type and geosynthetic reinforcement type 

(properties). 

 The data presented in this thesis and from previous related experimental and numerical 

studies on the seismic performance of GRS walls carried out at RMC can be used to 
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modify current pseudo-static analysis methods with the objective of better defining their 

applicability and accuracy. 
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Appendix A 

Shaking Table and Ancillary Equipment Photographs and Drawings 

Photographs of the test facility are presented in this appendix together with some detailed 

drawings of the shaking table platform, the strong box built on top of the platform to contain the 

soil models, and material handling equipment.  

The writer was responsible for preliminary design of the facility and co-ordination of the 

installation of the shaking table at RMC and its ancillary equipment. The structural design of the 

table was carried out by Bekhit Engineering Ltd. T.A. Andre and Sons (Ontario) Ltd. was the 

general contractor and responsible for the construction of the concrete footings and 

manufacturing and installation of the table. The table was fabricated by Sydenham Welding Ltd. 

The strong box fixed to the table platform was built in-house. The hydraulic system (actuator and 

the actuator controller unit) was manufactured by MTS Systems Corporation. The bucket 

conveyor was purpose-designed and manufactured by NuTech Conveyor Components Inc. The 

high speed data acquisition system (HBM MGCplus AB22/A) with 104 channels was 

manufactured by HBM (Hottinger Baldwin Messtechnik GmbH). Project management was 

provided by the writer under the supervision of Dr. Richard J. Bathurst.  
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Figure  A.1 Photograph of shaking table platform. 

 

 

Figure  A.2 Photograph of actuator attachment to the bottom of shaking table platform. 
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Figure  A.3 Photograph of the strong box (model wall under construction). 

 

 

 

Figure  A.4 Photograph of completed model wall before shaking. 
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Figure  A.5 Photograph of completed model wall after shaking. 

 

 

Figure  A.6 Photograph of the back of the strong box showing potentiometer-type extensometers. 
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Figure  A.7 Example photograph of failure planes developed in backfill soil at the end of shaking. 
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Figure  A.8 Photograph of the HBM data acquisition system and instrumentation power supplies. 



 

541 

 

 

Figure  A.9 Photograph of the instrumentation connection board to the data acquisition system. 
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Figure  A.10 Drawing of the shaking table steel platform framing plan. 
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Figure  A.11 Drawing of the section view of the actuator connection to the bottom of the shaking 
table platform. 
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Figure  A.12 Plan view drawing of the strong box attached to the shaking table platform. 
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Figure  A.13 Side view drawing of the strong box (with an optional 1 m height extension) 
attached to the shaking platform. 
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Figure  A.14 Back view drawing the strong box (with an optional 1 m height extension) attached 
to the shaking platform. 
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Figure  A.15 General view photograph of the shaking table and material handling equipment. 
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Appendix B 

Fundamental Frequency Calculations Based on 1-D and 2-D Linear 

Elastic Theory 

In Chapter 6, the fundamental frequency of the GRS model walls was determined 

experimentally, numerically and from closed-form solutions for linear elastic media. Table B.1 

shows the calculated fundamental frequency of model walls using closed-form solutions for one- 

and two-dimensional problems. The calculations were performed considering: H (wall height) = 

1.42 m, (density) = 1720 kg/m3, G (shear modulus) = 1.2E8 N/m2, B (width of the wall-backfill 

system) = 2.64 m. Poisson’s ratio () was assumed 0.3. 

Table  B.1 Prediction of fundamental frequency of the model walls. 

Method Formulation Fundamental frequency 

1D formulation 

G

H
f

4

1
1   46.5 Hz 

1D prediction, Richardson 

(1978) 
38.1/H 26.8 Hz 

2D formulation, GFff  111  

2D, Matsuo and Ohara (1960) 

(v=0)  

2

0 1

2
1 











 B

H
GF v 


  60.6 Hz 

2D, Matsuo and Ohara (1960) 

(v=0)  
  2

0 21

18
1 











 B

H
GF




  104.4 Hz 

2D, Wu (1994), Wu and Finn 

(1996) 
 

1

2
1

2


















B

H
GFW 

 62.8 Hz 

2D, Scott (1973)   
21

164
1

2

2 

















B

H
GFS 




 96.2 Hz 
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Appendix C 

Resonant Column Tests 

Resonant column (RC) tests were carried out using specialized equipment at the University of 

Waterloo. Figure C.1 illustrates a schematic of the resonant column testing equipment used in 

this thesis. The height and diameter of the specimens were 150 and 70 mm, respectively. Each 

specimen was prepared inside a pressure cell and different confining pressures applied to the 

specimens. A harmonic torsional loading was generated and applied to the top of the specimen by 

an electromagnetic loading system while the bottom of the specimen was fixed. The harmonic 

loading was a sine wave with changing frequency with time. The applied frequency was typically 

in the range of 30 to 110 Hz. The response of the specimen was measured with an accelerometer 

fixed to the top driving plate of the resonant column test. The lowest frequency at which the 

response is locally maximized is the fundamental frequency of the specimen. This fundamental 

frequency is in turn a function of the low-strain stiffness of the soil and geometry of the 

specimen. From the fundamental frequency, the shear wave velocity (vs) can be calculated using:  

[C.1]     n n

0 s s

ω h ω hI
 = tan

I v v
, n nω  = 2πf

 

where I and I0 are the mass polar moment of inertia of the specimen and the torsional loading 

system connected to the top of the specimen, respectively, h is the height, and fn is the measured 

fundamental frequency. The shear modulus of the specimen can be calculated by: 

[C.2]     
2
sG = ρv

 

Damping can be determined from the decay of free vibration response or from the frequency 

response curve using the half-power bandwidth method. The half-power bandwidth method was 
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used in the current study and is illustrated for one of the resonant column measurements in 

Figure C.2. This figure shows the frequency response of the specimen measured during one of 

the excitation stages. The damping ratio of the specimen can be determined by drawing a 

horizontal line at the value of fundamental frequency divided by square root of two crossing the 

frequency response curve at two points with frequencies f2 and f1. The damping is then calculated 

by: 

[C.3]     
n

12

2f

ff
ζ
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Figure  C.1 Resonant column (RC) test set up. 

 

 

 

 

 

Figure  C.2 Half power bandwidth method for calculation of damping in RC tests. 

 

 


