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Abstract 

 The physical response of a profiled high-density polyethylene stormwater retention arch 

structure under shallow burial subjected to design truck loading was investigated, with an emphasis 

on finite element modelling of the soil-structure system. First, three-dimensional, geometric and 

materially nonlinear finite element analysis was used to model a physical test on an arch specimen 

prior to burial with the goal to develop and validate a structural model capable of simulating the 

response of the arch structure up to and past its ultimate limit state. The explicit three-dimensional 

geometry of the tested arch specimen was measured in detail using a laser scanner, and tensile 

index tests were carried out to calibrate a viscoplastic constitutive model. The analysis was capable 

of replicating the measured load-displacement response of the structure up to and past its ultimate 

limit state governed by buckling. Second, analysis of a previously conducted full-scale physical 

test of a single arch structure buried with 460 mm cover above the crown and subjected to cyclic 

design truck loading was carried out. Displacement measured in the first load cycle was notably 

higher than in subsequent load steps as the arch worked its way into position, which included the 

densification of the initially uncompacted gravel backfill and soil shear failure underneath the 

wheel pad. Time-dependent behaviour was noted under constant load holds, particularly during 

the first load cycle. The validated structural model was used in conjunction with a nonlinear, 

elastic-plastic soil model to explicitly model the laboratory setup and testing. The model was able 

to capture the behaviour of cyclic loading, including apparent stiffening of the soil-structure 

system after the first load cycle. It matched displacements and deformed shape at the start of the 

nominal design wheel load (71.2 kN) for all load cycles but was unable to match the measured 

results during constant load holds and at the larger partially factored design wheel load (90.3 kN).  
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Chapter 1 

Introduction 

1.1  Description of the Product 

In addition to water quality requirements, available water retention is also an important 

part of stormwater runoff requirements mandated for commercial, residential, and institutional 

sites. Sites must accommodate design flows for runoff in a way that does not overwhelm the 

municipal storm sewer system. This can be particularly difficult in urban settings where land is in 

high demand. The ground surface in urban areas is typically impermeable, limiting infiltration and 

speeding up the time of concentration for peak flows. Stormwater retention ponds are commonly 

used to meet runoff requirements, but large natural land use methods are not feasible for urban 

environments where space is limited and expensive. As such, buried stormwater retention 

structures, which include buried concrete, steel, and plastic pipes, precast concrete vaults, plastic 

stormwater modules, and plastic retention arches, have emerged as a solution to meet these 

retention requirements. Plastic stormwater retention arches can provide void ratios of over 90% 

while using up virtually no real estate, and although they do not offer the large total volume of 

more substantial concrete units, they are ideal for installing a retention layer under parking lots or 

other paved surfaces, making them an economical system for a commercial land usage.  

Stormwater retention arches have become more popular over the past 20 years, but little 

research and testing has been carried out on these structures. Although field testing and two-

dimensional finite element analysis has been carried out during the development of these products, 

there has been an absence of high quality laboratory testing or investigation of failure mechanism 
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and ultimate limit state performance. The purpose of this research was to carry out the first high 

quality laboratory testing of stormwater arch chambers to investigate their performance under 

shallow burial and vehicle loading, and to examine the extent to which finite element analysis that 

takes into account explicit geometry, geometric nonlinearity, material nonlinearity, and soil 

plasticity is capable of reproducing the measured behaviour of these structures, making it a useful 

tool in developing more efficient retention structures, or to develop further design methods. 

1.2   Literature Review 

1.2.1  Background 

Thermoplastic stormwater chambers are used as efficient buried structures that store and 

then slowly release excess runoff during large rainfall events. The high void ratio, lightweight 

structures are often installed under paved surfaces such as commercial parking lots where large 

amounts of runoff can be generated quickly due to limited infiltration. These chambers are usually 

semielliptical arch structures made using polypropylene (PP) or high-density polyethylene 

(HDPE), and are typically no larger than 1.5 m in height or span. Since the chambers are arch 

shaped, they are designed to carry load mostly in thrust (i.e. in-plane circumferential compression). 

The thin-walled structures have a very low cross-sectional area and use a corrugated profile to 

increase compressive and bending stiffness. Since they are a relatively flexible structure, soil 

support is important for performance. Consequently, it is important to account for both the 

structure and the soil for structural design. 
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1.2.2 Design Standards 

Though stormwater arches have been used for about 20 years, standards have only been 

produced recently to specify design methods for manufacturers and engineers, namely ASTM 

F2787 (2009) which standardizes structural design, and ASTM F2922 (2013) which covers 

requirements, test methods, and materials for polyethylene chambers. ASTM F2787 checks the 

resistance of stormwater arches against a critical strain at which local buckling would occur, 

determined through stub compression testing outlined in NCHRP Report 631 (McGrath et al., 

2009). The arch installation is typically modeled using a two-dimensional finite element analysis 

program. Output thrusts and moments from finite element models are used to calculate extreme 

fibre strain, which is then compared to the critical strain value. The use of this method and how it 

relates to the design of stormwater chambers is discussed in detail by McGrath and Mailhot (2010) 

and Bass et al (2010). According to ASTM F2922, a series of design qualification tests are required 

to be completed by the manufacturer. This includes stub compression testing to determine critical 

strain, a structural test to ensure a minimum stiffness, and full-scale field testing under live loading 

and deep burial conditions. A Canadian design standard, CSA B184 (2017), which references the 

ASTM standards (2009, 2013) has also been developed for the testing of polyethylene and 

polypropylene arch chambers. 

1.2.3  Field Testing 

The first full-scale field testing of stormwater retention arches reported by Beaver et al. 

(2003) outlined the suggested process for the structural design of these products based on two-

dimensional finite element analysis and AASHTO bridge design procedures (2010), which were 

later published in ASTM F2787 and ASTM F2922. The required full-scale installation testing 
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includes a sustained dead load test and a live load test. For the dead load test the structures must 

be buried under at least the maximum fill height for three months, whereas for the live loading test 

a truck axle is placed over the arch at minimum cover for a duration of one minute. Bass et al. 

(2010) later presented the design development and qualification testing of a large thermoplastic 

arch chamber using the AASHTO based procedures presented in the Beaver et al. paper (2003). 

The live load field testing involved burying three rows of stormwater arches under the minimum 

cover depth of 0.46 m, which was later reduced to 0.30 m to simulate larger factored axle loads. A 

truck was loaded with rocks to achieve an axle load of 156 kN, just higher than the unfactored 

AASHTO design load of 142 kN. The truck was then driven over the arches for 100 passes and 

placed at various locations for 10-minute hold periods. Throughout this process, crown deflection 

was measured, and the arches were visually inspected after each loading period. Results from 

similar field tests showed that the new large chambers met all target safety levels set by AASHTO 

for short term live loading and long-term soil loading. Deflections were typically under 25 mm, or 

2.5% of the rise of the structure, and no signs of local buckling were reported under the minimum 

burial depth of 0.46 m. The most recent published field testing of these structures was completed 

by Masada and Zhu (2011) at Ohio University, which followed the required qualification testing 

outlined in ASTM F2787 and ASTM F2922 for live loading. Masada and Zhu also found that the 

chambers were able to support all live loads at various orientations at minimum cover of 0.46 m. 

1.2.4  Finite Element Analysis 

Following their field tests, Masada and Zhu (2014) carried out the first published finite 

element analysis that specifically aimed to investigate the behaviour of thermoplastic arch 

structures. All prior finite element modelling published was carried out for design purposes. The 
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two-dimensional finite element analysis program CANDE (2007) was used, as it employs built-in 

soil models and checks for a variety of failure methods automatically (i.e. overstraining, buckling). 

The authors investigated how chambers perform differently from pipes, studied the optimal 

geometry of the structures, and considered the effects of chamber spacing. It was found that the 

chamber structures tended to deflect slightly less vertically compared to pipes, and their span 

would decrease under loading as a result of being further anchored into the soil with increasing 

soil stress. Results suggested that a semi-elliptical arch shape was ideal for chamber structures as 

they returned the lowest calculated deflections, and found that strain in the chamber decreases as 

spacing increases, as more of the load was transferred to the soil column between the chambers. 

Masada and Zhu attempted to compare finite element analysis results to their field tests conducted 

in 2007 but did not attempt to match details, including specimen geometry and material 

parameters, between the previously conducted experimental results and their simulations. Only 

general trends in behaviour were compared. 

1.2.5  Material Modelling 

Zhang and Moore (1994) began by modelling the response of a profiled HDPE pipe to 

parallel plate loading (ASTM 2412, 2011), a test which has long been used to qualify the stiffness 

of thermoplastic pipes, using three-dimensional geometry and a linear viscoelastic (LVE) material 

model. This model provided a reasonable estimate of measured load in the elastic range but was 

unable to capture behaviour under larger deflections. It was concluded that three-dimensional 

analysis should be used for the analysis of buried profiled HDPE pipes to capture local bending 

effects. The authors then formulated non-linear viscoelastic and viscoplastic models based on 

uniaxial compression tests of samples cut from thick-walled HDPE pipe, to capture the material 
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nonlinearity of HDPE (Zhang and Moore, 1997). Using these nonlinear material models, Zhang 

and Moore (1998) were able to accurately model the behaviour of thick and thin-walled HDPE 

pipes under parallel plate loading, up to the required 20% deflection. The viscoplastic model was 

also able to capture unloading and reloading behaviour. It should be noted that this 20% deflection 

limit was a serviceability limit state for the tested HDPE pipes. An ultimate limit state is seen in 

the structural testing of the arches at much lower deflections compared to the pipes, as the feet are 

fixed in the horizontal direction, making the boundary conditions different from the parallel plate 

loading test.  

Further analysis was carried out by McGrath and Schafer (2003), who tested and modelled 

the behaviour of profiled HDPE pipe during the parallel plate loading test to investigate the effects 

of material models and geometry, using the material models developed by Zhang and Moore 

(1997).  These analyses did not investigate the behaviour at ULS, though they did estimate when 

buckling would occur. It was concluded that for the parallel plate test, accounting for material 

nonlinearity was not necessary when looking at strain demand. This is not a surprise for this test, 

since it is run under stroke control. It was also noted that the deflection under peak load is reduced 

by imperfections, showing the importance of geometry. Though these analyses demonstrated that 

a profiled plastic pipe could be modelled using three-dimensional, geometrically and materially 

non-linear models, they did not investigate either the ultimate strength of the specimen, or the 

behaviour at the ultimate limit state.  

1.2.6  Soil Modelling 

When modelling buried structures, the soil can often influence the response of the soil-

structure system more than the model of the structure. Soil stiffness greatly affects how the 
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installed structure performs, which is why there is much emphasis on backfill compaction quality. 

Additionally, this makes modelling of the soil behaviour important. There are three categories of 

soil models typically used (Katona, 2016): linear elastic, variable modulus, and plastic. The most 

commonly used plastic formulation is the elastic-plastic Mohr-Coulomb plasticity model, which 

defines the failure criterion by a maximum shear stress as a function of normal stress acting on the 

failure plane. The benefit of using this plastic model is that plastic strains accumulated can capture 

permanent deformation associated with unloading (Katona, 2016). A commonly used variable 

modulus soil model developed by Duncan and Selig (Duncan et al, 1978; Selig, 1988) models 

changes in soil stiffness as a function of confining stress and can capture softening effects due to 

shear failure, making it more accurate than linear-elastic formulations in modelling the nonlinear 

stress-strain response of soil. However, this model remains elastic upon unloading, and is therefore 

unable to capture permanent deformation. Katona (2015) recently updated the Duncan-Selig 

formulation to behave like a plastic model to capture unload and reload behaviour, and there are 

many other published soil models used for the analysis and design of buried structures. A finite 

element study (Katona, 2016) showed that under live-load conditions, the ability to model shear 

failure underneath the wheel pad resulted in higher stress in the structure compared to the linear-

elastic formulation, and that the Duncan-Selig soil model produces the highest stress in structures. 

1.3  Research Objectives and Methodology 

This thesis examines the short term behaviour of stormwater arches, both up to their 

ultimate limit state prior to burial and under working live loads while buried under shallow cover 

and subjected to wheel pad loading. Emphasis was placed on creating validated finite element 

models based on instrumented laboratory tests. The specific objectives of this research are to: 
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• investigate the ultimate limit state behaviour of stormwater arches in a structural test 

prior to burial, and develop a validated structural model which can capture the observed 

failure mechanism accounting for explicit modelling of the geometry, and 

geometrically and material nonlinear behaviour; and to 

• carry out a full scale buried laboratory test to examine how these structures behave at 

minimum burial depth under live loading when confined by soil, and to model the 

buried behaviour using the validated structural model, and nonlinear elastoplastic soil 

models. 

 These objectives were achieved by carefully aligned laboratory testing and computer 

modelling. The structural test prior to burial presented in Chapter 2 was conducted by Robert 

Adams and is based off the arch stiffness test outlined in ASTM F2922 (2013). The buried finite 

load test presented in Chapter 3 was conducted by Jean-Marc LeBlanc and Robert Adams using 

the apparatus developed by Brachman et al. (2001) with modifications designed by Jean-Marc 

LeBlanc for imposing wheel pad loading. The commercially available software ABAQUS (2012) 

was used for finite element modelling.  

1.4  Scope of the Thesis 

The original contributions described in this thesis are summarized in the following sections. 

1.4.1  Chapter 2 – Analysis of a profiled HDPE stormwater arch prior to burial 

An instrumented laboratory test of a high-density polyethylene arch specimen up to and 

past its ultimate limit state was conducted prior to burial. Before testing, a 3D laser scan of the 

specimen capable of capturing local variations in thickness was taken to measure and reproduce 
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the explicit three-dimensional geometry in AutoCAD.  A three-dimensional, geometrically and 

materially nonlinear finite element model was developed to simulate the behaviour of the structure.  

1.4.2  Chapter 3 – Laboratory testing and analysis of a profiled HDPE stormwater arch 

under live loading 

 A full-scale laboratory test of a high-density polyethylene arch installed at a minimum 

burial depth condition was conducted using a load actuator to simulate live loading. Crown 

displacement and deformed shape was measured to investigate behaviour under working load 

cycles. Three-dimensional finite element analysis was compared to the measured response of the 

structure, using the previously validated structural model, and a variable modulus, elastic-plastic 

soil model.  

1.5  Format of Thesis 

 This thesis has been prepared in accordance with the regulations for a Manuscript Form 

thesis as stipulated by the School of Graduate Studies at Queen’s University. Two manuscripts are 

presented in Chapter 2 and Chapter 3, each containing its own literature review, methodology, 

results and discussion, and conclusions, but without an abstract. Chapter 2 will be submitted to 

Geosynthetics International and will be co-authored by R.W.I. Brachman. Chapter 3 will be 

prepared for publication with R.W.I. Brachman and J.M. LeBlanc as co-authors. Overall 

conclusions are presented in Chapter 4. Additional information is included in the appendices. Units 

of measurement corresponding to the S.I. system (Le Système International d'Unités) are used 

throughout this thesis. 
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Chapter 2 

Analysis of a Profiled High Density Polyethylene Stormwater Arch Prior to 

Burial 

2.1  Introduction 

 Profiled thermoplastic stormwater arches are buried structures that are used to store and 

release stormwater runoff from rainfall events. Their corrugated, profiled-wall shape, with valley, 

web and crest elements (Figure 2.1), leads to efficient structures when part of a soil-structure 

system. The arch structures resist loads mostly in circumferential compression, but sufficient 

bending stiffness is required to support live loads under shallow burial conditions, especially when 

construction loads, or eccentric live loads induce a nonsymmetric response. Guidelines exist for 

using two-dimensional finite-element analysis for their structural design to resist earth and vehicle 

loading (ASTM F2787). The polymer is typically modelled as a linear elastic material with 

Young's modulus values selected dependent on the rate of loading (i.e. short-term 1-minute 

response to vehicle loading, or 50-year response to earth loads). These analyses do not explicitly 

consider the local geometry of the structure, nor changes in geometry from loading (i.e. geometric 

nonlinearity). Analysis as per ASTM F2787 appears to be suitable for design when buried and 

subject to nominal design truck forces (Bass et al., 2010) when validated against physical test data. 

 There would be merit in conducting physical testing and numerical analysis of these 

structures when buried and loaded to ultimate limit states. However, prior to more elaborate limit 

state modelling when buried in soil, establishing model requirements to capture the limit state of 

the structure alone under controlled loading conditions is a necessary first step.  The objective of 
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this paper is to develop and validate a finite element analysis that is capable of modelling the large-

displacement, ultimate limit state of a profiled polyethylene stormwater arch when subjected to 

crown displacement with no soil support. 

2.2  Profiled Arch Structure 

 The arch structure tested has an interior rise of 350 mm (base to valley) and an interior 

span of 690 mm (valley to valley), following a parabolic shape in-between the crown and base 

(Figure 2.1). The chamber has a profiled geometry with corrugations nominally 68 mm deep at a 

period of 84 mm, with an average wall thickness of 3.5 mm. The specimen tested was made of 

high-density polyethylene (HDPE) with a density of 0.96 g/cm3 (ASTM D792, 2013b) and a 

crystallinity of 54% (ASTM F2625, 2016). The arch chambers were manufactured by vacuum 

forming plane plastic sheets to a mould. Due to this manufacturing process, the entire geometry of 

the structure was measured to investigate possible variations in local thickness from crown to base.  

 ASTM F2922 (2013a) requires that wall thickness measurements be taken at eight 

locations evenly spaced around the circumference of the structure for minimum thickness 

qualification. However, ASTM F2787 (2010) does not specify a minimum number of sections 

used for structural design and the design example assumed constant geometry throughout the 

circumference, ignoring any possible changes in local geometry. To capture the entire geometry 

of the specimen, including local variations in thickness, a full two-corrugation specimen was 

measured using a FaroArm 3D laser scanner prior to structural testing, which output 30 million 

point-measurements into a point cloud used to create cross-sections in AutoCAD. A solid three-

dimensional part created using these cross-sections to form an accurate replica of the arch 

specimen. This model based on 3D scan data was then verified and refined by taking physical 
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caliper measurements of cross-sections cut at the crown, base, and shoulder from corrugations 

adjacent to the scanned specimen. In nearly all locations, the 3D scan values were within 0.2 mm 

of those measured with calipers from the cut section. The caliper measurements were used to 

validate the scan measurements, as it was difficult to obtain accurate scan points using the FaroArm 

for portions of the inner web, where maneuverability of the laser scanner was limited. Overall, the 

wall thickness was found to be thickest at the base, and thinnest at the shoulder near mid-height. 

This suggests that the middle region may have stretched the most during forming, which conforms 

with the vacuum mould process used during manufacture. Detailed measurements are summarized 

in Table 2.1.  

2.3  Arch Compression Test 

The structure-only test followed the procedure for the arch stiffness test outlined in ASTM 

F2922. The stormwater arch specimens had an inside span and rise of 690 mm and 350 mm 

respectively, and a length of 170 mm, equal to two corrugations. The outer edge of the feet of the 

arch were fixed to prevent displacement but were free to rotate, and the crown of the structure was 

loaded using a steel beam (Figure 2.2). The arch was loaded under stroke control at a rate of 7 

mm/min, corresponding to 2% crown deflection per minute. For Test 1, only machine load and 

stroke were measured. The arch was loaded to 2% deflection and held for one minute, then loading 

was continued at 7 mm/minute until 8% deflection was reached, at which point the test was 

terminated as per ASTM F2922. For Test 2, the specimen was instrumented with three linear 

potentiometers at the crown to measure deflection, and a camera with targets to track the deformed 

shape of the neutral axis. The linear potentiometers were installed at the crest of the crown, the 

centre valley, and at an end valley (Figure 2.2). The arch was again loaded under stroke control at 
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a rate of 7 mm/min, but was instead loaded continuously to 20% deflection to capture the 

uninterrupted behaviour of the structure up to and past its ultimate limit state, at which point the 

test was terminated.    

2.4  Finite Element Model 

2.4.1  Numerical Details 

Three-dimensional, large-displacement, geometrically and materially nonlinear finite 

element analysis was conducted to model the behaviour of the arch specimen using ABAQUS 

(2012). Both the load platen and the arch specimen were modelled explicitly to match their exact, 

with the exception of the arch feet which were not captured in the three-dimensional scan 

geometry, shown in Figure 2.3. This is particularly important for the arch specimen, where local 

variations in thickness must be accounted for. The geometry was modelled using 10-noded 

tetrahedral continuum elements, which were able to best represent changes in local thickness. 

Mesh analysis was conducted to confirm adequate refinement. An element size of 3 mm was used 

for analysis as finer meshes resulted in a relative difference of no more than 0.5% in maximum 

circumferential strain. Quarter-symmetry was used to reduce computational runtimes.  

The interface between the load platen and arch surface was modelled using a penalty-slip 

friction interface, using a static friction coefficient of 0.29 between steel and HDPE. The 

movement of the load platen was modelled using a prescribed displacement to match the stroke 

control used for laboratory testing. The feet of the arch were fully constrained against translation 

and rotation, matching the visual observations during testing. The arch was allowed to form new 

contact surfaces as deformations increased, but surfaces were not allowed to separate once in 



 

17 

 

contact, matching visual observations made during the experiments. The displacement was applied 

in sufficiently small increments such that that nodal displacement changed by no more than 1%. 

The geometry was updated after each step based on deformations to account for geometric 

nonlinearity. 

2.4.2  Constitutive Model 

 Type 4 specimens were tested in accordance with ASTM D638 (2010) in uniaxial tension 

to develop a viscoplastic material model for the arch-specific HDPE. Samples were first cut from 

the crown, base, and shoulder of the arch in the circumferential orientation, and then milled to a 

uniform thickness of 2 mm for testing. The test specimens were then cut to size using a die and 

press. Tests were carried out under elongation control using an extensometer at rates of 0.5, and 5 

mm/min. The extensometer had a gauge length of 25 mm and was mounted along the middle, 

uniform width portion of the specimen. The two rates were selected based on preliminary finite 

element analysis. The measured results are plotted in Figure 2.4. There was no significant 

difference in results between the specimens obtained from the crown, base and shoulder, 

suggesting that the method of manufacturing resulted in uniform material properties around the 

structure.  As expected, the slower strain rate of 0.5 mm/min resulted in a lower stiffness than the 

faster rate.  

The results from the tensile tests were used to obtain parameters for the viscoplastic model 

developed by Zhang and Moore (1997). As detailed by Zhang and Moore (1997), the total strain 

rate (𝜀̇) rate consists of an elastic component equal to the uniaxial stress divided by Young’s 

modulus (E) and an inelastic strain rate (𝜀̇𝐼) given by: 
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𝜀̇𝐼 = 𝐶 (
𝜎

𝑋
)

𝑛

                              (2.1) 

where: C = scalar factor, n = material constant; and X = scalar variable that is a function of both 

the inelastic work, 𝑊𝐼, and the inelastic strain rate and is represented by: 

𝑋0/𝑋 = 𝛼 + √
𝛽

𝛾+𝑊𝐼      (2.2) 

𝛼 = 𝑑1 exp(𝑑2(𝜀̇𝐼)𝑑3)      (2.3) 

where: 𝛼 = material function; 𝛽, 𝑑1, 𝑑2, and 𝑑3 = material constants; 𝑋0 = 1.20 MPa; and 𝑊𝐼 is 

represented by the following expression: 

𝑊𝐼 = ∫ 𝜎𝑑𝜀𝐼             (2.4) 

The material parameters for the viscoplastic constitutive model (Zhang and Moore, 1997) based 

on the uniaxial tension testing are: 𝑑1 = 8.50 × 10−4, 𝑑2 = 4.30, 𝑑3 = 2.30 × 10−2, 𝛽 =

8.0 × 10−3 MPa, 𝐸 = 1450 MPa,  𝐶 = 0.006 𝑠−1, and 𝑛 = 6.0.  The model with these values 

matches the strain response for the arch-specific HDPE over a strain range of 0% to 5%, which is 

greater than the limits of expected strain based on preliminary linear elastic finite element analysis. 

Figure 2.4 shows that the viscoplastic material model fits the measured data for both test rates. 

2.5  Results and Discussion 

2.5.1  Structure-Only Test 

The behaviour of the two arch specimens tested during the structure-only test is shown in 

the load-deflection curve, Figure 2.5. The maximum measured load held by the instrumented arch 

specimen was 7.9 kN, occurring at a crown deflection of 18.3 mm, or 5.2% of the vertical height. 

The load-displacement response of the arch was linear until a crown deflection of 10 mm (3% of 
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rise) was imposed. At this point, the arch began to undergo large deformations as the unsupported 

valleys unfolded at the shoulders of the arch, leading to a decrease in stiffness. This deformation 

led to the formation of a plastic hinge in the valley at the shoulder of the arch, and the unfolding 

of the webs at this same location. This plastic hinge and excessive deformation due to local 

buckling at the shoulder caused a decrease in load resisted by the structure as the prescribed 

displacement was applied. Consequently, local buckling at the shoulder was the observed ultimate 

limit state for the structure-only test, shown by the compressive strain concentration at mid-height 

of the structure in Figure 2.6. In the following sections, the calculated results from the finite 

element model are compared to the measured results from the instrumented structure-only test and 

discussed in detail. 

2.5.2  Force-Deflection 

 The finite element model was able to adequately capture the ultimate limit state behaviour 

of the structure-only test, estimating an ultimate load of 8.1 kN occurring at a crown deflection of 

19.4 mm (Figure 2.5). This corresponds to relative errors of 1% and 3% respectively, compared to 

the two measured values. The behaviour over the linear region and up to and including the ultimate 

limit state was matched very closely by the model. The post-failure behaviour of the specimen past 

28 mm (8% of rise) crown deflection was more difficult to match. The arch specimen tested 

deflected laterally at 42 mm of applied crown displacement, leading to a large decrease in load. 

This could not be accounted for in the finite element model, which was modelled using quarter 

symmetry, but still matched the overall measured response at large displacements. However, for 

design and analysis purposes, it is far more important to be able to model the behaviour of the arch 

chambers in the elastic range and at failure, than at post-failure.  
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2.5.3  Deformed Shape 

The deformed shape of the arch (Figure 2.7) was calculated using digital photographs to 

track targets taped along the neutral axis of the arch with an accuracy of ± 0.5 mm. The deformed 

shape was also calculated using the finite element analysis. The calculated results matched the 

deformed shape from the shoulder to the crown of the structure at a vertical deflection of up to 28 

mm within 10% relative difference. The measured deformed shape was different from the 

calculated shape at the base of the structure since the foot underwent 1 mm of lateral translation 

during the initial loading stage before the feet of the structure came in full contact with the restraint 

(Figure 2.2). The deformed shapes past the ultimate limit state of 28 mm were significantly 

different since the post-failure behaviour of the arch and model did not match due to non-

symmetrical lateral swaying of the structure after the peak load was reached (Figure E.7). 

2.5.4  Local Displacements 

 The measured versus calculated deflections are shown in Figure 2.8. The deflections were 

measured until a time of 240 seconds, which corresponded to a stroke of 28 mm, or 8% vertical 

deflection. This is because the instrumentation was not set up to measure larger deflections well 

past the ultimate limit state, which included large horizontal deflection components. The measured 

and calculated deflection values matched with a relative error of 10% or lower throughout the test. 

The deflection was greatest at the crest of the crown, where the load was being applied. This is 

because there was extra deflection under the load platen due to some bearing deformation (Figure 

2.6). The crown valleys underwent significantly less deflection than the crest, and the centre valley 

deflected less than the end valleys past 150 seconds. The end valleys were unconstrained, allowing 

greater deflections to occur than in the centre valley.  



 

21 

 

2.5.5  Effect of Model Components 

 After validating the three-dimensional finite element model, simplified models were then 

run to investigate the importance of key components in capturing the measured ultimate limit state. 

Models were run by changing one modelling component, but otherwise using the validated finite 

element model previously discussed. Changes made to the model included using the design 

geometry, using linear-elastic material model, and using geometrically linear analysis. Results are 

shown in Table 2.2 and Figure 2.9.  

2.5.5.1 Design Geometry 

 Using the design geometry instead of the measured geometry of the specimen yielded a 

36% overestimate in peak load and an 80% overestimate of deflection at the ultimate limit state. 

Local buckling did not occur at the shoulder like it did in the laboratory test and in the validated 

model. The failure mechanism in this case was a global buckling of the entire structure. This shows 

the role that manufacturing and the resultant local changes in thickness can have on the strength 

of these thin-walled stormwater arch products. When the design geometry is used for analysis, 

which assumes a more idealized constant wall thickness than measured, the entire profile unfolds 

uniformly, and the observed valley and web crippling associated with the buckling failure 

mechanism observed at the notably more thin-walled shoulder model is avoided.  

2.5.5.2 Geometrically Linear 

 A geometrically linear analysis does not use the updated deformed shape for calculating 

displacements, stresses, and strains. Instead, the initial geometry is used for these calculations 

throughout all steps, while still using the confirmed measured explicit three-dimensional geometry 
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and the validated viscoplastic model. In this analysis some localized bending deformation still 

occurs at the shoulder since the measured geometry is used, but sinceo0 these deformations are 

not used in the calculation of stresses and strains, the load-deflection behaviour is significantly 

different. In this case, when geometric nonlinearity is turned off, an ultimate limit state is not 

reached, seen in Figure 2.9 by the absence of a peak load. The geometrically linear model 

unrealistically overestimates load by 60% at the crown deflection where the measured peak load 

occurs. 

2.5.5.3 Linear-Elastic Constitutive Model 

 The analysis carried out in this paper required a nonlinear constitutive model based on 

index testing to achieve a validated structural model. When using a linear-elastic material model  

a Young’s modulus of 760 MPa was utilized, as suggested by AASHTO (2007) for a short-term 

modulus and confirmed based on the uniaxial tensile specimen tests. For the linear-elastic 

constitutive model paired with the confirmed explicit geometry and geometrically nonlinear 

model, a peak load of 12.33 kN was calculated at a crown deflection of 39.67 mm. This 

corresponds to relative errors of 55% and 119% when compared to the measured values. Despite 

the large discrepancies when compared to the measured results, the deformed shape and ultimate 

limit state was similar to the laboratory results, undergoing local buckling at the shoulder. The 

linear-elastic model did manage to capture load-deflection up to a crown deflection of 12 mm very 

accurately but was unable to capture the ultimate limit state. 
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2.6  Strain Analysis 

2.6.1  Application 

 As previously discussed, developing a validated structural model was an important step in 

building more elaborate buried models which capture soil-structure interactions, and could 

simulate behaviour in an installed setting.  

 One of the clear advantages of the three-dimensional continuum model versus two-

dimensional modelling with beam elements, apart from the ability to explicitly model surface loads 

and axial behaviour, is that the model can account for local geometry to explicitly calculate strains. 

Current design methods use thrust and moment outputs from two-dimensional finite element 

analysis to calculate strain using average section properties (ASTM F2787). Three-dimensional 

analysis using continuum elements presents a much clearer image of how the arch is behaving 

locally under load. This is especially valuable since the design of thermoplastic stormwater 

retention arches is based on a limiting compressive strain value, usually 3%, based on stub 

compression testing (NCHRP). In this section, calculated results for the validated three-

dimensional structural model presented in this paper are compared to a more typical two-

dimensional numerical model used for engineering design under simple buried conditions in a 

parametric strain study. 

2.6.2  Numerical Details 

 For this numerical analysis, a nominal design truck load is assumed to be applied to the 

crown of the arch over a typical HS-20 wheel pad (125 x 250 mm), with a burial depth of 0.45 m 

over the crown. A linear-elastic formulation was used to model a uniform soil material (Table 2.3), 



 

24 

 

with the goal of simulating a simple buried analysis for a numerical study. For design, a more 

elaborate soil model capable of capturing nonlinear behaviour or plasticity would be required. The 

model geometry is depicted in Figure 2.10. 

 There are some inherent differences in the two models. The first is the difference in 

geometry. The two-dimensional model uses structural beam elements with assigned section 

properties based on the three samples cut to confirm the 3D scan geometry. Oppositely, the three-

dimensional model uses the full 3D confirmed geometry to capture local changes in thickness. 

Secondly, the two-dimensional analysis uses a linear-elastic material model, as the nonlinear 

viscoplastic model does not work with one-dimensional beam elements. Thirdly, the two-

dimensional model cannot explicitly model the finite wheel load, and therefore must be factored 

to account for load spreading in the axial dimension, as per ASTM F2787. For this analysis, the 

structure was assumed to be fully tied to the surrounding soil.  

2.6.3  Strain Comparison 

 Strains were calculated for the two finite element models discussed in the previous section. 

For the two-dimensional model which utilized beam elements, section forces and moments were 

output from the finite element software then used to calculate extreme fibre strain as per ASTM 

F2787. The two-dimensional strain calculations indicated that the largest strain level was -0.31%, 

occurring in the crest at the base of the structure (Figure 2.11). There was also a peak strain 

occurring in the valley at mid-height of the arch, at a value of -0.29% (compressive) strain. 

Calculated strain levels from the three-dimensional model were output directly as a result of using 

continuum elements for the arch structure. The largest strain value was -0.23%, occurring at mid-
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height of the arch valley.  Results from the strain comparison indicate that the two-dimensional 

and three-dimensional models do show the same general trends in strain distribution, particularly 

the peak in compressive strain in the valley at mid-height of the arch, with the two-dimensional 

model calculating larger strain levels. Still, variations in local strain, particularly at the crown and 

base of the structure, are large enough to encourage further investigation into how the two-

dimensional model calculates strain. It must be noted that the finite element models used in this 

strain analysis are not validated against any measured results, making this analysis a numerical 

investigation only. Further laboratory testing with the inclusion of strain measurements is required 

to validate buried models.  

2.7  Summary and Conclusions 

A three-dimensional finite element model of a profiled high-density polyethylene 

stormwater retention arch was developed and validated by matching the measured response of an 

isolated arch specimen subjected to vertical displacement at its crown. Deflections, and forces 

were calculated using finite element analysis, and were compared to measured values from the 

structure-only test. It was found that:  

1. The three-dimensional finite element model was able to capture the behaviour up to and 

including an ultimate limit state involving global buckling at the shoulder of the arch. Load and 

stroke were both calculated within 2% of the measured values at the ultimate limit state. The 

model was further validated by matching crown deflection values, which were within 10% of 

the measured values at the crest and valley of the crown, and the deformed shape of the arch. 

2. Three main components influenced the ability of the finite-element model to capture the 

behaviour of the arch at the ultimate limit state: 
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i) Geometry: It was crucial to determine the actual measured geometry of the entire specimen using 

precise measurements (± 0.05 mm), since the particular manufacturing technique for the 

structure tested resulted in changes in profile thickness around the arch. It was determined that 

both the global and local geometry significantly effects how the structure behaves at the 

ultimate limit state. If modelled using the design geometry instead of the actual specimen 

geometry, it was not possible to replicate the observed failure mechanism of local buckling at 

the shoulders. 

ii) Geometric Nonlinearity: Geometrically nonlinear analysis was required to capture the stress-

strain behaviour associated with large displacements, local corrugation compression at the 

crown and local buckling behaviour at the shoulder. If geometric nonlinearity was ignored, the 

model was unable to achieve any ultimate limit state, and overestimated the load by 60% at the 

critical stroke. 

iii) Material Nonlinearity: A constitutive model capable of capturing the strain and strain-rate 

dependence of the particular high-density polyethylene tested was required. For this paper, a 

viscoplastic model with parameters obtained from uniaxial tensile tests and conducted on 

specimens obtained from the arch and tested at different strain rates, was used to match the 

measured arch results. Use of a linear-elastic material model was able to accurately model load-

deflection behaviour within over the linear loading region up to 12 mm (3.3%) crown deflection 

using a Young’s modulus of 760 MPa but was unable to capture the observed ultimate limit 

state. 

3. Although limitations in modelling local geometry make it is impossible for two-dimensional 

models to capture the full local strain response of the arch chamber structures, results from a 
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preliminary buried numerical analysis showed that the same general trends in strain distribution 

are calculated. Still, differences in calculated strain at the crown and the base warrant further 

investigation with a validated buried test, and more advanced soil modelling.  

The validation of a three-dimensional structural model was an important first step towards 

analyzing the behaviour of thermoplastic stormwater arches at an ultimate limit state when buried 

and subject to surface loading from vehicles. Work is ongoing to conduct and model full-scale 

laboratory tests to investigate how these structures perform when buried, as soil-structure 

interaction will affect the response of the structure to loading.  
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Table 2.1: Confirmed cross-sectional measurements of arch specimen. 

Location 

Thickness (mm) 

Height 

(mm) 

Unit Area 

(mm2/mm) 

Distance to 

Centroid 

from 

Interior 

Valley 

(mm) 

Moment 

of Inertia 

about 

Neutral 

Axis 

(mm4/mm) 

Avg. Min. Max. 

Base 4.38 3.40 5.83 68.8 6.45 37.5 4233 

Half-Height 3.12 2.62 3.91 67.1 4.70 32.6 3225 

Crown 3.29 2.76 4.03 66.8 5.03 29.8 3431 
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Table 2.2: Summary of the parametric numeric analysis of model components. 

Model 

Peak Load (kN) 
Relative 

Difference 

Displacement at 

Peak Load 

(mm) 

Relative 

Difference 

Full Finite 

Element Model 
7.9 - 17.8 - 

Design 

Geometry 
10.8 37% 32.7 79% 

Linear-Elastic 

Structure 
12.3 56% 21.3 16% 

Geometrically 

Linear 
- - - - 
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Table 2.3: Input parameters used for buried strain analysis. 

  2D Model 3D Model 

HDPE Model Linear-Elastic Viscoplastic 

     Young’s Modulus 760 MPa 1450 MPa (Initial) 

Soil Model Linear-Elastic Linear-Elastic 

    Young’s Modulus 20 MPa 20 MPa 

    Poisson’s Ratio 0.23 0.23 

Soil-Structure Interface Fully Tied Fully Tied 

Arch Element Type General Beam 10-Node Continuum 

Soil Element Type 6-Node Continuum 10-Node Continuum 

Surface Load Type Factored Strip Finite 

Geometry Average (One Section) Explicit 
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Figure 2.1: Diagram of profiled arch showing keywords and terminology. 
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Figure 2.2: Laboratory setup for structural test prior to burial. 
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Figure 2.3: Finite element mesh for modelling of structural test prior to burial using quarter 

symmetry. 
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Figure 2.4: Results from index testing of HDPE specimens and viscoplastic constitutive 

model. 
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Figure 2.5: Measured and calculated load-displacement behaviour of arch specimen. 
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Figure 2.6: Calculated circumferential strain at 28 mm crown displacement.  
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Figure 2.7: Measured and calculated global deformed shape. 
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Figure 2.8: Measured and calculated crown displacement. 
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Figure 2.9: Parametric numerical analysis of the effect of model components. 
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Figure 2.10: Diagram of geometry used for buried finite element analysis. 
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Figure 2.11: Calculated strain distribution of two-dimensional and three-dimensional finite 

element models. 
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Chapter 3 

Finite Element Analysis of a Profiled HDPE Stormwater Arch Under Vehicle 

Loading 

3.1  Introduction 

 Profiled thermoplastic stormwater arches are buried structures which are used to 

temporarily hold and then release stormwater runoff from rainfall events. These profiled arches 

are one type of structure used in stormwater management which can include corrugated steel pipes, 

concrete pipes and arches, and modular polymer chambers. The weight and installation method, 

which does not include the careful compaction of fill materials, makes plastic arch structures an 

attractive option. The arches have a profiled-wall shape (Figure 3.1), making for an efficient 

structure when part of a soil-structure system. These products can be overlapped in the longitudinal 

direction, then placed closely side-by-side to create a high-volume system for stormwater 

retention. The most common application for these structures is a shallow burial installation under 

a parking lot or other paved surface where businesses must meet regulations for runoff, but it is 

not possible to use a more natural management practice such as a retention pond due to high land 

usage.  

 The way in which loads are carried by this system depends on burial depth. At shallow 

burial the structure must carry primarily vehicle live loads, whereas under deep burial conditions 

the demand is mainly attributed to dead load from overlying soil. Standards have been developed 

for the structural design (ASTM F2787, 2010) and qualification (ASTM F2922, 2013) of profiled 

thermoplastic arches based on AASHTO LRFD Bridge Design Specifications (2010) for 
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thermoplastic pipes. These standards use two-dimensional finite element analysis to estimate a 

factored strain in the structure for a design wheel load, which is then compared to a critical strain 

determined by compressive testing of arch specimens (NCHRP, 2009). This design must then be 

qualified through physical tests.  

 The first published full-scale testing was carried out by Beaver et al. (2003) in conjunction 

with the development of design standards, who investigated the behaviour of three arches under 

live loads installed at minimum burial and minimum spacing, and under deep burial conditions. 

Similar tests have since been carried out by McGrath and Mailhot (2010), Bass et al. (2010), and 

Masada (2013). These field tests used real vehicles to apply surface loads, making it difficult to 

measure the actual applied force, and to apply large enough loads to reach partially factored loads 

or to examine limit states. There is an absence of laboratory tests which present high quality 

continuous data to investigate the behaviour of these structures under controlled loading using an 

actuator, and to accommodate the validation of finite element models by better measuring the 

deformed shape of the structure at known load levels. Though trends observed in finite element 

analysis have been confirmed through testing, efforts to match finite element models with full-

scale test results have been unsuccessful due to test data which is deficient for validation purposes, 

and due to using analysis methods which have not attempted to replicate field tests (Masada and 

Zhu, 2015). The objective of this paper is to apply a previously validated three-dimensional finite 

element model capable of modelling the full response of a profiled arch chamber prior to burial to 

a buried analysis, and to validate this new buried model with a high-quality instrumented 

laboratory test.  
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3.2  Profiled Arch Structure 

 The parabolic arch structure tested, made of high-density polyethylene, has an interior rise 

of 350 mm and an interior span of 690 mm (Figure 3.2). The chamber has a profiled geometry 

with corrugations nominally 68 mm deep at a period of 84 mm, with an average wall thickness of 

3 to 4 mm. Each arch comes as a 12-corrugation module, which can then be overlapped with other 

modules to create a larger storage volume. The arch chambers were manufactured by vacuum 

forming plane plastic sheets to a mould. Due to this manufacturing process, the geometry of the 

structure was investigated further to quantify possible variations in local thickness from crown to 

base as a part of developing a validated structural model (Chapter 2).  

 A FaroArm 3D laser scanner was used to measure the local geometry of a two-corrugation 

arch specimen. The measurements from this scan were then compared to caliper measurements 

from cut cross-sections to create a validated geometric model of the two-corrugation specimen. 

The wall thickness was found to be thickest at the base and thinnest at the shoulder near mid-

height. To create a model of the full 12-corrugation specimen that was tested in this paper, the 

validated geometry of the measured two-corrugation specimen was repeated to create the full 

structure as equally intensive measurements of the full specimen were impractical. Using this 

repeated geometry ignored the crown details which occur every three corrugations to 

accommodate for vertical tie-in pipes. This detail was tested in the arch stiffness test and was found 

to have little effect on the structural behaviour of the section (Appendix B). 
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3.3  Surface Load Test 

3.3.1  Setup 

A full-scale physical test was conducted on a 690 mm span profiled HDPE stormwater arch 

under controlled laboratory conditions (Figure 3.2) in a test cell developed by Brachman et al. 

(2001). A 500 kN actuator was attached to the 2.0 m wide, 2.0 m long, 1.6 m deep cell to simulate 

the nominal and factored wheel loads for design truck loading. The arch specimen was tested at a 

burial depth of 0.46 m clear cover above the crown, corresponding to the minimum suggested 

cover. Two thin sheets of polyethylene with an in-between layer of high-temperature bearing 

grease were attached to the sidewalls of the cell to limit the backfill soil to cell friction angle to 

below 5° (Tognon et al. 1999) to simulate symmetry at the cell boundaries which match the 

behaviour of a series of arches installed in parallel, and to create a more repeatable experiment. 

These boundary conditions simulate an installation of infinitely long arch specimens placed side-

by-side at a spacing of 2.0 m crown-to crown, and does not investigate the effect of the chamber 

end caps. Thin nonwoven geotextile strips (0.1 x 0.5 m) were taped to the outer polyethylene sheet 

to protect it from the coarse aggregate backfill soils.  

The stormwater arch was installed in phases. The 718 mm subgrade soil layer of poorly 

graded gravel (20-mm nominal particle size) was installed in a single lift then compacted to a dry 

density of 1650 kg/m3. The specimen was then placed on the compacted subgrade (Figure 3.3), 

and 150-mm lifts of the same poorly graded gravel fill were placed without compaction (dry 

density of 1520 kg/m3), as is typical for a stormwater retention arch installation, up to 150-mm 

above the crown of the structure. A 305-mm top layer of well-graded sand-and-gravel soil (D50 = 

2.7 mm) was then added in a single lift and compacted to 90% of its standard proctor maximum 



 

48 

 

dry density (2030 kg/m3). Geotextiles separated each soil layer to keep finer particles of the 

granular A from filling the voids of the uncompacted gravel layer. 

3.3.2  Instrumentation 

The instrumentation used for measurements in the test are shown in Figure 3.2. Four string 

potentiometers were used to measure vertical crown displacement (± 0.5 mm), and one linear 

potentiometer (± 0.2 mm) was used to measure the surface load pad displacement in combination 

with the machine stroke. Two cameras were used to measure the deformed shape of the structure 

by measuring the displacement of ten reference points (± 0.5 mm). The string potentiometers and 

digital cameras were mounted on a steel instrumentation beam, attached directly to the cell walls, 

which ran through the centre of the arch structure, so measured displacements include any 

settlement of the arch into the compacted gravel layer.  

3.3.3  Procedure 

After results were recorded for backfilling, the load actuator was attached to the test cell 

frame. Surface loads were then applied using an AASHTO design truck wheel pad (254 x 508 mm) 

and load actuator to simulate the loading from one-half of a single design truck axle. Load was 

applied both concentrically (directly over the crown) and eccentrically (190 mm offset from 

crown) under load control. The structure was loaded to the nominal design load (71.2 kN) and held 

at this load for 1-minute, then loaded to the partially factored design load (90.3 kN) and another 

1-minute hold. The structure was then unloaded to 0 kN and held for 1-minute. This constituted 

one load cycle. Three load cycles were completed for concentric loading, then three more load 

cycles for eccentric loading. 
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3.4  Finite Element Analysis 

3.4.1  Numerical Details 

Three-dimensional, large-displacement, geometrically and materially nonlinear finite 

element analysis was conducted to model the buried behaviour of the stormwater arch specimen 

using the program ABAQUS (2012). Both the soil and arch were modelled using 10-noded 

tetrahedral continuum elements. Mesh analysis was conducted to confirm adequate refinement. An 

element size of 10 mm was used for analysis as finer meshes resulted in a relative difference of no 

more than 0.5% in maximum circumferential strain. Quarter-symmetry or half-symmetry was used 

where applicable to reduce computational runtimes (Figure 3.4).  

The arch was modelled in an identical manner to the validated structural model reported in 

Chapter 2. The validated nonlinear viscoplastic material model, based on uniaxial tensile testing 

of specimens testing discussed in Chapter 2 was used to model HDPE. The soil and structure were 

tied together, assuming a fully bonded interface. Supplemental finite element analysis has shown 

that the fully bonded interface assumption results in slightly larger strains, and a more varied strain 

distribution when compared to a frictional interface. Modelling as a frictional interface with a 

friction angle of 15° did not change the deformed shape of the structure but did increase the surface 

displacement in the model (Appendix B). Using an unrealistic frictionless interface exhibited the 

same trends but led to convergence problems before the nominal working load was reached. The 

wheel pad was modelled as a perfectly rigid, rough footing. The model was run using a prescribed 

load, matching the magnitudes and time of the laboratory test. Symmetry was used where 

applicable. Rigid, frictionless boundaries were used where the soil met the walls, as an idealization 

of the friction treatment used on the test cell walls. A rigid, rough boundary was used for the base 
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of the cell. These boundary conditions were intended to reproduce those of the physical test. Two 

load cycles were modelled explicitly at the prescribed loading rate used in the laboratory test. The 

load cycles were included in an attempt to capture the complex load, unload, and reload behaviour 

observed. 

3.4.2  Soil Model 

 The fill material was modeled using a nonlinear, elastic-plastic formulation to characterise 

the response of the soils. Introductions to the soil models used in this formulation are outlined in 

the following sections. 

3.4.2.1 Duncan Model 

 The elastic range of soil behaviour was modelled using the Duncan formulation, which 

calculates a Young’s modulus based on triaxial tests as a function of confining pressure, 𝜎3. 

Duncan found that the deviatoric stress in triaxial tests could be expressed in the following 

hyperbolic function: 

𝜎1 − 𝜎3 =
𝜀

1
𝐸𝑖

+
𝜀

(𝜎1 − 𝜎3)𝑓/𝑅𝑓

 

where ε = axial strain, Ei = initial Young’s modulus, (𝜎1 − 𝜎3)𝑓 = deviatoric stress at failure, and 

Rf = adjustment factor for (𝜎1 − 𝜎3)𝑓. 

 Duncan observed that for many soils tested that the initial modulus increased as a function 

of confining pressure, which could be expressed as a power law: 

𝐸𝑖 = 𝐾𝑃𝑎(𝜎3/𝑃𝑎)𝑛 
(3.2) 

(3.1)

3.1) 
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where Ei = initial Young’s modulus, K = dimensionless initial Young’s modulus (atm), Pa = 

atmospheric pressure (101.3 kPa), 𝜎3 = minor principal stress, n = power law coefficient. 

 Duncan and Selig (1978) continued to formulate a nonlinear-elastic constitutive model with 

the capability of accurately modelling the shear failure behaviour of soils using Mohr-Coulomb 

parameters without using plasticity, making it an efficient model for backfill materials widely used 

in soils analysis software such as CANDE. For this analysis however, it was important to be able 

to model plasticity for cyclic load applications, and ABAQUS  allows for the addition of plasticity 

with the Mohr-Coulomb criteria. Duncan’s variable modulus function (Equation 3.2) with the 

addition of the Mohr-Coulomb plasticity was used to model all fill materials. The parameters used 

for each soil layer (Table 3.1) were estimated based on initial compaction values according to 

tabulated Duncan parameters (CANDE 2007). For the uncompacted gravel layer the initial 

modulus was lowered to better match the measured behaviour.  

3.4.2.2 Mohr-Coulomb Model 

The Mohr-Coulomb model is a formulation which defines a yield surface (or failure criterion) for 

soils based on shear failure: 

𝜏𝑚𝑎𝑥 = 𝑐 + 𝜎𝑛𝑡𝑎𝑛 𝜑 

where 𝜏𝑚𝑎𝑥 = maximum shear stress, c = cohesion of soil, 𝜎𝑛 = normal stress, and φ = angle of 

internal friction.  

 This can then be expressed as a yield function in the following form: 

𝐹(𝜎𝑛, 𝜏) = 𝜏 − (𝑐 + 𝜎𝑛𝑡𝑎𝑛 𝜑) 

  

  

(3.4) 

(3.3) 



 

52 

 

 There are two possibilities for each stress state, which is determined by checking the yield 

function:  

𝐹(𝜎𝑛, 𝜏) > 0 within the failure surface (elastic strain) 

𝐹(𝜎𝑛, 𝜏) = 0 on the failure surface (plastic strain) 

 Total strains are then calculated in two components; an elastic component, calculated in 

this case using the nonlinear variable modulus elastic formulation, and a plastic component 

determined through the Mohr-Coulomb formulation using the nonassociative flow rule.  

∆𝜀 = ∆𝜀𝑒 + ∆𝜀𝑝 

 The internal friction angle (φ) and dilation angle (ψ) used for each soil layer (Table 3.1) 

were chosen based on previous analyses of a buried arch culvert at minimum cover subject to truck 

loading (Elshimi et al. 2014, CANDE 2007). Artificial cohesion was included in the analysis for 

numerical stability.  

3.5  Results and Discussion 

3.5.1  Surface Load Test 

 Total and incremental vertical crown displacements are reported in Table 3.2 to Table 3.5 

for concentric and eccentric loading.  Incremental displacements were zeroed relative to the initial 

displacement just prior to each cycle.  Significantly larger displacements were observed in the first 

load cycle compared to the subsequent cycles. At the crown, an incremental displacement of 9.1 

mm was measured for the first 71.2 kN load step, versus a displacement of only 6.7 mm for the 

same 71.2 kN load in the second cycle. The load-displacement behaviour of the structure 

(concentric) is shown in Figure 3.5 and the ground surface in Figure 3.6. In addition to the more 

(3.5) 
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compressible soil-structure system response in the first load cycle, the load-displacement 

behaviour was also noticeably more nonlinear. There are two explanations for these differences in 

behaviour. First, is that during the first load cycle the arch works itself into place, causing 

additional displacement originating at the foot. This is demonstrated by 8 mm of foot displacement 

measured in the first load cycle versus 2 mm foot displacement in the later two load cycles, 

measured using digital image analysis of photographs taken throughout the surface load test. Large 

crown and foot displacements during the first load cycle have previously been noted by Bass et al. 

(2010) and Masada (2011) for similar corrugated polymer arches under vehicle loading. However, 

this does not explain the nonlinear load-displacement behaviour observed in the first load cycle. 

The second explanation is that shear failure develops beneath the load pad during the first load 

cycle. As the shear planes develop under the edges of the wheel pad and propagate downward to 

the arch, the load taken by the arch increases as the surrounding soil no longer supports the wheel 

load. This matches the measured nonlinear behaviour, where as the soil fails under increasing 

applied load, the crown sees increasing levels of vertical displacement represented by nonlinear 

behaviour (Figure 3.5). In the subsequent load cycles, the load-displacement behaviour over this 

same load range is more linear as no new shear failure occurs since the permanent deformation has 

already accumulated in the first load cycle. There was evidence of shear failure noted during the 

experiment, as punching behaviour was observed underneath the load pad at the surface which did 

not rebound upon unloading. This punching shear failure explanation is investigated further in the 

modelling section of the results. Looking at Figure 3.5, if further load cycles were to be applied to 

the arch the behaviour would be similar to second and third cycles, exhibiting a more linear 

response within the working load range.  
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 The explanations presented above offer possible insight as to why the soil-structure system 

yielded a stiffer response in the second and third load cycles than in the first. It must also be noted 

that significantly more crown displacement is accumulated over the 1-minute hold periods at 71.2 

kN and at 90.3 kN.  Possible explanations for this additional displacement accrued under 

essentially constant external load are either creep of the HDPE structure, time-dependent 

behaviour of the backfill material, or a combination of both. Higher additional displacements are 

observed during holds in the first load cycle, possibly indicating a time-dependent gravel response  

as a result of the uncompacted backfill gravel and structure working its way into place during this 

constant load hold. In subsequent load steps where the structure and soil have already experienced 

the applied load range, displacements accumulated during holds are over 60% smaller (Table 3.3).  

 Measured global deformation (Figures 3.7-3.8) shows how the shape of the arch changes 

under concentric and eccentric loading. Under concentric loading the arch structure deflects 

vertically due to circumferential compression, with all deformation being symmetric. The largest 

displacements occur at the crown, directly underneath the wheel pad. Under eccentric loading there 

is significant horizontal displacement observed, as the structure deflects laterally from the wheel 

load placed over the arch shoulder. The largest displacement is seen at the shoulder of the arch, 

underneath the wheel pad.  

3.5.2  Finite Element Model 

 The goal of the finite element analysis was to simulate the full response of the surface load 

test by explicitly modelling two loading cycles, and accounting for load holds and rate-dependent 

behaviour by using a viscoplastic HDPE material model.  The finite element model was able to 

match the incremental measured crown displacements from the imposed surface loading up to the 



 

55 

 

start of the nominal load of 71.2 kN for both the first and subsequent load cycles (Figure 3.9). For 

the first load cycle, the finite element model calculated a crown displacement of 9.2 mm and a 

surface displacement of 13.0 mm, corresponding to a relative difference of 1% of the measured 

values under the design wheel load (Table 3.6). The deformed shape of the structure at the 

beginning of the 71.2 kN hold during the first load cycle (Figure 3.7-3.8) shows that the finite 

element model matches the observed deformations form measured laboratory results under both 

concentric and eccentric loading. The calculated deformation under eccentric loading was larger 

than the measured results since the soil-structure system in the physical test had experienced load 

previously during the concentric testing, which was not accounted for in the eccentric finite 

element model. Overall, the matched global deformation and crown displacement indicated that 

the structural model adequately represents the behaviour of the HDPE arch structure at the nominal 

design truck load level. However, the model was unable to simulate the additional displacement 

accrued during the 71.2 kN hold and afterwards (Figure 3.9).  

 The additional measured displacement not captured by the finite element model after the 

beginning of the 71.2 kN hold could be due to time-dependent behaviour of the structure or of the 

soil. Since the viscoplastic model has previously modelled creep behaviour in the structure 

successfully prior to burial (Appendix A), emphasis was placed on the behaviour of the soil-

structure system. Analyses were conducted to investigate the effect of weaker and softer soils to 

determine if a different soil material could lead to increased structural creep within the soil-

structure system. It was found that reducing the friction angle of the backfill material had little 

effect on displacement and using a lower Young’s modulus for the soils greatly overestimated 

surface displacement in the system (Appendix B). Since these investigations did not provide an 
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explanation as to the larger displacements measured during load holds and during the load step 

from 71.2 kN to 90.3 kN, it is hypothesized that there is a time-dependent response of the backfill 

soil that could not be captured. The large increase in crown and surface displacement can be 

explained by further movement of the uncompacted gravel under constant load. The time-

dependent behaviour of the system is even more evident during the 1-minute hold at 90.3 kN, 

where larger displacements are formed under the larger constant load (Figure 3.9). Similar 

behaviour is observed during holds in the second load cycle, with time-dependent displacement 

that is a function of load level, though the additional displacements are smaller since the initially 

loose gravel has densified. Additional displacements remain during these holds due to the time-

dependent behaviour of the uniform gravel material, and of the HDPE structure. To simulate time-

dependent soil behaviour, laboratory testing (i.e. plate loading of backfill soil only with settlement 

plates installed to measure soil strain) would be required to configure a new constitutive model 

and is beyond the scope of this thesis. 

 Although the finite element model could not match the full load-displacement behaviour 

of the arch structure after the nominal design truck load, the model was able to capture complex 

soil behaviour during load cycles, including the shear failure of soil during the first load cycle and 

subsequent stiffening of the soil-structure system in later cycles. Modelling this behaviour requires 

a soil model which can simulate variable modulus and plasticity, such as the nonlinear elastic-

plastic formulation used. Results from the finite element model illustrate the distribution of the 

surface truck load to the structure through soil stresses (Figure 3.10), and the model captured shear 

failure planes which develop during the first load cycle (Figure 3.11), simulating the punching 

shear failure which developed directly under the wheel pad. The punching shear mechanism, 
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though an important aspect of the physical load test and modelling, would likely not occur in a 

more realistic installation which includes a surface course (i.e. asphalt layer. Shear failure of the 

compacted gravel was also calculated underneath the arch as a result tension induced by 

displacement at the feet of the arch, which was not a concern as it was not noticeable in the physical 

testing. Upon reloading, this soil failure was not seen under the same working loads previously 

experienced, as the plastic strains accumulated for this load level were already achieved during the 

first load cycle, meaning that the plastic work was done in the first cycle. The result of the strain 

accumulated along these punching shear failure planes is best shown by the maximum principal 

plastic strain equivalent (Figure 3.12). Although the variable modulus model would be able to 

simulate the nonlinear soil behaviour, it would not be able to capture differences in stiffness across 

load cycles as a result of plasticity, as the nonlinear-elastic formulation would return the same 

results for each load cycle.  

 What was observed during both the laboratory experiment and in the finite element model 

is higher demand on the structure, shown by larger observed deformation, in the first load cycle 

than in the subsequent load cycles. This indicated that the later load cycles are more representative 

of how the structure would perform under live loading once it has experienced working loads and 

worked its way into place, creating a stiffer system than when initially installed with uncompacted 

backfill. It was important that the model was able to account for residual strains from the first cycle 

to capture this observed behaviour in the second load cycle.  

3.5.3  Effect of Model Parameters 

 After the three-dimensional finite element model was compared to the laboratory results, 

simplified models were run to investigate the role of key components in capturing the response of 
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the soil-structure system. Models were run without geometric nonlinearity, using a linear-elastic 

structural model, without Mohr-Coulomb plasticity, and without a stress-dependent modulus, then 

compared to the full geometrically and materially nonlinear model with a nonlinear elastoplastic 

soil model (Table 3.7, Figure 3.13).   

3.5.3.1 Geometrically Linear 

 Geometrically linear analysis disregards the effect of deformed shape, and instead 

calculates stresses and strains in subsequent steps using the initial geometry. Although including 

geometric nonlinearity had a large effect on modelling the structural behaviour prior to burial, at 

working loads and in buried conditions the effect is much smaller since the structure is confined 

by backfill soil, leading to smaller and less locally varying deformations. Neglecting geometric 

nonlinearity underestimates crown displacement by 7% compared to the measured value at an 

unfactored wheel load of 71.2 kN (Figure 3.13) when compared to the geometrically nonlinear 

finite element model. 

3.5.3.2 Linear-Elastic Structure 

 Using a linear-elastic material model for HDPE with a short-term Young’s modulus of 760 

MPa overestimated crown displacement by 17% at 71.2 kN compared to the viscoplastic model. 

The linear elastic model calculated larger displacement because the initial Young’s modulus of the 

calibrated viscoplastic model is larger (1450 MPa), so the system is stiffer during the strain range 

associated with the first load step to the nominal design load. Overall, the calculated behaviour 

using a linear-elastic constitutive model was similar, which was expected since during the testing 

prior to burial the linear-elastic model captured the behaviour well up to a crown displacement of 
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12 mm, though unable to characterise the ultimate limit state. However, using a static analysis 

cannot account for time-dependent behaviour, such as additional strains accumulated during load 

holds, shown in Figure 3.13 by the flat lines during these hold periods.  

3.5.3.3 Nonlinear-Elastic Soil 

 When Mohr-Coulomb plasticity is not included in the model the soil failure underneath the 

wheel pad cannot be captured. This results in more load being supported by the surrounding soil, 

and less demand on the arch structure. Additionally, deformations are significantly smaller since 

there is no plastic strain accumulated associated with shear failure. Crown displacement is reduced 

by 45% when compared to the finite element model including plasticity. A full Duncan-Selig 

formulation would be able to simulate the shear failure of this soil through softening but would be 

unable to accumulate plastic strain across load cycles as it remains an elastic formulation.  

3.5.3.4 Linear-Elastic-Plastic Soil 

 This analysis was conducted to investigate the effects of disregarding nonlinear modulus. 

Using assumed stiffness values for a linear-elastic Mohr-Coulomb model, the finite element model 

resulted in a 36% underestimate of crown displacement and a 31% overestimate of surface 

displacement. Since the constitutive soil model cannot account for the stiffening of soil as a 

function of confining stress, the soil directly underneath the wheel pad is very soft compared to 

the actual response. In the laboratory results, a stiffer soil column underneath the load pad 

transferred a larger proportion of load to the structure, which could not be captured with a linear 

modulus. Additionally, due to the low stiffness underneath the load pad significantly larger surface 

displacements were modelled.  
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3.6  Simplified Structural Modelling 

 It is understood that the full finite element modelling presented in this paper, including the 

three dimensional scans to capture explicit geometry, is not feasible for engineers to implement in 

day-to-day design. These sophisticated analysis tools are more useful when developing new 

products to simulate structural behaviour before manufacturing and full-scale testing, or to explore 

possible improvements to existing design methods. This section of the paper investigates the 

adequacy of less intricate structural models which use structural shell elements, idealized 

geometry, and a linear-elastic material model, which can still capture buried behaviour under 

working loads.  

3.6.1  Orthotropic Shell Model 

 The first simplified finite element model tested used a three-dimensional orthotropic shell 

for a structural model, which is capable of capturing the difference in circumferential and axial 

stiffness in the profiled arch. An orthotropic analysis (Moore and Taleb 1999) was used to calculate 

modified stiffness and shell thickness to simulate the actual section parameters using a general 

shell element (Table 3.8).  The neutral axis was modelled, and three different general shell sections 

were used to capture the different geometry at the base, mid-height, and crown. Due to the nature 

of this model, local geometry could not be captured. The nonlinear elastic-plastic formulation  used 

in the validated model (Table 3.1) was used to model soil behaviour.  

 It was found that this simplified model matched the behaviour of the validated model well 

at the nominal wheel load of 71.2 kN of the first load cycle, prior to the 1-minute constant load 

hold. The estimated crown displacement and foot displacement was within 1% of the full three-

dimensional model (Table 3.9). Similar trends were seen in soil stress distribution, yield, and 
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plastic strain, though cyclic loading was not modelled as this was meant to simulate a design 

model, and not to model laboratory behaviour. Figure 3.14 illustrates the scaled deformed shape 

at 71.2 kN. It is seen that the shape of the deformed shell is still perfectly elliptical, whereas in 

using the explicit local geometry there is more of a kink forming at the shoulder of the arch. This 

is because local changes in thickness were being accounted for, which is not possible in the shell 

model. The effect of this local geometry is seen in the strain distribution (Figure 3.15) as well. The 

overall strain trends are captured well by the orthotropic model. There are peaks of compressive 

strain in the crest at the crown, and in the valley at the shoulder. For the shell model, there are clear 

discontinuities in the strain profile which occur where there is a change in section, observed at 190 

and 310 mm along the neutral axis. For the continuum model, the strain distribution is not as 

smooth due to the changes in local geometry, which can cause stress concentrations where the 

structure may be deforming locally. Considering the complex geometry of plastic stormwater 

arches, it is notable that a simplified shell model was able capture strain behaviour, and even 

replicate calculated strain to within 0.2% strain of the explicit viscoplastic model with explicit 

geometry.  

3.7  Summary and Conclusions 

 Three-dimensional finite element analysis was conducted to investigate the response of a 

profiled high-density polyethylene stormwater retention arch when buried with minimal soil cover 

and subjected to design truck loading.  A previously validated structural model employing material 

and geometric nonlinearity was used to model the arch.  Results from the finite element analysis 

were compared with a full-scale physical test where arch displacements were measured under 

applied load.  It was found that: 
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1. Vertical displacement at the ground surface and at the crown of the arch was seen to be 

significantly larger in the first load cycle than the subsequent loading cycles. The same trend 

was seen for foot displacement, as the arch foot worked its way into place during this cycle. A 

stiffer soil-structure response was then observed in subsequent load cycles.  

2. The three-dimensional finite element model was able to match crown displacements and the 

deformed shape of the structure within 7% at a nominal wheel load of 71.2 kN, for both the first 

and subsequent load cycles when loaded concentrically and eccentrically. The model was 

unable to match the additional displacement measured during the 71.2 kN hold, or during 

loading up to the partially factored wheel load of 90.3 kN. 

3. The structural model does not need to be as elaborate as for the structure-only test to capture 

the buried response at working loads. Geometric nonlinearity had no substantial affect on the 

model under working loads as the surrounding soil provides confinement of the structure, 

keeping local deformations much smaller in this load range. Furthermore, a linear-elastic 

material model was able to capture the HDPE response under these working loads, where buried 

strains are relatively small due to soil support.  

4. A stress dependent soil model which includes plasticity was required to capture the response of 

the soil, which included shear failure during the first load cycle and consequent stiffening in the 

subsequent cycles. The previously validated viscoplastic structural model was able to account 

for some additional displacement during holds, but there appears to be further time-dependent 

behaviour of the backfill soil or decrease void ratio (i.e. densification) which could not be 

modelled within the scope of this analysis.  
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5. The implementation of a linear-elastic three-dimensional orthotropic shell to model structural 

behaviour was able to replicate the deformed shape and strain behaviour of the viscoplastic, 

explicit geometry model under working loads. However, it would be unable to model local 

effects which form under larger load levels and would be unable to model the ultimate limit 

state behaviour of the soil-structure system.  

 The testing and modelling presented demonstrates the intricacies associated with analyzing 

these stormwater arch structures. The thin-walled chambers may be prone to local changes in 

thickness during the manufacturing process which can greatly affect their response to loading, 

particularly at large applied forces. Additionally, accurately modelling the backfill soil material is 

crucial for this soil-structure interaction analysis, in which the soil plays a large part in carrying 

the applied live and dead loads.  

The success in modelling the stormwater retention arch in this chapter shows that there is 

significant room for improvement in the analysis of these structures, which could be useful from 

a product design and manufacturing standpoint. Additionally, a better understanding of how these 

structures behave could lead to improvements of existing design standards. There are two next 

steps in laboratory testing which could lead to a further understanding of these products, which are 

testing these structures up to and past their ultimate limit state, and by measuring local strain 

throughout the structure. There is also room for further testing of these structures with a surface 

course, and the monitoring of installed structures.   
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Table 3.1: Input parameters used for the modelling of soil materials. 

 Compacted Gravel Uncompacted 

Gravel 

Compacted 

Granular A 

Soil Model SW95 SW85 SW90 

Initial Modulus (Emin) 11 MPa 5 MPa 10 MPa 

Dimensionless 

Modulus (atm) 
950 450 640 

Power Law 

Coefficient (n) 
0.60 0.35 0.43 

Poisson’s Ratio (ν) 0.23 0.19 0.23 

Friction Angle (φ) 56° 48° 48° 

Dilation Angle (ψ) 26° 18° 18° 

Cohesion (c) 20 kPa 24 kPa 20 kPa 
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Table 3.2: Measured total crown displacement under concentric loading (mm). 

 
Cycle 1 Cycle 2 Cycle 3 

Initial (0 kN) 0.0 -14.2 -18.8 

Start 71.2 kN Hold -9.1 -21.0 -25.9 

End 71.2 kN Hold -11.7 -22.1 -26.8 

Start 90.3 kN Hold -16.4 -24.0 -28.5 

End 90.3 kN Hold -21.8 -27.1 -30.8 
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Table 3.3: Measured incremental crown displacement under concentric loading (mm). 

 
Cycle 1 Cycle 2 Cycle 3 

Initial (0 kN) 0.0 0.0 0.0 

Start 71.2 kN Hold -9.1 -6.8 -7.2 

End 71.2 kN Hold -11.7 -7.9 -8.1 

Start 90.3 kN Hold -16.4 -9.8 -9.7 

End 90.3 kN Hold -21.8 -12.9 -12.0 
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Table 3.4: Measured total crown displacement under eccentric loading (mm). 

 
Cycle 1 Cycle 2 Cycle 3 

Initial (0 kN) 0.0 -3.6 -5.0 

Start 71.2 kN Hold -4.9 -8.1 -9.3 

End 71.2 kN Hold -6.0 -8.7 -9.8 

Start 90.3 kN Hold -7.9 -9.9 -10.7 

End 90.3 kN Hold -9.7 -11.0 -11.7 

 
  



 

70 

 

Table 3.5: Measured incremental crown displacement under eccentric loading (mm). 

 
Cycle 1 Cycle 2 Cycle 3 

Initial (0 kN) 0.0 0.0 0.0 

Start 71.2 kN Hold -4.9 -4.5 -4.3 

End 71.2 kN Hold -6.0 -5.1 -4.8 

Start 90.3 kN Hold -7.9 -6.2 -5.7 

End 90.3 kN Hold -9.7 -7.4 -6.6   
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Table 3.6: Comparison of measured and calculated displacements at the nominal design 

truck load (71.2 kN). 

 First Cycle Second Cycle 

 Crown Surface Crown Surface 

Measured 

Displacement 

(mm) 

9.1 12.9 6.8 8.4 

Calculated 

Displacement 

(mm) 

9.2 13.0 6.3 9.0 

Relative Error 1% 2% 7% 7% 
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Table 3.7: Summary of numerical parametric analysis of model components. 

Case Soil Model Structural 

Model 

Crown 

displacement at 

start of 71.2 kN 

hold 

Relative 

Difference 

Full Model  Stress-dependent 

modulus, Mohr-Coulomb 

plasticity 

Viscoplastic, 

geometrically 

nonlinear 

9.2 - 

Geometrically 

Linear 

Stress-dependent 

modulus, Mohr-Coulomb 

plasticity 

Viscoplastic, 

geometrically 

linear 

8.6 7% 

Linear-Elastic 

Structure 

Stress-dependent 

modulus, Mohr-Coulomb 

plasticity 

Linear-elastic, 

geometrically 

nonlinear 

10.8 17% 

Linear-

Elastic-Plastic 

Soil 

Constant modulus, Mohr-

Coulomb plasticity 

Viscoplastic, 

geometrically 

nonlinear 

5.9 36% 

Nonlinear-

Elastic Soil 

Stress-dependent 

modulus 

Viscoplastic, 

geometrically 

nonlinear 

5.1 45% 
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Table 3.8: Input parameters used for orthotropic shell analysis. 

 Base Half-Height Crown 

Section Parameters    

Area, A (mm2/mm) 6.45 4.70 5.03 

Moment of inertia, I (mm4/mm) 4233 3255 3431 

Young’s moduli, E (MPa) 760 760 760 

Orthotropic Analysis    

Equivalent thickness, t’ (mm) 88.7 93.6 87.7 

Young’s moduli in 

circumferential direction, E1 

(MPa) 

55.2 38.2 43.6 

Young’s moduli in axial 

direction, E2 (MPa) 

0.07 0.06 0.07 

Equivalent shear modulus in 

local element coordinates 1-2 and 

1-3, G12 and G13 (MPa) 

18.9 13.1 14.9 

Equivalent shear modulus in 

local element coordinates 2-3, G23 

(MPa) 

0.02 0.02 0.02 
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Table 3.9: Simplified model results at beginning of 71.2 kN hold (Cycle 1). 

 Full 3D Model 3D Shell Relative Difference 

Vertical Displacement    

Crown  9.3 9.2 1% 

Foot  2.9 2.9 0% 

Maximum Strain    

Valley 0.96% 1.01% 5% 

Crest 0.81% 1.04% 28% 

 

  



 

75 

 

 

 

Figure 3.1: Diagram of buried arch subject to surface vehicle loading. 
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Figure 3.2: Drawing of laboratory setup for the surface loading of a profiled stormwater 

arch buried under minimum cover. 

  



 

77 

 

 

Figure 3.3: Photograph of profiled stormwater arch prior to backfill. 
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Figure 3.4: Finite element mesh used for modelling the concentric surface load test. 
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Figure 3.5: Measured load-displacement behaviour at crown of centre directly underneath 

the load pad. 
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Figure 3.6: Measured load-displacement behaviour at the wheel pad surface. 
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Figure 3.7: Deformed shape under concentric loading at beginning of 71.2 kN hold (1st load 

cycle). 
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Figure 3.8: Deformed shape under eccentric loading at beginning of 71.2 kN hold (1st load 

cycle). 
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Figure 3.9: Measured and calculated incremental response of the soil-structure system. 
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Figure 3.10: Vertical stress distribution at beginning of 71.2 kN hold (1st load cycle). 
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Figure 3.11: Mohr-Coulomb yield criterion at beginning of 71.2 kN hold (1st load cycle). 
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Figure 3.12: Maximum principal plastic strain at beginning of 71.2 kN hold (1st load cycle). 
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Figure 3.13: Structural response during numerical parametric analysis of model 

components. 
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Figure 3.14: Calculated deformed shape at beginning of 71.2 kN hold (1st load cycle).  
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Figure 3.15: Calculated strain at beginning of 71.2 kN hold (1st load cycle). 
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Chapter 4 

Conclusions and Recommendations 

4.1 Conclusions 

This thesis focussed on the structural behaviour of a profiled plastic stormwater arch under 

design truck loading, with the research goal being to successfully model the behaviour of an HDPE 

stormwater arch at an ultimate limit state. The first step was to develop a validated structural model 

which could reliably simulate the behaviour of an HDPE arch structure up to and past failure 

(Chapter 2). To achieve this, a structural test prior to burial was carried out to provide data to 

calibrate a finite element model. The structural test conducted was based on the arch stiffness test, 

in which an actuator applied load to a two-corrugation specimen with fixed feet, and the load-

displacement behaviour was measured. The first step in developing a finite element model 

involved index tensile testing of HDPE specimens to create a viscoplastic material model 

specifically for the tested product. Extensive measurements of the specimen were then taken, first 

using a 3D laser scanner with hand measurements of cross-sections to confirm a three-dimensional 

measured geometry which included local variations in profile geometry and thickness. The three-

dimensional finite element model which used the confirmed geometry to explicitly model the 

profiled arch and included geometric nonlinearity and a viscoplastic model, was able to 

successfully simulate the behaviour of the tested arch specimens up to and past failure. The effect 

of geometry, geometric nonlinearity, and constitutive model on the ability of the model to replicate 

the measured results were investigated. It was found that using the measured geometry which 

included local variations in thickness was necessary to capture the observed failure mechanism of 
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buckling at the shoulders. Geometric nonlinearity and the calibrated viscoplastic model were 

required to capture the peak load. Using a linear-elastic constitutive model with the confirmed 

geometry and geometric nonlinearity matched the measured response well over the linear portion 

of the load-displacement response. These results indicate that using a linear-elastic constitutive 

model may be suitable for design purposes. 

The second part of this research involved using the validated structural model to capture 

the buried behaviour of a stormwater arch (Chapter 3). A test was previously carried out at the 

Queen’s GeoEngineering Laboratory, in which a stormwater arch was installed at minimum cover 

(0.46 m above crown) and loaded to a nominal and partially factored design truck load using an 

actuator. The test was terminated before an ultimate limit state was achieved due to the observation 

of a formation of a plastic hinge at the crown under eccentric loading. Since a peak load was not 

measured, it was only possible to compare the finite element model up to the partially factored 

design truck load. The validated structural model (Chapter 2) was used as a starting point to model 

the soil-structure system. A nonlinear, elastic-plastic model was used to model all soil materials 

based on tabulated values for coarse fill materials. The initial stiffness parameters of the soil were 

modified to adjust for uncompacted gravel and to match the measured response of the structure. 

The three-dimensional finite element model was able to match the measured response of the arch 

up to the design truck load but could not match the response during load holds or at a higher load 

range. It is theorised that this may be due to time-dependent behaviour of the soil materials which 

was not accounted for in the finite element model. The measured crown and foot displacement in 

the first load cycle were markedly different from the subsequent load cycles, which was also 

captured in the finite element model. This response in the first load cycle appears to be due to the 
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arch working its way into place in the uncompacted gravel layer. Additionally, in the first soil 

layer, the finite element model calculated shear failure of soil underneath the load pad in which 

plastic strains are accumulated. This shear failure did not occur in the subsequent load cycles which 

modelled the same load level. The use of a linear-elastic orthotropic shell to model the arch 

structure was able to capture the same deformed shape and strains as that of the explicit three-

dimensional model to a working design truck load. 

Although this research did not achieve the original goal of validating a model of a buried 

stormwater arch to an ultimate limit state, it did result in new insight regarding profiled stormwater 

arches: 

1. A structural model was developed which can model the behaviour of an arch up to and past its 

ultimate limit state, meaning that modelling the buried behaviour of these arches past failure is 

quite possible. 

2. There was significant time-dependent behaviour of the soil-structure system under constant 

load that was more prominent at the partially factored load. It appears as if there is a time-

dependent response from the backfill soil over the short 1-minute holds which the structure was 

tested over. 

3. Nonlinear, elastic-plastic soil models, though not able to match the measured displacements 

under partially factored loads, were able to capture the behaviour of cyclic loading, which 

included the apparent stiffening of the soil-structure system after the first load cycle. 

4.2 Recommendations for Future Work 

 Following the work completed for this thesis, recommendations for future work are 

outlined as follows. It is recommended that a buried surface load test in which a peak load is 
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reached be carried out. This would make the validation of a finite element model to a measured 

ultimate limit state possible. If this were to be carried out, it would be important to obtain strain 

measurements in a buried test of a plastic stormwater arch. This has proven difficult provided the 

high strain levels (over 10% strain) which can develop. Since the design of stormwater arches is 

based on critical strain (i.e. the strain at which local buckling is initiated) it would be beneficial to 

have strain measurements for a full-scale instrumented laboratory test under shallow burial. 

Furthermore, the behaviour of the soils used for backfilling should be examined through laboratory 

testing, which could include the plate loading of layered backfill soils without a structure to cyclic 

and constant loads similar to the buried test presented in Chapter 3. This would provide insight 

into the possible time-dependent behaviour associated with the soil-structure system.   
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Appendix A 

Sample Measurements of Arch Specimen 

Three cross-sections of the measured arch specimen from Chapter 2 are shown in the 

following figures to demonstrate how the profile changes along the circumference of the arch. 

These cross-sections were then checked against cut cross sections from an adjacent specimen using 

calipers to confirm a validated geometry.  

 

 

Figure A.1: Cross-section from laser scan at base. 

 

Figure A.2: Cross-section from laser scan at shoulder. 
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Figure A.3: Cross-section from laser scan at crown. 
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Appendix B 

Supplemental Results 

Structural Test Prior to Burial 

Three different arch specimens were tested prior to burial. Two specimens, including the 

instrumented specimen, had a smooth profile at the crown (Figure B.1). One specimen included a 

crown detail (Figure B.2) which could be used to install a vertical drop pipe. The specimen with 

the crown detail measured similar response and a higher stiffness (Figure B.3). Finite element 

analysis which included the 1-minute hold stipulated by ASTM F2787 (2009) was able to capture 

the behaviour during the hold (Figure B.4). 

 

Figure B.1: Design drawing of smooth section tested prior to burial (Test 1a, Test 2). 
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Figure B.2: Design drawing of crown detail section tested prior to burial (Test 1b). 

 

 

Figure B.3: All test results from structural testing prior to burial. 
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Figure B.4: Finite element analysis of structural Test 1a) (smooth section) prior to burial 

using the ASTM loading method (1-minute hold included). 
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Buried Surface Load Test 

Supplementary finite element analysis shows the calculated effect of changing the soil 

structure interface angle (Table B.1), and of changing Young’s modulus of the backfill soil layers.  

Table B.1: Effect of changing soil-structure interface angle. Finite element analysis results 

for start of 71.2 kN hold (Cycle 1). 

 Interface Angle 

Crown 

Displacement 

(mm) 

Surface 

Displacement 

(mm) 

Maximum 

Strain 

Fully Tied Tied 7.9 11.3 0.78% 

Friction 15° 7.9 13.8 0.76% 

Frictionless 0° No Solution (Convergence) 

 

Table B.2: Effect of changing Young’s modulus of backfill soil layers. Finite element 

analysis results for start of 71.2 kN hold (Cycle 1). 

 

Granular A 

Modulus (MPa) 

Uncompacted 

Gravel 

Modulus (MPa) 

Crown 

Displacement 

(mm) 

Surface 

Displacement 

(mm) 

Measured N/A - 9.1 12.9 

Base 11 5.5 5.9 17.2 

Soft 5.5 4.5 7.2 31.9 
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Appendix C 

Tensile Index Testing 

The location of Type 4 specimens used for index testing for the calibration of a viscoplastic 

constitutive model are summarized in Table C.1. The measured response used for calibration of 

the constitutive model is illustrated (Figures C.1-C.2). 

Table C.1: Summary of Type-4 tensile specimens tested. 

Specimen Location Thickness After 

Milling (mm) 

S1-1 Base 2.04 

S2-2 Base 2.12 

S2-4 Shoulder 2.49 

S5-9 Crown 2.20 

S5-10 Crown 2.25 

S3-5 Shoulder 2.67 
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Figure C.1: Force-elongation response of index specimens tested in tension. 
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Figure C.2: Stress-strain response of index specimens tested in tension. 
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Appendix D 

Sample Strain Calculation 

Strain calculations were carried out in Chapter 2 for the two-dimensional buried finite 

element model, and in Chapter 3 for the three-dimensional orthotropic shell model. The calculation 

follows the instructions of ASTM F2787 (2009) which use the calculated thrust and moment of 

structural elements to estimate strain at the extreme fibre. A sample strain calculation is shown 

below. 

Table D.1: Sample strain calculation for orthotropic shell under the nominal design truck 

load (71.2 kN) for minimum cover burial conditions. 

 

Base   Half-Height   Crown   

       
  

A 6.45 mm2/mm A 4.70 mm2/mm A 5.03 mm2/mm 

E 760 MPa E 760 MPa E 760 MPa 

I 4233 mm4/mm I 3431 mm4/mm I 3225 mm4/mm 

         

Unfolded 

Distance 

(mm) 

Section Reactions 
Thrust 

Strain 

Bending Strain Total Strain  

Thrust 

(N/mm) 

BM 

(N.mm/mm) 
Crest Valley Crest Valley  

0.0 -8.24 302.5 -0.22% -0.42% 0.42% -0.63% 0.21%  

16.6 -8.35 304.1 -0.22% -0.42% 0.42% -0.64% 0.21%  

33.4 -9.23 297.8 -0.24% -0.41% 0.42% -0.65% 0.17%  

50.5 -10.71 278.1 -0.28% -0.38% 0.39% -0.66% 0.11%  

68.0 -12.23 243.3 -0.32% -0.34% 0.34% -0.66% 0.02%  

86.2 -13.40 204.5 -0.35% -0.28% 0.29% -0.63% -0.06%  

105.0 -15.23 156.4 -0.40% -0.22% 0.22% -0.61% -0.18%  

124.6 -16.96 88.9 -0.44% -0.12% 0.12% -0.57% -0.32%  

145.0 -17.84 23.7 -0.47% -0.03% 0.03% -0.50% -0.43%  

166.3 -18.69 -31.8 -0.49% 0.04% -0.04% -0.45% -0.53%  
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166.3 -18.83 -32.1 -0.53% 0.04% -0.04% -0.49% -0.57%  

188.5 -19.30 -75.9 -0.54% 0.10% -0.10% -0.44% -0.64%  

211.7 -19.23 -106.5 -0.54% 0.14% -0.14% -0.40% -0.68%  

235.9 -19.43 -124.3 -0.54% 0.16% -0.16% -0.38% -0.71%  

248.2 -19.40 -127.8 -0.54% 0.17% -0.17% -0.38% -0.71%  

260.8 -19.34 -129.7 -0.54% 0.17% -0.17% -0.37% -0.71%  

273.6 -19.26 -129.6 -0.54% 0.17% -0.17% -0.37% -0.71%  

286.7 -19.21 -127.8 -0.54% 0.17% -0.17% -0.37% -0.71%  

300.0 -19.20 -124.6 -0.54% 0.16% -0.16% -0.38% -0.70%  

313.6 -19.21 -120.2 -0.54% 0.16% -0.16% -0.38% -0.70%  

327.4 -19.25 -114.7 -0.54% 0.15% -0.15% -0.39% -0.69%  

341.5 -19.35 -108.1 -0.54% 0.14% -0.14% -0.40% -0.68%  

355.9 -19.52 -100.0 -0.55% 0.13% -0.13% -0.42% -0.68%  

355.9 -19.62 -99.9 -0.40% 0.11% -0.11% -0.29% -0.51%  

370.5 -19.70 -91.0 -0.40% 0.10% -0.10% -0.31% -0.50%  

385.4 -19.75 -81.9 -0.40% 0.09% -0.09% -0.32% -0.49%  

400.5 -19.72 -73.4 -0.40% 0.08% -0.08% -0.33% -0.48%  

419.4 -19.63 -61.9 -0.40% 0.07% -0.07% -0.34% -0.47%  

438.6 -19.61 -51.5 -0.40% 0.05% -0.05% -0.35% -0.45%  

448.4 -19.56 -46.2 -0.40% 0.05% -0.05% -0.35% -0.45%  

458.2 -19.53 -40.9 -0.40% 0.04% -0.04% -0.36% -0.44%  

468.2 -19.46 -35.8 -0.40% 0.04% -0.04% -0.36% -0.44%  

478.2 -19.40 -30.8 -0.40% 0.03% -0.03% -0.36% -0.43%  

488.4 -19.24 -25.9 -0.39% 0.03% -0.03% -0.37% -0.42%  

498.6 -18.94 -20.9 -0.39% 0.02% -0.02% -0.36% -0.41%  

509.0 -18.64 -15.8 -0.38% 0.02% -0.02% -0.36% -0.40%  

519.4 -18.40 -9.8 -0.38% 0.01% -0.01% -0.37% -0.39%  

553.9 -17.04 2.5 -0.35% 0.00% 0.00% -0.35% -0.35%  
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Appendix E 

Instrumented Structural Test Images 

 

Figure E.1: Instrumented specimen (Test 2) at initial state (0 kN). 
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Figure E.2: Instrumented specimen (Test 2) at 2% displacement (7 mm stroke). 
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Figure E.3: Instrumented specimen (Test 2) at 4% displacement (14 mm stroke). 
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Figure E.4: Instrumented specimen (Test 2) at 6% displacement (21 mm stroke). 
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Figure E.5: Instrumented specimen (Test 2) at 8% displacement (28 mm stroke). 
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Figure E.6: Instrumented specimen (Test 2) at 10% displacement (35 mm stroke). 
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Figure E.7: Instrumented specimen (Test 2) at 12% displacement (42 mm stroke). 
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Appendix F 

Surface Load Test Images 

 

Figure F.1: Instrumented buried arch at initial state after backfilling (0 kN). 
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Figure F.2: Instrumented buried arch at nominal concentric design load (start of 71.2 kN 

hold). 
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Figure F.3: Instrumented buried arch at nominal concentric design load (end of 71.2 kN 

hold). 
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Figure F.4: Instrumented buried arch at partially factored concentric design load (start of 

90.3 kN hold). 
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Figure F.5: Instrumented buried arch at partially factored concentric design load (end of 

90.3 kN hold). 

  



 

117 

 

Appendix G 

Sample Subroutine 

      SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT, 
     1 TIME,DTIME,CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER, 
     2 KSPT,KSTEP,KINC,NDI,NSHR,COORD,JMAC,JMATYP,MATLAYO,LACCFLA) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME,ORNAME 
      CHARACTER*3 FLGRAY(15) 
      DIMENSION FIELD(NFIELD),STATEV(NSTATV),DIRECT(3,3), 
     1 T(3,3),TIME(2) 
      DIMENSION ARRAY(15),JARRAY(15),JMAC(*),JMATYP(*),COORD(*) 
 
 
c     -------------------------------------------------------------------------- 
c     USER CODE START 
 
 
 
c     get stress (value SP) and save it into 'array' 
       CALL GETVRM('SP',ARRAY,JARRAY,FLGRAY,JRCD,JMAC,JMATYP,MATLAYO, 
     1 LACCFLA) 
         
        RFV = Array(3) 
        DF = Min(RFV,0.0) 
        FV = ABS (DF)       
                
        field(1) = FV 
 
 
c     USER CODE END 
c     -------------------------------------------------------------------------- 
      return 
      end 
 
      SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,EC,ESW,P,QTILD, 
     1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND, 
     2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC) 
C 
      INCLUDE 'ABA_PARAM.INC' 
C 
      CHARACTER*80 CMNAME 
C 
      DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*), 
     1 TIME(3),COORDS(*),EC(2),ESW(2) 
      
     
C    ---------------------------------------------------------------- 
C    USER CODE TO DEFINE Ecr 
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C    ---------------------------------------------------------------- 
C    Define Parameters 
      d1 = 0.00085 
      d2 = 4.3 
      d3 = 0.023 
      Beta = 0.00008 
      Gamma = 0.01 
      X0 = 1.2 
      C = 0.006 
      n = 6 
       
C    Get work done from SDV 
C     
      WP = STATEV(1) 
       
C     Calculate Creep Rate and find ALPHA and X where X=1/X in Zhang and Moore Paper 
      ER = STATEV(2) 
      ALPHA = (d1)*(exp(d2*(ER**d3))) 
      X = (ALPHA + (SQRT(Beta/(Gamma+WP))))/X0 
       
C     For Explicit Intg. use EQ 
      DECRA(1) = C*DTIME*((QTILD*X)**n) 
       
C     For Implicit Intg. use EQ assuming that the work is constant and creep rate is 
constant 
      IF(LEXIMP.EQ.1) THEN 
      DECRA(5) = C*n*DTIME*((QTILD*X)**(n-1))*(X) 
      END IF 
       
C     Update The total plastic work 
      DWP = DECRA(1)*QTILD 
      STATEV(1) = STATEV(1)+ DWP 
      STATEV(2) = DECRA(1)/DTIME 
     
        RETURN 

        END 
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Appendix H 

Sample Input File 

*Heading 
** Job name: Aug15 Model name: VP-DS-MC-Cycle-Aug15 
** Generated by: Abaqus/CAE 2017 
*Preprint, echo=NO, model=NO, history=NO, contact=NO 
** 
** PARTS 
** 
*Part, name="Cut Soil" 
*Node 
      1,    342.81781,        724.5,  -858.749023 
      2,    342.81781,        724.5,  -818.429932 
      3,    342.81781,   722.884277,  -838.589478 
      4,    343.60791,        724.5,  -670.871582 
      5,   314.835144,   770.419922,  -670.871582 
      ........................................... 
   ........................................... 
 245240,   861.585388,   675.554382,  -355.402222 
 245241,   899.216675,   666.251709,  -359.395477 
 245242,   863.846924,   704.716064,  -371.375336 
 245243,    853.57312,   691.319092,  -358.081329 
 245244,   855.999084,   681.665161,  -372.976135 
 245245,   880.125122,   676.784302,  -379.361908 
 245246,   318.330811,         718.,  -1006.30737 
*Element, type=C3D10 
     1,   5384,  14620,   5358,   5383,  34333,  34332,  34331,  34335,  34334,  34336 
     2,   5384,   5359,  14620,   5385,  34338,  34337,  34333,  34340,  34339,  34341 
     3,   5384,  14620,   5359,   5358,  34333,  34337,  34338,  34331,  34332,  34342 
     4,  14620,   5357,   5358,   5383,  34344,  34343,  34332,  34334,  34345,  34336 
     5,   3233,  14617,   3207,   3232,  34348,  34347,  34346,  34350,  34349,  34351 
     ................................................................................. 
  ................................................................................. 
162657,  32676,  34328,  30453,  31304, 245216, 245217, 228249, 228248, 245215, 219543 
162658,  32154,  32151,  30473,  31766, 235912, 227192, 224498, 224500, 227189, 224499 
162659,  32154,  32151,  32633,  30473, 235912, 227887, 235881, 224498, 227192, 227878 
162660,  33040,  33006,  32136,  32615, 231473, 242755, 235708, 231472, 231136, 231456 
162661,  33040,  33006,  34156,  32136, 231473, 242750, 242751, 235708, 242755, 242753 
162662,  31329,  33261,  32775,  31313, 233486, 233493, 231396, 218053, 233487, 228961 
162663,  31329,  33261,  34318,  32775, 233486, 245093, 245095, 231396, 233493, 245097 
...................................................................................... 
...................................................................................... 
** Section: Soil Gravel Uncompacted 
*Solid Section, elset="Middle Soil", material="Soil Gravel Uncompacted" 
, 
** Section: Soil Granular A 
*Solid Section, elset="Upper Soil", material="Soil Granular A" 
, 
** Section: Soil Gravel Compacted 
*Solid Section, elset="Bottom Soil", material="Soil Gravel Compacted" 
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, 
*End Part 
**   
*Part, name=Jan23_QuaterFull_Foot 
*Node 
      1,  -91.4745865,   251.576843,   46.9819031 
      2,  -129.470856,   251.576843,   109.721916 
      3,   -402.81781,   251.576843,    344.18692 
      4,  -295.180328,   419.294739,   306.836456 
      5,   -402.81781,   419.294739,   343.477661 
       .......................................... 
 .......................................... 
 125408,  -71.7120743,   307.313629,    140.01181 
 125409,  -326.390015,   300.842682,   361.223572 
 125410,  -80.3758316,   307.485535,   153.708954 
 125411,   -104.29142,   307.918335,   190.018219 
 125412,   -117.87291,   316.287811,   213.795959 
*Element, type=C3D10 
    1,  16645,   5980,  16648,  16657,  20895,  20894,  20893,  20897,  20896,  20898 
    2,   2763,   2720,  20230,   2764,  20901,  20900,  20899,  20903,  20902,  20904 
    3,  12811,  20231,  12813,  12812,  20907,  20906,  20905,  20909,  20908,  20910 
    4,  17305,   5647,   5646,  17314,  20913,  20912,  20911,  20915,  20914,  20916 
    5,  20232,  13180,  13107,  19685,  20919,  20918,  20917,  20921,  20920,  20922 
   .................................................................................. 
   .................................................................................. 
63399,   8726,   8682,   2389,   2388, 123894, 121996,  74669,  74671, 121995,  74670 
63400,   8726,   2389,   8725,   2433,  74669,  75360, 123892,  75342,  75343,  75361 
63401,   8724,   2390,   8681,   8680,  75376, 122826, 123883, 123871,  59323, 122827 
63402,   2433,   8770,   2477,   8769,  75369,  76180,  75393,  75392, 123927,  75394 
..................................................................................... 
..................................................................................... 
** Constraint: Arch 
*Tie, name=Arch, adjust=yes, position tolerance=0.1 
"Cut Soil-1".SoilInner, Jan23_QuaterFull_Foot-1.ArchOuter 
** Constraint: Foot 
*Tie, name=Foot, adjust=yes, position tolerance=0.1 
"Cut Soil-1".FootArea, Jan23_QuaterFull_Foot-1.Foot 
** Constraint: RefPoint-Load 
*Equation 
2 
ParallelLoad, 2, 1. 
RefPoint, 2, -1. 
*End Assembly 
*Distribution Table, name=Ori-1-DiscOrient_Table 
coord3D, coord3D 
**  
** MATERIALS 
**  
*Material, name=HDPE 
*Creep, law=USER 
*Depvar 
      2, 
*Elastic 
1450., 0.46 
*Material, name="Soil Granular A" 
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*Elastic, dependencies=1 
     10.,       0.23, ,         0. 
     10.,       0.23, , 0.00131052 
 12.1481,       0.23, , 0.00206052 
 13.8828,       0.23, , 0.00281052 
 15.3692,       0.23, , 0.00356052 
.................................. 
.................................. 
 112.443,       0.23, ,   0.364311 
 112.542,       0.23, ,   0.365061 
 112.642,       0.23, ,   0.365811 
 112.741,       0.23, ,   0.366561 
*Mohr Coulomb 
48.,18. 
*Mohr Coulomb Hardening 
 0.02,0. 
*USER DEFINED FIELD 
*DEPVAR 
1 
*Material, name="Soil Gravel Compacted" 
*Elastic, dependencies=1 
     11.,       0.23, ,         0. 
     11.,       0.23, , 0.00272625 
 12.7268,       0.23, , 0.00347625 
 14.3096,       0.23, , 0.00422625 
 15.7832,       0.23, , 0.00497625 
 ................................. 
 ................................. 
 80.1931,       0.23, ,  0.0747263 
 80.6751,       0.23, ,  0.0754763 
 81.1551,       0.23, ,  0.0762263 
*Mohr Coulomb 
56.,26. 
*Mohr Coulomb Hardening 
 0.02,0. 
*USER DEFINED FIELD 
*DEPVAR 
1 
*Material, name="Soil Gravel Uncompacted" 
*Elastic, dependencies=1 
      5.,        0.19, ,          0. 
      5.,        0.19, , 0.000183138 
 8.84054,        0.19, , 0.000933138 
 10.8678,        0.19, ,  0.00168314 
 12.3639,        0.19, ,  0.00243314 
.................................... 
.................................... 
 71.3437,        0.19, ,    0.363933 
 71.3951,        0.19, ,    0.364683 
 71.4465,        0.19, ,    0.365433 
*Mohr Coulomb 
48.,18. 
*Mohr Coulomb Hardening 
 0.024,0. 
*USER DEFINED FIELD 
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*DEPVAR 
1 
*Material, name=Steel 
*Elastic 
200000., 0.3 
**  
** BOUNDARY CONDITIONS 
**  
** Name: ArchXSymm Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
ArchXSymm, XSYMM 
** Name: ArchZBound Type: Displacement/Rotation 
*Boundary 
ArchZBound, 3, 3 
** Name: ArchZSymm Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
ArchZSymm, ZSYMM 
** Name: SoilXBound Type: Displacement/Rotation 
*Boundary 
SoilXBound, 1, 1 
** Name: SoilXSymm Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
SoilXSymm, XSYMM 
** Name: SoilYBound Type: Displacement/Rotation 
*Boundary 
SoilYBound, 2, 2 
** Name: SoilZBound Type: Displacement/Rotation 
*Boundary 
SoilZBound, 3, 3 
** Name: SoilZSymm Type: Symmetry/Antisymmetry/Encastre 
*Boundary 
SoilZSymm, ZSYMM 
** ---------------------------------------------------------------- 
**  
** STEP: Loading 1 
**  
*Step, name="Loading 1", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 30., 1e-10, 30. 
**  
** LOADS 
**  
** Name: Step 1 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -17800. 
**  
** CONTROLS 
**  
*Controls, reset 
*Controls, parameters=time incrementation 
, , , , , , , 50, , ,  
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
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**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=5. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=5. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Hold 1 
**  
*Step, name="Hold 1", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
10., 60., 1e-10, 60. 
**  
** LOADS 
**  
** Name: Step 1 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -17800. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=5. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=5. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Loading 2 
**  
*Step, name="Loading 2", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 10., 1e-10, 10. 
**  
** LOADS 
**  
** Name: Step 1 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
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RefPoint, 2, -17800. 
** Name: Step 1 Nominal 90 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -4775. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=5. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=5. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Hold 2 
**  
*Step, name="Hold 2", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
10., 60., 1e-10, 60. 
**  
** LOADS 
**  
** Name: Step 1 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -17800. 
** Name: Step 1 Nominal 90 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -4775. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 
** ---------------------------------------------------------------- 
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**  
** STEP: Unload 1 
**  
*Step, name="Unload 1", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 40., 1e-10, 40. 
**  
** LOADS 
**  
** Name: Step 1 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
** Name: Step 1 Nominal 90 kN   Type: Concentrated force 
*Cload, op=NEW 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Hold 3 
**  
*Step, name="Hold 3", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 60., 1e-10, 60. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 
** ---------------------------------------------------------------- 
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**  
** STEP: Loading 3 
**  
*Step, name="Loading 3", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 30., 1e-10, 30. 
**  
** LOADS 
**  
** Name: Step 2 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -17800. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Hold 4 
**  
*Step, name="Hold 4", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 60., 1e-10, 60. 
**  
** LOADS 
**  
** Name: Step 2 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -17800. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
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** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Loading 4 
**  
*Step, name="Loading 4", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 10., 1e-10, 10. 
**  
** LOADS 
**  
** Name: Step 2 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -17800. 
** Name: Step 2 Nominal 90 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -4775. 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Hold 5 
**  
*Step, name="Hold 5", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 60., 1e-10, 60. 
**  
** LOADS 
**  
** Name: Step 2 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -17800. 
** Name: Step 2 Nominal 90 kN   Type: Concentrated force 
*Cload, op=NEW 
RefPoint, 2, -4775. 
**  
** OUTPUT REQUESTS 
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**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 
** ---------------------------------------------------------------- 
**  
** STEP: Unload 2 
**  
*Step, name="Unload 2", nlgeom=YES, amplitude=RAMP, inc=1000, unsymm=YES 
*Visco, cetol=0.001 
1., 40., 1e-10, 40. 
**  
** LOADS 
**  
** Name: Step 2 Nominal 71 kN   Type: Concentrated force 
*Cload, op=NEW 
** Name: Step 2 Nominal 90 kN   Type: Concentrated force 
*Cload, op=NEW 
**  
** OUTPUT REQUESTS 
**  
*Restart, write, frequency=0 
**  
** FIELD OUTPUT: F-Output-1 
**  
*Output, field, time interval=2. 
*Node Output 
CF, RF, U 
*Element Output, directions=YES 
CE, CEEQ, CEMAG, LE, PE, PEEQ, PEMAG, S 
**  
** HISTORY OUTPUT: H-Output-1 
**  
*Output, history, variable=PRESELECT, time interval=2. 
*End Step 


