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Abstract 

The goals of this research are to develop and validate the use of distributed fibre optic sensors for use in 

strain monitoring of buried culverts, and to use full-scale experiments to evaluate the performance of 

both deteriorated steel and reinforced concrete culverts rehabilitated with grouted slipliners subjected 

to surface loading. Bench scale experiments were conducted to evaluate the use of fibre optic sensors 

against conventional strain sensors.  Then, fibre optic sensors were attached to a full-scale culvert that 

was tested in a buried state as a proof of concept.  Finally, fibre optic sensors were used in two large 

scale buried pipe tests to explore the performance of rehabilitated flexible and rigid culverts.  A 

deteriorated steel culvert was tested in a buried state under surface loading, then rehabilitated with a 

grouted high density polyethylene (HDPE) slipliner while still in a buried state and tested under surface 

loading at 0.9 m and 0.6 m burial depths.  The rehabilitated steel pipe was tested under service loading, 

and up to 1250 kN of applied load.  The results suggested that the grouted annulus stiffened the overall 

structure, and increased the capacity of the system to over 3 times the fully factored design load. A 

deteriorated reinforced concrete culvert was tested and rehabilitated in a similar fashion. The grout in 

the annulus penetrated the cracks at the crown, invert and joint of the concrete pipeline. The lined 

concrete pipe was tested to 1200 kN under single axle loading, and to 800 kN under single wheel 

loading. The results suggested that while the concrete pipe was stiffened by the grout, it remained the 

primary contributor to structural capacity, with the liner contributing little to the capacity. Repair 

reduced the diameter change by an average of 90%, with the capacity reaching approximately 3.3 and 

4.2 times the design loads for single axle and single wheel pair loading, respectively. The maximum 

response was under single axle loading over the barrels of the concrete pipe. In no instance did the 

structures reach an ultimate limit state, and the tests were stopped after bearing failure of the soil 

occurred. 
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Chapter 1 

Introduction 

1.1 Statement of the Problem 

 In the US and Canada, buried structures installed in the infrastructure booms of the 1950s and 

1960s are reaching the end of their intended service lives, yet cannot be replaced due to economic 

constraints.  Culverts represent a significant portion of this infrastructure, with corrugated steel and 

reinforced concrete representing the majority of installed culverts currently in use.  Estimated 

investments in the billions and trillions of dollars would be required to maintain, or replace existing 

structures in Canada and the Unites States, respectively (ASCE, 2013; CIRC, 2012).  This represents a 

significant economic challenge for Civil Engineers and the general public.  Not only is the cost of 

replacement of these structures prohibitive, but the impact of disruptions to transportation networks 

and the resulting user delays would have a negative impact on society as a whole.  Despite the 

magnitude of the problem, public awareness of the problem remains low, unless there is a failure of the 

soil-culvert system which leads to adverse effects on the general public such as a sink hole under a road 

(e.g. the corrugated steel culvert failure on Highway 174, Ottawa, Canada on September 4th 2012, 

causing a sinkhole that ‘swallowed’ a car (CBC, 2012)).   Although the major issue is deterioration of both 

corrugated steel and reinforced concrete culverts, if left unchecked, deterioration advances to a stage 

where perforations (metal), and cracks (concrete) develop in the culverts, leakage becomes an issue and 

both hydraulic performance and structural stability are affected.  In metal culverts, these perforations 

may also lead to erosion of surrounding soil, further compromising the structural stability of the flexible 

culvert (Meegoda and Juliano, 2009). In reinforced concrete culverts, deterioration at the joints or 

partial collapse of the wall structure can lead to infiltration of groundwater or exfiltration of fluid from 
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the culvert, in addition to the infiltration of soil, resulting in undermining and the formation of soil voids 

beneath the driving surface (Ballinger and Drake, 1995). To avoid further deterioration, infrastructure 

rehabilitation offers an attractive solution to prohibitively expensive replacement.   

One of the most prevalent rehabilitation methods for deteriorating culverts is sliplining 

(Syachrani et al., 2008).  Sliplining is a feasible solution for both metal and reinforced concrete culverts 

(Ballinger and Drake, 1995), and offers the convenience of inserting a new pipe into the deteriorated 

culvert without the need to disturb the ground surface above.  Sliplining can even be performed in live 

flow conditions, and flow bypass is seldom required (Thornton et al., 2005).  However, currently there 

exist no codified design methods specifically for the rehabilitation of culverts using grouted slipliners.  

The design practice currently used for repair is dependent on the nature of the interaction between the 

liner and the existing culvert structure, an interaction that is currently not well understood (Zhao and 

Daigle, 2001).  Additionally, the current popular design standards, ASTM F1216 (2009) and WRc (2001), 

base their design on assumptions of either full deterioration, or partial deterioration, and can involve 

application of design methods developed for other liner processes (ASTM F1216 is for cured in place 

liners which do not involve grouting).  These assumptions about behaviour, often visually categorised, 

neglect either the contribution of the host culvert and grout (Hickle and Glasgow, 1997), or the liner 

system depending on the design type.  Given previous research on steel culverts studying the stability of 

new corrugated steel culverts under live loading (Lay, 2012), detailed corrosion analysis (Mai et al., 

2012) in addition to research investigating the response of severely deteriorated steel culverts (El Taher 

and Moore, 2008; Mai et al., 2013), there now exists an opportunity to continue this line of investigation 

by experimentally investigating the deteriorated culvert response post-rehabilitation with a grouted 

slipliner.  Similarly, given the development of models to predict the average degraded soil modulus 

around a fractured deteriorated culvert (Moore, 2008), previous research into external earth loading of 
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deteriorated rigid pipe (Moore, 2005; Schrock and Gumbel, 1997), and investigations of tight and loose 

fitting ungrouted flexible liners in deteriorated rigid culverts (Law and Moore, 2003), there exists a need 

for the investigation of the impact of surface loading on deteriorated rigid (reinforced concrete) culverts 

rehabilitated with grouted liners. 

 The current project seeks to investigate the response of deteriorated culverts (flexible and rigid) 

under surface loading both pre and post-rehabilitation using a grouted liner system.   Of particular 

interest is the establishment of the response of the grouted annulus, which requires the use of a novel 

instrumentation system, namely distributed fibre optic sensors.  Therefore, bench scale tests were first 

performed to develop a method of attachment for the distributed strain sensors to each of the pipe 

system materials: steel, concrete and polymer.  Distributed strain sensors were then evaluated against 

conventional strain measuring techniques.   

Two full-scale experiments will be performed on deteriorated culvert specimens. The first, a 

lightly corroded corrugated steel culvert exhumed from the field, and the second, two new reinforced 

concrete pipes, both damaged due to overloading.  The deteriorated culvert specimens will be examined 

at multiple burial depths under single wheel pair, and single axle loading.  The deteriorated culvert 

specimens will then be rehabilitated with grouted liners, and evaluated under an identical testing 

regime. 

 

1.2 Objectives 

 The overall goal of the study is to develop and validate a method for the use of distributed fibre 

optic sensor systems with buried infrastructure; to explore and determine the performance of 
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deteriorated steel culverts, pre and post-rehabilitation with grouted slipliners using full-scale testing; 

and to explore and determine the performance of deteriorated reinforced concrete pipe, pre and post-

rehabilitation with grouted slipliners using full-scale testing.  The specific objectives of this thesis are the 

following: 

• To develop methods for the attachment of distributed strain sensors to steel, concrete and 

polymer materials 

• To evaluate the use of distributed strain sensors on steel, concrete and polymer materials 

compared to conventional strain sensing techniques 

• To assess the performance of deteriorated steel culverts under surface loading using full-scale 

tests 

• To investigate the performance and structural role of each component of the rehabilitated pipe 

system (steel host culvert, grout, liner) under surface loading using full-scale tests 

• To evaluate the performance of deteriorated reinforced concrete culverts under surface loading 

using full-scale tests 

• To assess the performance and structural role of each component of the rehabilitated pipe 

system (concrete host culvert, grout, liner) under surface loading using full-scale tests 

 

1.3 Thesis Format 

 This thesis has been presented in manuscript format as outlined by the School of Graduate 

Studies at Queen’s University.  The abstract is followed by a general introduction and background 

chapter (Chapter 1).  Chapters 2, 3, and 4 are the manuscripts.  Summaries and conclusions are given in 

Chapter 5.  Chapter 2 of the thesis presents the development and use of the distributed strain sensing 
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techniques during bench scale experiments and on full-scale culvert experiments in comparison with a 

conventional strain sensing technology.  Chapter 3 investigates the performance of a deteriorated 

corrugated steel culvert under surface loading pre and post-rehabilitation with a grouted high density 

polyethylene (HDPE) slipliner.  Chapter 4 investigates the performance of a damaged reinforced 

concrete culvert under surface loading pre and post-rehabilitation with a grouted HDPE slipliner. 

Chapter 5 presents general conclusions drawn from the research and proposed future research 

opportunities based on the research outcomes. 

 Preliminary data collected as a part of the research program conducted for Chapter 3 has been 

published in the Proceedings of the North American Society for Trenchless Technology (NASTT) No-Dig 

Show 2013.  Chapters 2, 3 and 4 are being prepared for publication in relevant journals. 
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Chapter 2 

Distributed Strain Sensing of Full-Scale Culvert Experiments 

2.1 Introduction 

In North America, an infrastructure crisis looms as structures installed during the infrastructure 

booms of the last century approach the end of their service lives.  Buried infrastructure such as 

corrugated metal and reinforced concrete culverts make up a significant proportion of this deteriorating 

infrastructure and due to the inaccessible nature of these structures, they are hard to replace due to 

significant economic and user delay costs (ASCE, 2013).   As a result of this, it is becoming increasingly 

important to understand the structural and material behaviour of these buried structures as they 

deteriorate in an attempt to mitigate potential structural failures and their adverse effects on the public 

such as leakage of contaminants, disruption to transportation networks and the potential for injury or 

even fatalities.   The use of monitoring technologies during experimental testing of these structures is 

one of the key approaches to develop an improved understanding of culvert behaviour, which will lead 

to better predictions of deteriorated and rehabilitated culvert capacity, and optimization of culvert 

service life cycles. 

Currently, the monitoring of culvert strain during experimental testing is largely reliant on the 

use of conventional strain gauges as shown in Figure 2.1, which provide measurements of the strain at 

specific locations.  While this method provides insight into localized structural behaviour, it fails to 

capture the full behaviour of these complex structures where strains are not constant throughout the 

cross section or around the circumference.  This limitation of localized strain sensing across a small 

gauge length of between 5 mm (e.g. for steel structures) to 68 mm (e.g. for concrete structures) requires 
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either the selection of a gauge location which accurately represents the critical behaviour of the 

structure or the installation of multiple discrete gauges, which is both time consuming and expensive. 

Fibre Optic Sensing (FOS) offers a more economical and time saving alternative to using 

conventional strain gauges while also providing a distributed strain profile along the full length of the 

fibre.  FOS systems have been developed as a sensing tool over the last forty years, with most of the 

development focused on the measurement of strain, temperature and pressure (Lee, 2003). FOS has 

been utilized effectively in environments where electrical sensors reach their performance limits.  In 

comparison with conventional sensors, FOS systems have many advantages including being lightweight, 

small (with outer diameters of around 250 μm being possible), water resistant, inherently safe (there are 

no electrical components within the sensing fibre, nor does FOS produce heat which eliminates the 

possibility of fire), and immune to electromagnetic interference (EMI).  FOS systems also have a large 

operational temperature range (Cheng, 2006).  Finally, FOS systems are rugged enough for application 

within both the buried environment and immersive environments such as wet grout and concrete when 

provided with adequate protection. Given that typical users of sensing tools are not interested in the 

specific techniques involved with measurement, and instead only require that the system is cost 

effective, and provides useful and accurate data, FOS represents an attractive alternative to 

conventional sensing technologies for buried infrastructure monitoring. 

FOS technologies are available both as distributed and discrete measuring systems with the 

most commonly used discrete technology being Fibre Bragg Grating (FBG) sensors, which have been 

shown to measure local and directional strains with comparable accuracy to conventional strain gauges 

and extensometers (Childers et al., 2001). Alternatively, distributed systems allow for strain 

measurement along the full length of an optical fibre with spatial resolution and strain accuracy 
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equivalent to conventional strain gauges (Guemes et al., 2010).  Distributed sensing increases the 

possibility for use of fibre optic sensors in the fields of structural testing and monitoring as it does not 

restrict measurement to localized areas requiring extensive careful planning and a prior knowledge of 

critical strain locations in order to capture the desired behaviour.  With a distributed sensing system, 

details about failure initiation, crack growth, localized strain gradients and load sharing between 

elements in complex systems can potentially be determined after installation (Guemes et al., 2010). Of 

particular importance when selecting a distributed sensing system is the desired accuracy of the 

measurement. New technologies, such as Optical Backscatter Reflectometry (OBR) using swept 

wavelength interferometry to measure the Rayleigh backscatter, have the potential to provide strain 

measurement accuracy similar to conventional strain gauges over gauge lengths as small as 10 mm 

(Kreger et al., 2007). However, the accuracy that can be achieved with a distributed sensing system is 

also heavily dependent on the choice of fibre optic cable (i.e. the sensor) as well as how the sensor is 

bonded to the substrate, choices which have not been investigated for buried infrastructure 

applications.  Yasue et al. (2000) performed tests on concrete pipe using distributed sensing fibres; 

however the samples were tested in two edge bearing and were not buried.  Additionally, Yasue et al. 

(2000) utilized the Brillouin optical time domain reflectometer, which does not have comparable spatial 

resolutions or accuracies to those associated with OBR technology. 

The current research has the following objectives: (i) develop installation techniques for the 

fibre optic sensors on steel, concrete and high density polyethylene (HDPE) culvert structures, (ii) 

compare measurements from conventional strain gauges to distributed FOS strain measurements on 

culvert structures, and (iii) illustrate the benefits of using a distributed strain measurement system 

during full-scale load tests on culvert structures.  The following sections will present a background on 

the fibre optic sensing system, validation of the system using bench scale experiments, as well as the 
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validation of fibre optic sensing on full-scale buried steel, concrete and HDPE structures.  Conclusions 

will be drawn about appropriate installation methods on various materials, the accuracy of the 

distributed strain measurement system, and potential future uses for fibre optics in the field of buried 

infrastructure testing. 

 

2.2 Sensing with Distributed Fibre Optics 

Distributed fibre optic sensing systems are composed of an active monitoring unit connected to 

a passive sensing fibre optic cable.  The monitoring unit, also referred to as the analyser, transmits a 

light pulse into the core of the fibre from either a tunable frequency laser or a broadband source.  

Distributed FOS systems work on the principal that the backscattered light in the silica core of the fibre 

(i.e. the light that is reflected back towards the analyser) can be analysed to provide information relating 

to the condition of the fibre (Agrawal, 2001).  The backscatter can be divided into three categories, 

namely Rayleigh, Brillouin and Raman, (see Figure 2.2), which behave both elastically and in-elastically 

and may be exploited for sensing purposes (Henault et al., 2011).  Rayleigh scattering is the elastic 

scattering of light due to minute, random fluctuations in the silica density and composition formed 

during manufacturing. Brillouin scattering is the inelastic interaction between an electromagnetic wave 

and a density wave, also known as photon-phonon scattering interaction. Where a photon is an 

elementary particle representing a quantum of light, and a phonon is a quantum of energy, a quantum 

mechanical description of an elementary vibrational motion of a lattice of atoms. Finally, Raman 

scattering is the inelastic scattering of photons due to thermomolecular vibrations (Henault et al., 2011).  

The Raman effect is temperature sensitive, while the Brillouin and Rayleigh effects are both strain and 
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temperature sensitive, indicating that through analysis of the backscattered light, both strain and 

temperature may be measured (Henault et al., 2011). 

Distributed measurements are obtained using two main analysis methods: (i) Optical Time 

Domain Reflectometry (OTDR) and (ii) Optical Frequency Domain Reflectometry (ODFR). OTDR is used 

for Raman and Brillouin scattering and allows for temperature and strain measurements to be taken 

over long distances in the range of tens of kilometres with a spatial resolution of approximately 1 metre 

(Samiec, 2012).  This method utilizes the transmission of a short light pulse and calculates location based 

on a time of flight measurement of the backscattered light (Henault et al., 2011).  ODFR is used for 

Rayleigh spectrum sensing due to the need for extremely high spatial resolutions.  This method utilizes a 

swept frequency pulse that interacts with the imperfections in the optical fibre.  The ODFR method 

works by first scanning the fibre in its initial state (e.g. before the fibre has been strained or subjected to 

temperature) and storing the Rayleigh scatter signature as a reference file.  This scan, or profile, is a 

stable representation of the local defects, refractive index variations or distortions in the fibre.  The scan 

is completely stable due to the nature of Rayleigh scattering, which is based on the elastic imperfections 

and will only change when an external change is imposed on the fibre.  The fibre is then scanned a 

second time with a strain and/or temperature change imposed on the fibre which spatially compresses 

or stretches the fibre.  The measured data set is then broken into increments (≥ 1 mm) along the fibre 

length and using a Fourier transform technique converted into the frequency range.  The spectral shift 

(frequency shift) between a reference scan and the perturbed scan may be cross correlated at every 

interval along the fibre and then compiled creating a distributed measurement along the fibre length.  

The strain can be calculated by multiplying the measured spectral shift by a constant. For every strain or 

temperature change imposed on the fibre, this process is repeated (Henault et al., 2011). 



 

 

13 

 

Rayleigh OFDR spatial resolutions depend on the wavelength range over which the laser is 

tuned.  The Optical Backscatter Reflectometer 4600 (OBR) system produced by Luna Technologies and 

used in this research operates at 1550 nm and may be tuned over a maximum range of 90 nm 

corresponding to a spatial resolution of potentially 10 μm with fibre lengths up to 70 m.  The OBR has 

been demonstrated to have strain and temperature measurement accuracy of better than 1 microstrain 

and 0.1 degrees Celsius obtained with a spatial resolution of 5 mm (Gifford et al., 2007).  With the OBR 

system, the increments that the fibre is divided into in order to measure spectral shift, and thus strain, 

are commonly referred to as the Gauge Length, which may be defined before scanning or at the data 

analysis phase.  Since the Gauge Length defines the data used to cross correlate the temporal and 

spectral shifts, the definition of the Gauge Length will affect the spectral resolution and also the signal-

to-noise ratio of the measurement.  Therefore, the choice of an appropriate Gauge Length is important 

as the spectral resolution of the measurement also controls the accuracy of the strain and temperature 

measurements.  As per the suggested manufacturer settings (Luna, 2011), the Gauge Length for the 

current research was taken as 20 mm with a spacing of 20 mm to achieve the maximum measurement 

accuracy, unless otherwise noted.  Additionally, per the manufacturer’s specifications, the spectral shift 

quality (a measure of the strength of the agreement between the measurement and reference reflected 

spectra) was considered well correlated above a value 0.15 (the spectral shift quality ranges from 0 to 

1).  Currently, the OBR scanner is not configured to provide simultaneous independent measurements of 

temperature and strain shifts. It is important to isolate the effect of change in temperature from strain 

shifts during testing as both the temperature and strain are merely rescaled copies of the spectral shift 

distribution.  In the absence of strain change, the temperature change can be written as Equation 2-1 

where ∆ν is the spectral shift, similarly, in the absence of temperature change, the strain change can be 

written as Equation 2-2 assuming a scan wavelength of 1550 nm. 
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Rearranging and substituting Equation 2.1 into 2.2, the resulting strain change due to a temperature 

change during testing is calculated as 8 με per degree Celsius of temperature change.  This value is a 

combination of both the material induced strain due to a temperature change in the glass core and the 

impact of temperature change on the refractive properties of the core.  To mitigate this, testing was 

performed under temperature controlled conditions and temperatures were actively monitored during 

testing to determine the potential effects of temperature on the strain reading. 

 

2.3 Fibre Optic Cables 

Crucial to the success of fibre optic sensing is an appropriate choice of fibre optic cable for both 

the material and the type of testing to be carried out.  The bare fibre optic core, where the light travels, 

has a nominal diameter ranging 4 to 12 μm. The core is then wrapped in a cladding with a typical 

diameter in the 100 μm range, which has a different refractive index to the core and allows the core to 

act as a wave guide. The cladded core is very fragile due to its small size, especially for use in civil 

engineering monitoring or testing applications.  To protect this fragile core, a fibre optic cable is 

wrapped with a protective buffer as shown in Figure 2.3 and potentially additional protective jackets 

depending on the application. There are a wide variety of fibre optic cables available in terms of size, 

coatings and protections that may be used in a research application.  Of particular importance when 

choosing a fibre optic cable for sensing is the protective coating.    Fibres used in a buried application 
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may also include protective materials such as fibre glass or steel rods as well as water proofing 

membranes and polymer shells in order to protect them from water infiltration and crushing due to the 

harsh environment. 

Through industry guidance and the review of several potential fibre optic cable solutions, two 

different single mode fibres were selected for bench and full-scale testing.  The first fibre, referred to as 

the nylon fibre, consisted of an 8 μm core, 125 μm silica cladding, 250 μm acrylic buffer coating and a 

friction fit, tight 900 μm nylon protective jacket. The second fibre, referred to as the polyimide fibre, is 

designed for use in high temperatures, medical sensing, and oil and gas applications, and consisted of an 

8 μm core, 125 μm silica cladding, and a 155 μm PYROCOAT® (polyimide) buffer coating.  The nylon fibre 

has the distinct advantage of being commonly available and cost effective at approximately $0.15 per 

metre.  However, this fibre has the disadvantage of having a protective nylon jacket that is friction fit, 

not chemically bonded to the internal buffer coating and therefore presents potential strain transfer and 

shear lag issues (Xihao et al., 2008; Ding et al., 2004).  Despite this disadvantage, the nylon fibre gives 

superior protection over unjacketed fibres and protects the fibre core from rupture in areas where 

cracking or deterioration of the structure is present.  In comparison to unjacketed fibres such as the 

polyimide fibre, Inaudi et al. (1996) lists the strain transfer of the nylon buffered fibre as poor.  The 

polyimide fibre is designed to provide excellent strain transfer between the sensing core and the 

adhered material (Inaudi et al., 1996).  The major disadvantages of this fibre are the cost at $5.00 per 

metre and the fragile nature of the fibre since it does not have a protective jacket.  Both fibres will be 

used for comparison to conventional steel and concrete strain gauges, which range in cost between $10 

and $30 per gauge. 
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2.4 Experimental Specimens 

The experimental work was carried out in two stages.  The first stage consisted of a preliminary 

bench scale experiment to compare conventional strain gauges to both fibre optic cable types as well as 

to evaluate the performance of various adhesives used to bond the fibre optic sensors to a steel plate 

specimen.  Two steel plate experiments were conducted, denoted P1 and P2.  The second stage 

consisted of four full-scale culvert experiments that were used to investigate the accuracy of the fibre 

optic sensors in comparison to conventional strain gauges on two deteriorated corrugated steel culverts 

(specimens C1 and C2), one deteriorated reinforced concrete pipe (C3) and one undamaged HDPE pipe 

(C4). 

2.4.1 Steel Plate Specimens 

Specimens P1 and P2 were mild steel plates that had a cross section of 10 mm by 100 mm with 

lengths of 675 mm and 600 mm, respectively.  P1 was instrumented with four uniaxial electric resistance 

strain gauges equally spaced along the length of the central axis of the plate.  Equally spaced on either 

side of the line of strain gauges were two Nylon sensing fibres and two Polyimide sensing fibres attached 

with three different adhesives as shown in Figure 2.4. Surface preparation for all fibres followed 

procedures similar to strain gauge surface preparation procedures as seen in Vishay (2011) with the 

exception that acid and neutralizer were not used on the surface.  After the adhesive was applied, no 

additional layers were applied to the fibres for protection.  P1 produced promising data however due to 

improper grip alignment, there was a slight eccentricity of the load that produced bending stresses 

about the strong axis of the plate as the sample was not in pure axial tension.  This resulted in a linear 

strain distribution across the width of the plate.  The Tyfos and Devcon epoxies proved to be 

inappropriate adhesive choices due to the low viscosity of Tyfos (the epoxy was difficult to apply and 
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control) and the high viscosity of the Devcon which often resulted in the sensing fibre being suspended 

within the adhesive instead of against the bonding surface.  After evaluating the test setup, refining the 

instrumentation layout and the choice of adhesives, specimen P2 was designed as shown in Figure 2.5.  

Specimen P2 was instrumented with nine uniaxial electric resistance strain gauges equally spaced in 

three lines across the length of the test specimen in order to measure axial strain as well as to correct 

for potential bending strains due to eccentricity induced during the test.  The installation of all gauges 

was completed in accordance with Vishay Technical Installation Bulletin B-127-14 (Vishay, 2011).  Both 

fibre types, Nylon and Polyimide were installed in two loops, each consisting of two 400 mm sensing 

lengths.  For each sensing length, the fibres were bonded to the steel specimen with two different 

adhesives in order to verify the quality of strain transfer between the fibre optic sensors and the steel 

plate in comparison to the strain gauges.  Selected bonding agents were a cyanoacrylate one part room 

temperature cured industrial adhesive called Loctite 4851 and a two part structural adhesive epoxy 

called Loctite E-20HP.  Again, improper grip alignment resulted in load eccentricity and bending stresses 

about the strong axis of the plate, however since the strain gauges were located in a grid pattern, it was 

possible to average strains about the fibre locations for comparison. Surface preparation for all fibres 

was completed in a similar fashion to the strain gauges as outlined in Vishay (2011), however acid and 

neutralizer were not used on the surface.  No additional measures, such as the installation of protective 

layers over the fibres, were taken after the fibres were adhered. 

2.4.2 Full-Scale Culvert Specimens 

Four full-scale culvert experiments were completed to evaluate the use of fibre optic sensors in 

comparison to strain gauges.  Specimens C1 and C2 were approximately 40 year old corrugated steel 

pipes (CSP) that were exhumed after being in service in the Province of Ontario, Canada.  The original 
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culverts were galvanised steel with an asbestos impregnated asphalt coating designed for corrosion 

protection.  The asbestos impregnated asphalt coating was removed prior to any instrumentation or 

experimentation in the interests of health and safety. Specimens C1 and C2 both had a diameter of 1.8 

m and were approximately 3 m long.  The corrugation profile had an amplitude of 12.7 mm and a period 

of 67.7 mm.  The intact wall thicknesses for both specimens was approximately 4.5 mm, however 

specimen C1 had extensive corrosion damage located at the haunch levels of the culvert as indicated in 

Figure 2.6 (a).  In these locations of heavy deterioration, it was necessary to bridge the gaps in steel by 

placing the fibres in protective tubes and so the fibres were not bonded to the structure in these 

locations.  The average wall thickness for C1 was 70% and 48%, respectively, of the intact plate thickness 

on the West and East sides of the invert as measured by ultrasonic thickness gauge (Mai, 2013).  

Specimen C2 had relatively minor corrosion damage at the haunch locations with relatively few 

perforations as shown in Figure 2.6 (b).  Average percentages of remaining thickness for the West and 

East haunches were 83% and 90%, respectively (Mai, 2013).  According to ASTM A653 (2011), typical 

steel from this era has a minimum strength (fy) of 230 MPa with a minimum tensile strength (fu) of 310 

MPa and a Young’s Modulus of 200 000 MPa. 

Specimen C3 was a 65D reinforced concrete pipe with a type B wall.  The specimen was not in 

service but was to be rehabilitated and therefore underwent D-Load testing as per ASTM C497M-13 

(2013) until significant mechanical damage was imparted to the pipe.  C3 had an internal diameter of 

1220 mm, a wall thickness of 125 mm and a length of 2440 mm as per CSA 257.2 (2009).  The concrete 

strength was 57.6 MPa based on cylinder test results from the pipe manufacturer.  Heavy damage 

incurred during the D-Load test was observed at the crown, shoulders and invert with significant 

cracking in excess of 1 mm width as seen in Figure 2.7 (a). Less severe cracking at the spring lines and 

haunches was also observed as seen in Figure 2.7 (b). 
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Specimen C4, as seen in Figure 2.8, was an HDPE spirally wound box structure pipe commercially 

available under the trade name “Weholite”.  C4 had an outer diameter of 1686 mm, an inner diameter 

of 1524 mm and an overall length of approximately 3400 mm. The structure was supplied in two 

approximately equal length sections and assembled using a threaded connection then sealed externally 

with a commercial product under the trade name “Wehoseal”.  The internal box structure had outer and 

inner measured flange thicknesses of 7.6 mm and 8.5 mm, respectively, and a web thickness of 16.5 mm 

spaced 119 mm, centre to centre.  C4 was not previously loaded and was neither mechanically nor 

chemically damaged prior to testing. 

Specimens C1 and C2 were instrumented with 94 and 56 uniaxial conventional electric 

resistance strain gauges (with a 5 mm gauge length), respectively.  Strain gauges were attached 

circumferentially at both the crest and valley of a corrugation in order to permit calculations of both 

average axial strain and curvature.  Installation of all strain gauges was completed in accordance with 

Vishay (2011).  Both Nylon and Polyimide fibres were attached to the pipe along the crest and valley of a 

corrugation adjacent to the conventional strain gauge locations using Loctite 4851.  Installation of the 

fibres required preparation of the steel surface in order to expose the steel and to remove dirt, debris 

and oils.  This involved sanding the surface of the steel to remove the remaining bituminous and 

galvanized coatings until a 10 mm wide uncoated steel strip was exposed along the entire circumference 

of the pipe in the locations of fibre installation.  Removal of debris and oils was completed by liberally 

applying 99% concentrated isopropyl alcohol to the surface using low lint Kim wipes.  The fibre was then 

installed and held in place temporarily with the use of tape. Finally, the fibres were bonded to the steel 

using Loctite 4851.  Along the length of both culverts, strain gauges were placed at three circumferential 

locations, herein referred to as the South, Centre and North locations.  Fibre optic sensing cables were 

installed at both the South and the Centre locations.  The Centre location refers to the longitudinal 
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centre of the pipe, directly under the hydraulic actuator applying the load, while the North and South 

locations are offset from the Centre by 0.9 m, and lie directly under the standard AASHTO Single Axle 

load pad locations (the loading setup will be discussed in greater detail in a later section).  For the sake 

of brevity, only the fibre optic measurements from the South location will be compared to the 

conventional strain gauge measurements at the same location.  The strain gauge layout for specimens 

C1 and C2 are shown in Figures 2.9 and 2.10, respectively. The location of the fibre optic sensors in 

relation to the strain gauges on specimens C1 and C2 are shown in Figure 2.11 (a) and (b), respectively. 

Specimen C3 was instrumented with 8 uniaxial conventional electric resistance strain gauges (68 

mm gauge length).  Four gauges were attached circumferentially at the haunches and the shoulders, as 

shown in Figure 2.12, on both the exterior and interior faces of the pipe directly under the load pad of 

the AASHTO single axle.  The haunch and shoulder locations were chosen due to the significant damage 

at the crown, invert and spring lines preventing gauge attachment at these locations.  Concrete strain 

gauges were installed in accordance with Vishay Technical Application Note TT-661 (Vishay, 2010a).  

Two loops of Nylon fibre were attached circumferentially on both the exterior and interior faces at a 

spacing of 25 mm from the conventional gauges.  Surface preparation of the concrete prior to the 

installation of the fibres was required and completed in a similar fashion to that described by Vishay 

(2010a).  Surface preparation included light grinding of the surface to remove ridges and create a 10 mm 

wide, smooth circumferential strip located 25 mm from the electric resistance strain gauges. This was 

followed by disc sanding the surface to create a smooth surface to bond the fibres to.  The surface was 

then scrubbed with a wire brush and soapy water to remove any dirt or residual oils on the concrete 

surface.  After rinsing of the surface with water, the surface was wiped with 99% concentrated isopropyl 

alcohol to further remove any oils present on the surface.  The fibre was then attached temporarily with 

tape and bonded with two-part Loctite E-20HP epoxy. Polyimide fibres were not used on specimen C3 
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due to the large existing cracks from the D-Load tests, which prevented the use of unjacketed fibre optic 

cables. 

Specimen C4 was instrumented with 24 uniaxial conventional strain gauges (5 mm gauge length 

with 6 each on the interior and exterior pipe walls in two locations).  Strain gauges were attached as 

seen in Figure 2.13.  Installation of the strain gauges on the HDPE surface was completed in accordance 

with Vishay Instruction Bulletin B-129-8 (2010b) for polyethylene materials.  Further details on the 

installation of strain gauges on HDPE materials may be found in Chapter 3.  Bonding the strain gauges to 

the HDPE was completed using the cyanoacrylate adhesive Loctite 401.  Two loops of Nylon and one of 

Polyimide fibre were attached to the adjacent flange of C4 next to the strain gauges.  Surface 

preparation for the fibre optics included light hand sanding of the surface, followed by the application of 

99% concentrated isopropyl alcohol to remove any dirt, debris or oils present.  Multiple applications of 

alcohol were required due to the wax like nature of HDPE material.  Fibres were then taped in place and 

bonded with Loctite 401.  After sufficient curing time was allotted for each adhesive as per 

manufacturer recommendations, all fibres were protected from damage through the application of 

either Permatex Ultra Black RTV Gasket Maker, or clear GE Silicone II Sealant.  Both the gasket maker 

and silicon sealant were used as a moisture protection to ensure water would not degrade the 

adhesives.  More importantly the gasket maker and silicon sealant were used as a layer of protection 

from damage during pipe installation and burial.  The gasket maker provided a stiffer (Hardness (Shore 

A) value of 42) layer of protection at a higher material cost, while the silicon sealant was more cost 

effective, had a quicker cure time and was less stiff (Hardness (Shore A) value of 20). 
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2.5 Experimental Setup 

2.5.1 Steel Plate Tests 

Steel plate specimens P1 and P2 were tested in uniaxial tension using an Instron 8802 testing 

machine.  The samples were mounted vertically in two hydraulic grips as shown in Figure 2.14 and were 

loaded in 10 kN increments to a maximum load of 200 kN for specimen P1 and 240 kN for specimen P2.  

Load, stroke and strain readings were collected at 10 Hz using a System 5000 Data Acquisition system, 

while fibre optic strains were measured and recorded at each 10 kN load stage using a Luna OBR 4600. 

2.5.2 Full-Scale Culvert Test Setup 

Specimens C1, C2, C3 and C4 were tested in the GeoEngineering Laboratory, a large scale buried 

infrastructure testing facility at Queen’s University.   Each of the four specimens was placed in a trench 

in an 8 metre wide by 8 metre long by 3 metre deep test pit on a layer of loose bedding material (76 mm 

deep for specimens C1 and C2, and 50 mm deep for specimen C3).  The loose material was placed on top 

of a layer of bedding material compacted to at least 90% of Standard Proctor (600 mm deep for 

specimens C1 and C2, and 700 mm deep for specimen C3).  After placement in the trench, each 

specimen was backfilled with soil layers of 300 mm (C1 and C2) and 200 mm (C3) thickness that were 

compacted to at least 90% of Standard Proctor (i.e. 90% of the maximum dry unit weight achieved using 

a Standard Proctor test) until the soil cover above the crown reached 900 mm.  A series of live load tests 

that will not be discussed in this chapter were performed and the soil was stripped, leveled and again 

compacted at a soil cover height of 600 mm.  Here, a series of live load tests were again carried out, of 

which only the tests involving the standard AASHTO single axle frame will be discussed.  The general 

setup of the tests is shown for specimen C3 in Figure 2.15 (a).  For each test, live load was applied 

through a steel spreader beam, resting on a pair of steel pads that have the same area as a standard 
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wheel pair.  This apparatus is designed to simulate standard AASHTO single axle loading with the loads 

being applied through the wheel pair pads on the surface of the soil at a distance of 0.9 m from the 

centrally located hydraulic actuator as shown in Figure 2.15 (b).  The single axle frame and the maximum 

applied forces were based on the CL-625 (CHBDC, 2006) and the AASHTO (2007) design truck.  The 

maximum applied load was 224 kN in addition to the weight of the test apparatus. These maximum 

loads include both the dynamic load allowances and multiple presence factors.  Load steps varied 

depending on the specimen and the load was cycled up to the maximum load at least twice to ensure 

stiffening of the soil during the first cycle would not influence the structural response of the culvert 

specimens during the second cycle.  For the purposes of this chapter, the first load cycles will not be 

discussed. 

Specimen C4 was tested in a similar fashion to C1, C2 and C3, however it was not directly buried.  

Instead, specimen C4 was instrumented with fibres and strain gauges and then inserted into specimen 

C2 and grouted in place in a process called slip lining, described in ASTM F585 (2013).  The slip lining 

process and the configuration of specimens C2 and C4 are presented in more detail in Chapter 3.  A 

general schematic of C4 can be seen in Figure 2.16.  For the purposes of this chapter, only the 

application of load and the comparison of the resulting strain response in C4 as measured by both the 

fibres and the strain gauges will be discussed. 
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2.6 Experimental Results and Discussion 

2.6.1 Steel Plate Tension Test Results 

The strain measurement versus length along the plate results for P1 for both Nylon and 

Polyimide fibre optic sensors and conventional strain gauges are shown in Figure 2.17 and Figure 2.18, 

respectively.  Both plots give strain measurements at 100 kN and 200 kN load levels.  The bonded 

sensing length for each fibre type is approximately 500 mm.  Strain gauge 1 (see Figure 2.4) is not 

displayed due to the failure of the gauge. 

The nylon fibre strain measurements versus length show strong visual agreement (less than an 

average of 2% at the 200 kN load step) with the strain measurements for both adhesive types in Figure 

2.17.   It is evident from the data that near the ends of the sensing fibre lengths, there is a gradual drop 

in strain where the sensing fibre measurements are lower than the strain gauge measurements.  This is 

attributed to slipping between the surface bonded friction fit jacket and the silica sensing core.  This 

phenomenon is more evident in the Tyfos epoxy than the cyanoacrylate adhesive.  Between 100 and 

400 mm, there appears to be little slip occurring and therefore with proper development length, the 

nylon fibre appears to provide accurate strain measurements. 

The polyimide fibre strain measurements plotted relative to axial position in Figure 2.18 show 

strong visual agreement (less than an average of 1% at the 200 kN load step) with the conventional 

strain gauge measurements for both adhesives.  With the exception of the Devcon epoxy  in the 0 to 25 

mm range, no debonding or slipping of the sensing fibres was evident.   In the 75 to 100 mm region, the 

localised increase in strain is thought to be due to the fibre being suspended in the high viscosity Devcon 

epoxy during application resulting in inaccurate strain measurements.  With no reduction of strain near 



 

 

25 

 

the ends of the bonded length of the polyimide fibre evident, the unjacketed fibre appears to produce 

superior results to that of the nylon. 

The strain measurements versus length along plate P2 for both the Nylon and Polyimide fibre 

optic sensors and conventional strain gauges are shown in Figure 2.19 and 2.20, respectively.  Both plots 

give strain measurements at 120 KN, 180 kN and 240 kN load levels.  The bonded sensing length for each 

fibre type is approximately 400 mm. The plotted strain gauge results are an average of the 

measurements from the two gauges on either side of the sensing fibre (see Figure 2.5). 

The nylon fibre strain measurements in Figure 2.19 show strong visual agreement (an average of 

3% to 4% at the largest load step) with the conventional gauge measurements for both adhesives.  It is 

evident that the plate, though in axial tension, is experiencing a small amount of strong axis bending due 

to alignment issues in the hydraulic grips.  This results in increased strains on the right side of the plate 

(relative to Figure 2.5), or the side with the Loctite 4851 bonded fibres.  One can also see that the fibre 

optic strain measurements show a gradual change in strain near the ends of the bonded nylon sensing 

length at approximately 50 and 350 mm.  This is attributed to slipping between the silica fibre core 

where the strain is measured and the friction fitted nylon jacket that is bonded to the plate.  Between 

100 mm and 300 mm, there appears to be little slip occurring, suggesting once again that the nylon fibre 

has a development length, but beyond that length the fibre measures strain with similar accuracy to a 

strain gauge.  Thus with proper development length or in areas where the strain gradients are not large, 

the nylon fibre can produce accurate results with the added benefit of being a robust fibre for 

applications in regions of damage where an ideal adhesion surface is not available. 

The polyimide fibre strain results in Figure 2.20 show excellent visual agreement with the 

conventional strain gauge measurements (although the centre strain gauge located at 300 mm was 
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thought to have been measuring lower than expected strains due to a small air bubble).  At each load 

level and approaching the yield strain of the material, the polyimide fibre measurements are in good 

agreement (1% average difference at the largest load step) with the strain gauge measurements 

regardless of the adhesive type.  In comparison to the nylon bonded fibre results seen in Figure 2.19, the 

polyimide fibre measurements do not display any development length issues with the exception of the 

E-20HP epoxy in the 0 to 25 mm range.  Since there was no reduction in strain evident near the end of 

the E20-HP bonded length in the 300 to 400 mm region, this may be an application issue rather than 

either a strain transfer or debonding issue.  Due to the strain measurement accuracy and excellent bond 

at various lengths, the polyimide fibre would be recommended over the nylon fibre in areas of changing 

strain or when surface or sample conditions allow the use of an unprotected, less durable, and more 

sensitive fibre. 

2.6.2 Full-Scale Culvert Test Results 

2.6.2.1 Polyimide Fibre Results 

As previously indicated, specimen C1 had significantly more deterioration than specimen C2 

with full sections of steel missing from the haunch levels (i.e. perforations) as shown in Figure 2.6 (a) and 

therefore exhibited much higher strains at similar load levels to specimen C2.  The strain distributions 

around the pipe circumference obtained from the polyimide sensing fibres for specimen C1, C2 and C4 

are shown in Figures 2.21, 2.22 and 2.23, respectively.  Figure 2.21 shows fibre and strain gauge data for 

the 100 kN load stage, while Figures 2.22 and 2.23 displays strains for both the 100 kN and the 

maximum achieved 224 kN load stages.  The higher load stage was omitted from Figure 2.21 due to the 

poor quality of the data resulting from a previous break in the fibre during testing. 
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The polyimide strain sensor results for specimen C1, shown in Figure 2.21, once again show a 

strong visual agreement with the conventional strain gauge results, specifically along the Eastern half of 

the pipe from the East haunch to the crown location.  However, the fibre measurements between gauge 

locations are very noisy on the Western side of the pipe. The fibre was installed starting from the 

Eastern haunch location (as indicated by the arrow in Figure 2.21) and rotating clockwise around the 

culvert circumference.  Toward the end of the polyimide fibre, not shown on this plot, the fibre 

fractured during earlier testing, likely in a severely deteriorated region of the culvert.  The measurement 

noise seen in the plot on the Western half of the pipe is believed to be due to this fracture reflecting 

light back along the length of sensing fibre and distorting the strain measurements.  Despite this, 

agreement between the fibre and strain gauge measurements is still present. 

The polyimide fibre measurements for specimen C2, shown in Figure 2.22, also indicate strong 

visual agreement between the fibre and strain gauge measurements.  Because specimen C2 had much 

less deterioration, the surface to which the fibre was bonded was in much better condition, which 

resulted in no breaks or fracturing of the polyimide fibre optic cable during testing.  The polyimide fibre 

measurements show good agreement with the strain gauge measurements at both the lower load level 

of 100 kN and the maximum achieved load of 224 kN (less than 8% average difference).  The polyimide 

fibre measurements are slightly lower than the strain gauge measurements at the crown and the 

shoulder of the pipe, where the maximum strains are found.  Possible causes of this difference in strain 

include the fact that the fibre optic sensor and the strain gauges were not collocated on the pipe as 

shown in Figure 2.11 (b) and that the gauge length of the fibre optic sensor (20 mm) was greater than 

the strain gauge (5 mm).  Despite this, the fibre properly captures the culvert behaviour and allows for a 

better understanding of the structure not provided by discrete sensors since it fills in the data gaps 

between strain gauges. 
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The polyimide fibre strain measurements for specimen C4, shown in Figure 2.23, have excellent 

visual agreement with the strain gauge measurements in all gauge locations (less than 2% average 

difference).  The gauges as indicated in Figure 2.23 were rotated slightly off centre during the placement 

(slip lining) of C4 into specimen C2.  The undamaged specimen C4 produced data with less noise than 

seen in Figures 2.21 and 2.22.  The polyimide fibre measurements correlate to within 1 to 2 microstrain 

of the conventional strain gauges, however these measurements are also much lower values of 

measured strain than seen in Figures 2.21 and 2.22 (C1 and C2 respectively).  The benefit of using a 

highly sensitive fibre such as the polyimide fibre is highlighted in its ability to capture details such as the 

slight decrease in tensile strains directly at the crown, which may be missed with a less sensitive sensor 

such as the nylon sensing fibre as seen in Figure 2.24   Additionally, it highlights the benefit of 

distributed sensing which in the case of C4 allowed the crown strains to be fully captured despite the 

specimen being rotated off centre by approximately 4 degrees. 

The agreement between the polyimide fibre sensors and the conventional strain gauges is 

strong for both steel (C1, C2) and HDPE materials (C4).  However, when used in a severely deteriorated 

culvert, the polyimide fractured which resulted in erroneous and noisy results.  Due to this issue, it is 

important to use a fibre which balances sensitivity and accuracy with robustness.  Thus when possible 

the polyimide sensing fibre should be used, however it may be necessary to use a fibre that is less 

sensitive on heavily deteriorated pipes, sacrificing accuracy for robustness. 

2.6.2.2 Nylon Fibre Testing Results 

The nylon fibre strain distributions around the pipe circumferences for steel specimens C1 and 

C2 are shown in Figures 2.25 and 2.26, respectively, and for the concrete specimen C3 and the HDPE 

specimen C4 in Figures 2.27 and 2.24 respectively. Figure 2.25 displays the strain data for the 100 kN 
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and 200 kN load steps, while Figures 2.24, 2.26 and 2.27 display strain measurements for the 100 kN and 

the 224 kN maximum load. 

The nylon strain measurements for specimen C1 shown in Figure 2.25 features a strong visual 

agreement with the strain gauge measurements (within an average of 2% excluding the crown strain 

gauge at 200 kN where the FO began to slip).  In contrast to the polyimide fibre, the nylon 

measurements do not show the same noise in the data as the fibre was not fractured during testing.   

Peak strain values observed from the strain gauges at the crown indicate that the fibre measurements 

are approximately 18 % lower than the strain gauge measurements, which may be due to a localized 

slipping of the nylon jacket due to significant strain gradients at higher loads (past the yield point of the 

steel), or due to the averaging of strain over a larger gauge length for the fibre optic sensor (20 mm) 

than the strain gauge (5 mm).  While this is not desirable, the strains exhibited are larger than what 

would be typically expected in a structural health monitoring application under standard service loads.  

Unless the objective of monitoring was specifically to collect large, high quality strains typically seen on 

structures tested to failure, the nylon fibre can properly capture the overall structural behaviour in a 

way that is not possible with conventional discrete sensors. 

The nylon fibre strain measurements for specimen C2, shown in Figure 2.26, also display strong 

agreement with the strain gauge measurements (within an average of 9%).  The less deteriorated state 

of specimen C2 allowed for a better bond between the fibre optic sensors over the entire circumference 

in comparison to specimen C1 which required unbonded sections to bridge gaps in the steel due to 

deterioration.  Specimen C2 experienced much smaller strains than specimen C1, due to the extent of 

deterioration, resulting in the strains remaining within the linear elastic range under the maximum load.  

The agreement of the strain gauges with the fibre optic sensors for both the 100 kN and 224 kN load 
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stages was good although there was still a difference approximately 10% between measured maximum 

strains.  Using distributed sensing eliminates the issue of optimizing circumferential sensor location, 

required when using discrete sensors.  An illustration of this can be seen in Figure 2.26, where the 

maximum strains did not occur exactly at the crown, but a short distance off-centre.  This would not be 

captured with a discrete sensor. 

The nylon sensing fibre measurements from the reinforced concrete specimen C3, as shown in 

Figure 2.27, indicate that most of the strain activity is occurring in regions where no discrete strain 

gauges are attached.  The strain gauges show excellent agreement with the fibre optic measurements; 

however the strains are orders of magnitude smaller than those shown in Figures 2.21 to 2.26.  Ideally, 

68 mm strain gauges would be placed at the crown, invert and spring line locations of the culvert. 

However, as previously discussed, mechanical damage (cracking) imparted during D-Load testing of the 

pipe prevented the use of gauges in these locations.  Despite this, it is likely that even with an initially 

undamaged specimen, cracking of the concrete would still occur during buried pipe load testing, 

rendering the gauges in critical areas ineffective after a certain point of the loading history.  The fibre 

optic sensor, specifically the nylon fibre, has the ability to bridge cracks in concrete although this comes 

at the expense of reduced measurement accuracy due to slip between the nylon and the core.  This 

allows the collection of strain data post-cracking of the structure in addition to providing full 

circumferential strain profiles. 

The nylon sensing fibre measurements on the HDPE specimen C4, as shown in Figure 2.24, 

indicate excellent visual agreement with the conventional strain gauge measurements in all gauge 

locations, similar to the polyimide fibre (Figure 2.23).  The data from the nylon fibre is much smoother in 

comparison to the C4 polyimide fibre (Figure 2.23).  This is a result of the averaging effect created by the 
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friction fit jacketed nylon fibre.   In Figure 2.24, the nylon fibre does not capture, with the same level of 

accuracy, the decrease in tensile strain at the crown which was very evident with the more sensitive 

polyimide sensing fibre (Figure 2.23), especially at the lower load stage.  Despite this, it is evident that 

the nylon fibre accurately captures the behaviour of C4 under load.  The nylon sensing fibre is also 

accurate to within 1 to 2 microstrain of the conventional gauges.  The nylon sensing fibre, similar to the 

polyimide sensing fibre (Figure 2.23), displays trends not detected with the discrete sensors, such as the 

maximum compressive strains developed above the East and West Springlines. 

The agreement between the conventional strain gauges and the nylon sensing fibres in the steel 

specimens C1 and C2, the reinforced concrete specimen C3 and the HDPE specimen C4 is strong, 

however it is not as sensitive as the polyimide fibres.  The loss in sensitivity seems to be the result of the 

slip between the fibre core and the nylon coating, which tends to average the strain data.  Despite this, 

the accuracy does not seem to suffer greatly.  An added benefit of this slip behaviour is the ability to 

measure strains across cracked, heavily corroded or damaged surfaces as seen from the results for C1 

and C3. 

 

2.7 Conclusions and Future Work 

2.7.1 Conclusions 

Fibre optic sensors represent a promising alternative to conventional strain sensing 

technologies, specifically the use of distributed strain sensing systems.  Distributed fibre optic sensors 

can measure strains with similar accuracy to conventional electric resistance strain gauges on steel, 

concrete and HDPE material specimens.  Of particular importance is the transfer of strain from the 
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material surface to the fibre optic sensing core, which is dependent on the fibre optic cable selection, 

installation procedure, bond surface and adhesive choice.  Proper control of these features can result in 

high accuracy measurements. 

The results from a uniaxial tensile test on a steel plate indicated that the fibre optic sensing 

system measurements were in excellent visual agreement (less than 1% difference) with conventional 

strain gauge measurements when polyimide fibres were used, and strong agreement (less than 2% to 

4% difference) when nylon fibres where used.  The results also indicated that bond length and slipping 

of the outer jacket were important factors to consider and control when using a nylon jacketed fibre 

optic cable.  Finally, test P2 indicated that adhesives Loctite 4851 and E-20HP were both suitable 

adhesives for bonding fibre optics to steel. 

The results from the full-scale culvert tests indicated that both polyimide and nylon fibres used 

on steel culvert specimens produced measurements that were in strong agreement with conventional 

strain gauges.  Additionally, the use of distributed fibre optic sensors on these structures provided 

insight into the full behaviour of the structure in detail not obtainable with conventional discrete strain 

gauges without installing a great number of gauges at significant expense.  Tests C1 and C2 additionally 

indicated that while polyimide was the superior sensing fibre in terms of accuracy, its use may be limited 

to structures without severe deterioration due to the fragility of the fibre.  In testing with heavily 

damaged or deteriorated structures, the jacketed nylon fibre was able to withstand testing and provide 

useful strain data. The results from an experiment on a reinforced concrete pipe indicated that the use 

of nylon fibre optic cable on damaged buried concrete pipe is possible.  Additionally, the fibre optic 

sensor allows for the collection of full strain profiles both pre and post cracking and in fact can survive 

the development of cracks.  The results from an experiment on a HDPE pipe used in a slip lining 
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application indicated that both polyimide and nylon fibres can be utilized and that both sensors were in 

good agreement with conventional strain gauges.  In the steel culvert experiments, the polyimide fibre 

sensor produced highly sensitive data which recorded localized behaviour that was not captured with 

the nylon fibre.  Therefore, in applications of new construction where the fibres are to remain relatively 

protected, the polyimide sensing fibre would be preferred, although the nylon sensing fibre can still 

produce accurate and useful measurements. 

Installation techniques developed from this research include the selection of Loctite 4851 

adhesive as the best choice for steel applications for both nylon and polyimide fibre optic cables.  

Similarly, the use of Loctite E-20HP two part epoxy is suggested as the preferred adhesive for nylon fibre 

optic cable on concrete applications. Finally, for HDPE applications, the use of Loctite 401 adhesive is 

suggested as the preferred adhesive for both nylon and polyimide fibre optic cables. 

2.7.2 Future Work 

Future work for fibre optic sensing applications in buried infrastructure will include the 

embedment of fibre optic sensors in grouted and sliplined culvert repairs in an attempt to explain better 

the composite nature of culvert systems with multiple materials.  Additionally, the use of fibre optic 

sensors on HDPE liners will be explored. 
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(a) 5 mm steel strain gauge     (b) 68 mm concrete strain gauge 

Figure 2.1: Conventional strain gauges 
 

 
Figure 2.2: Spectrum of scattered light within silica fibre 
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Figure 2.3: General schematic of sensing fibre optic cable 

 

 

 
Figure 2.4:  Specimen P1 instrumentation layout 
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Figure 2.5:  Specimen P2 instrumentation layout 

 

 
(a) Specimen C1     (b) Specimen C2 

Figure 2.6: Corrosion damage to C1 and C2 (adapted from Mai, 2013) 
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(a)  Specimen C3 Interior      (b)  Specimen C3 Exterior (South Springline) 

Figure 2.7: Test specimen C3 with mechanical damage incurred during D-Load testing 
 

 
Figure 2.8:  Test specimen C4 (instrumented section) 
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Figure 2.9:  Specimen C1 strain gauge layout and numbering plan at the south location 

 
Figure 2.10:  Specimen C2 strain gauge layout and numbering plan at the south location 
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(a) Relative location on specimen C1 

 
 

 
(b) Relative location on specimen C2 

 
Figure 2.11:  Strain gauge longitudinal location in relation to fibre optic sensors 
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Figure 2.12:  Specimen C3 strain gauge layout and naming plan in the East pipe location 
 
 

 
Figure 2.13: Specimen C4 strain gauge layout and numbering plan at south location 
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a)                                                                                      b) 

Figure 2.14:  a) Specimen P2 mounted in grips with Luna OBR 4600 and System 5000 in the forefront 
and b) Specimen P2 instrumentation layout 
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(a) Front View 

 

 
(b)  Side View 

Figure 2.15:  General test setup of specimen C3, similar for specimens C1 and C2 
 



 

 

45 

 

 

Figure 2.16:  General test setup of specimen C4 
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Figure 2.17:  Specimen P1 steel plate tensile strain gauge and nylon sensing fibre results 
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Figure 2.18:  Specimen P1 steel plate tensile strain gauge and polyimide sensing fibre results 
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Figure 2.19:  Specimen P2 steel plate tensile strain gauge and nylon sensing fibre results 
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Figure 2.20:  Specimen P2 steel plate tensile strain gauge and polyimide sensing fibre results 
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Figure 2.21:  Specimen C1 polyimide sensing fibre and strain gauges around the pipe circumference at 
100 kN of applied load (arrow denotes starting point of sensing fibre with installation progressing 

clockwise) 
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Figure 2.22:  Specimen C2 polyimide fibre and strain gauge measurements around the pipe 
circumference 
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Figure 2.23: Specimen C4 polyimide fibre and strain gauge measurements around the HDPE pipe 
circumference 
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Figure 2.24: Specimen C4 nylon fibre and strain gauge measurements around the circumference of the 
HDPE pipe 
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Figure 2.25:  Specimen C1 nylon fibre and strain gauge measurements around the circumference of 

the steel pipe 
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Figure 2.26:  Specimen C2 nylon fibre and strain gauge measurements around the circumference of 

the steel pipe 
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Figure 2.27:  Specimen C3 nylon fibre and strain gauge measurements around the circumference of 

the concrete pipe 
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Chapter 3 

Experimental Investigation of Rehabilitated Steel Culvert Performance under 

Surface Loading 

3.1 Introduction 

An infrastructure crisis in the United States and Canada exists as structures built during the 

infrastructure booms of the 1950s and 1960s reach the end of their intended service life, at a time when 

many structures cannot be replaced due to economic constraints.  With estimated investments in the 

billions and trillions of dollars to maintain or replace existing structures required in Canada and the 

United States respectively, the infrastructure crisis represents a significant economic challenge for both 

Civil Engineers and the general public (ASCE, 2013; CIRC, 2012).  In terms of buried infrastructure, the 

hundreds of thousands of corrugated steel culverts in service throughout North America represent a 

significant portion of the deteriorating buried infrastructure inventory (FHWA, 2010).  Not only is the 

replacement cost of this infrastructure prohibitive, but the resulting economic impact due to 

transportation network disruptions and user delays is unacceptable.  Although the major causes of 

corrugated steel culvert deterioration are abrasion and corrosion, once the deterioration advances to a 

stage where perforations develop in the metal, leakage becomes an issue, and both hydraulic 

performance and structural stability are affected.  These perforations may also lead to erosion of the 

surrounding soil, further compromising the structural stability of the flexible culvert (Meegoda and 

Juliano, 2009). 

To overcome these issues in a cost effective and expedient manner, a number of techniques for 

rehabilitating corrugated steel culverts have been developed including the most prevalent: slip-lining, 
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spirally wound liners, cured in place, fold and form, grout-in-place, spray on, and segmental lining.  

Syachrani et al. (2008) surveyed twenty Departments of Transportation (DOTs) in the United States to 

identify which rehabilitation techniques were being employed and the level of popularity of each 

technique.  Slip lining was identified as the most prevalent rehabilitation technique with a popularity 

index of 93.2%, followed by cured in place lining at 75%.  As such, the current research will explore the 

impact of slip-lining on structural capacity as it is the most widely used rehabilitation technique. 

Slip lining involves the insertion of a new pipe of smaller diameter directly into an existing 

deteriorated culvert by pulling or pushing the new pipe as outlined in ASTM F585 (2013).  This method 

creates an annular space between the existing culvert and the liner pipe which is commonly grouted 

under low pressure with a low strength cementitious material.  The process may be carried out using 

one continuous length of liner, called continuous slip lining, or with liner segments where the liner is 

assembled from short liner pieces at the entry point of the existing culvert, called segmental lining.  Any 

pipe material may be used for the slipliner including reinforced concrete pipe (RCP), plastic pipe such as 

high density polyethylene (HDPE) or polyvinyl chloride (PVC), corrugated metal pipe or glass fibre 

reinforced (GFRP) products (Ballinger and Drake, 1995).  HDPE slipliners with smooth outer wall profiles 

were found to be the most popular material choice due to the high strength to weight ratio and 

excellent hydraulic performance. Segmental slip lining with HDPE materials can be accomplished in 

circular culverts for a large range of internal diameters (100 mm to 4000 mm).  The length of the pipe is 

not an issue as pipes up to 1600 m having been successfully sliplined (Thorton et al., 2005), although the 

method is generally limited to straight runs of pipe for segmental slip lining.  Additionally, the method 

can be applied in any culvert pipe material or shape, including culverts with internal corrugated 

surfaces.  The condition of the pipe is also not a limiting factor assuming the pipe has not completely 

collapsed.  Finally, slip lining may be performed in live flow conditions and rarely requires the diversion 
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of flow (Thornton et al., 2005).  Rehabilitation using slipliners both restores hydraulic performance and 

prevents further leakage.  The annulus between the slipliner and the existing corrugated steel pipe (CSP) 

is filled with grout; this prevents unwanted flow between the existing structure and the liner as well as 

preventing further soil erosion.  A potential additional benefit that is not examined within this chapter is 

the filling of existing soil voids with grouted material as grout is forced into the annulus under pressure.  

The grouting of the annulus also provides support to the liner pipe, creating a composite structure 

consisting of the surrounding soil, the existing corrugated metal culvert, the grouted annulus and the 

liner pipe.  In the soil and cement encapsulation of polyethylene (PE) pipe studies completed by Jenkins 

and Kroll (1981), it was shown that cementitious grout support can improve the buckling resistance by a 

factor of five as compared to an increase in capacity of 2-3 times for soil supported PE pipes over that of 

a free standing unsupported PE pipe.  Similar studies completed by Phillips DriscoPipe (1996, 2002) 

indicate that the grouting of the annulus acts much like surrounding soil support during backfill and 

therefore must be done in a way that ensures voids are not created, but if done properly results in a 

higher buckling resistance.  Additionally, grouting of the annulus minimizes the potential for buckling 

due to water accumulation and freezing in the annulus if installed in cold regions (Zhao et al., 2003).  

Despite the increase in structural capacity, grouting of the annulus is not always required by the 

infrastructure owner.  Grouting represents a significant challenge when slip lining and the decision to 

grout the annulus is based on the impact on construction and costs.  Advantages and disadvantages of 

grouting the annulus are discussed by Zhao et al. (2003).  The selection of a proper grout is a complex 

balance of density, viscosity (flowablility), set time, strength, shrinkage, stability and fluid loss (bleed) 

(Stephens, 1996).  As a result of this complex and largely undocumented process, the selection of the 

grout and details of the grout mix will be explored further in Appendix A. 
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Currently there exists no codified design method specifically for the rehabilitation of flexible 

culverts using grouted slipliners.  The design practice commonly used for repair is dependent on the 

nature of the interaction between the liner and the existing culvert structure.  Within this common 

practice, there exist two popular design paths, the first based on ASTM F1216 (2009), and the second 

based on the Water Research Centre (WRc) 2001 Sewerage Rehabilitation Manual (WRc, 2001).  The 

ASTM F1216 design approach is specifically for cured in place liners, and although used, it is not 

intended for grouted slipliners. ASTM F1216 (2009) is based on the visual inspection of the existing 

culvert and the classification of the state of deterioration as either partially deteriorated or fully 

deteriorated.  If the existing culvert is classified as partially deteriorated, it is assumed that the original 

pipe can still support the soil and surcharge loads throughout the design life, however it does not have 

the hydraulic performance required to prevent leakage.  Therefore the liner is designed to support only 

the external hydraulic loads due to ground water.  If the existing culvert is classified as fully deteriorated, 

it is considered to be structurally deficient so that additionally, the liner must be designed to support 

earth and surface loads.  This decision is based solely on a somewhat arbitrary out of roundness 

assessment where a threshold of 5% decrease in vertical pipe diameter is considered fully deteriorated.  

This approach is not a rational assessment of structural capacity as the liner is not likely to experience 

earth loads unless overburden is added to the site post liner installation, the structure is sufficiently 

close to the surface and experiences live loading, the structure undergoes changes in ground stress, or 

the structure experiences further deterioration after rehabilitation (Law and Moore, 2003; 2007). 

The WRc (2001) design procedure classifies repairs into two categories: 

• Type 1: systems where the liner, grouted annulus and the existing culvert structure are 

fully bonded (no slip condition) such that composite action develops in the structure 
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• Type 2: systems where the liner does not bond to the grout or the structure and 

therefore acts as an independent structure (full slip condition) 

Type 1 design depends on the creation of a rigid composite structure to carry all earth and live loads. 

The design of short term buckling resistance of the liner is required for grouting pressures, but not for 

external water pressures (excluding GFRP pipe).  Type 2 design assumes the existing deteriorated culvert 

and the surrounding soil are in a stable state and resist all external earth loads.  The purpose of the liner 

is then to restore hydraulic performance to the system and therefore the liner is only designed to resist 

external fluid pressures (WRc, 2001) similar to the partially deteriorated category of the ASTM F1216-09 

method.  Design of structures that fall between Type 1 and Type 2, that is partial bond, is not clear, nor 

is the interaction between the three elements (liner, grout and existing culvert) clearly understood. 

Previous research has studied the stability of new corrugated steel culverts tested to failure under live 

loading at multiple burial depths (Lay, 2012).  Other research has involved detailed corrosion analysis 

(Mai et al., 2012) in addition to the testing of severely corroded corrugated steel culverts to failure (Mai 

et al., 2013).  The current investigation continues that line of research and involves tests conducted on a 

40 year old deteriorated corrugated steel culvert that was exhumed from service in the Province of 

Ontario, Canada.  The culvert was instrumented, then buried and tested under earth and live loading.  

While in a buried state, the deteriorated corrugated steel culvert was sliplined with an HDPE liner, and 

grouted in place.  The rehabilitated culvert was then tested under simulated single wheel pair and single 

axle loading at two burial depths using procedures described by Brachman et al. (2010). 

The objectives of this research program are to determine (i) the impact of height of soil cover on 

repaired culvert response, (ii) the enhancement provided by the rehabilitation, (iii) the role the liner 

plays in the structural system, and (iv) the role of the grout within the system. The first section of this 

chapter presents the experimental background, including the test description, the experimental 
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specimens, the rehabilitation procedure, the instrumentation, and the applied loading schedule.  The 

results of the experiment will then be presented and discussed.  Additionally, the results of an ultimate 

limit state test on the rehabilitated system will be presented and discussed.  Finally, salient conclusions 

from the experiments will be presented. 

 

3.2 Experimental Background 

3.2.1 Test Descriptions 

Three tests were undertaken using an identical setup: a live loading test was first performed on 

the unlined deteriorated culvert specimen, followed by the rehabilitation of the culvert and a live 

loading test on the rehabilitated structure and finally the rehabilitated culvert was tested until failure.  

The live loading tests involved the use of both single wheel pair and single axle load pads to simulate the 

effect of vehicle loading on the buried culvert pre and post-rehabilitation.  Testing was performed at 

two burial depths, 0.9 m and 0.6 m, for each specimen.  The deteriorated corrugated steel culvert, 

herein referred to as SP (steel pipe), was backfilled to an initial soil depth of 0.9 m and tested under both 

single wheel pair and single axle surface loading.  The soil cover was then reduced to 0.6 m and surface 

loading was repeated for both the single wheel pair and single axle.  At the 0.6 m soil depth, the 

deteriorated structure was rehabilitated by inserting an HDPE liner and grouting the annulus.  The 

rehabilitated structure will henceforth be collectively referred to as RSP. The soil cover depth was then 

increased to 0.9 m and testing using the single wheel pair and single axle was performed.  The soil cover 

was then reduced to 0.6 m and surface loading was again applied with the single wheel pair and single 

axle.  For each surface load test, load was applied in steps to allow for measurements to be taken and in 
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multiple cycles in order to simulate first loading as well as repeated loading conditions.  Table 3.1 gives 

the full testing regime. 

3.2.2 Test Configuration 

Prior to backfilling, the deteriorated corrugated steel culvert was placed in a North-South 

oriented trench centred within the 8 m long, 8 m wide, and 3 m deep reinforced concrete test pit such 

that the invert of the culvert rested at the base of the trench.  The reinforced concrete base and 

sidewalls of the pit were located at a distance of 0.6 m and 3.1 m, respectively, from the buried 

structure.  The distances were such that they had little influence on culvert response (Dhar, 2002).  Dhar 

(2002) investigated boundary conditions surrounding flexible buried pipe and found that less than one 

pipe radius and one diameter of distance was suggested from the boundary base and wall, respectively, 

to avoid influencing pipe response. Dhar found that at one diameter, vertical and horizontal deflections 

were affected by 0% and 12%, respectively, if such dimensions are increased to large values. Hoop 

thrusts were affected by 6%, 5% and 1.8% at the invert, crown and springlines at one diameter if the 

dimensions are increased to large values. 

Two undamaged extension culverts were placed at the North and South ends of the 

deteriorated culvert section as shown in Figure 3.1 to ensure that soil cover extended past the test 

specimen and to minimize the end effects of the embankment walls on the centrally located test 

specimen.  Each extension culvert had a length of 1.5 m and an outer diameter of 2.03 m.  The crowns of 

each extension culvert were lined up with the crown of SP to ensure that the cover depth was kept 

constant.  Each joint between culverts was wrapped with geogrid and geotextile to ensure that soil did 

not enter the culverts at the joints during backfill.  Images detailing the layout, connections and burial 

process may be found in Appendix C.  The load was applied to the soil using a 2000 kN hydraulic 
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actuator, which was attached to a reaction frame over the pipe as shown in Figure 3.1.  This system 

enabled load to be applied through both the single wheel pair and the single axle frame.  For single 

wheel pair loading, a single steel pad measuring 250 mm by 600 mm was used to transmit force from 

the actuator, through a steel column to the soil.  For single axle loading, two identical steel pads spaced 

1.8 m centre to centre, measuring 250 mm by 600 mm, were used to transmit force from the actuator 

through the steel single axle frame to the soil.  Spherical ball joints were used to transmit vertical force 

from the column and axle frame to the steel pads without bending moments. 

3.2.3 Experimental Specimens 

SP had a diameter of 1.8 m and was 3 m long.  The corrugation amplitude was 12.7 mm with a 

period of 67.7 mm with an intact wall thickness of approximately 4.5 mm.  SP initially had a bitumen 

asbestos coating; however this coating was removed by professional contractors prior to instrumenting 

and testing the specimen to ensure none of the asbestos fibres became airborne.  SP had light corrosion 

located at the haunch locations on either side of the invert as seen in Figure 3.2.  The average remaining 

wall thickness for SP on the West and East side of the invert (indicated in Figure 3.2 with the white 

dashed line) was 83% and 90%, respectively, as discussed in Mai et al. (2013). Table 3.2 outlines the 

cross-sectional properties of SP based on the Handbook of Steel Drainage and Highway Construction 

Products (CSPI, 2009).  Since the specimen did not fall within the sectional properties outlined in the 

handbook, extrapolation was used to calculate the section properties assuming an intact wall thickness 

of 4.5 mm.  As specified in ASTM A653 (2011), the steel was assumed to have a minimum tensile 

strength (Fu) of 310 MPa, a minimum yield strength (Fy) of 230 MPa, and a Young`s Modulus of 200 000 

MPa.  Using the yield strength and Young`s Modulus, the pipe yield strain was calculated as 1150 με.  

The compressive yield strength, that is the thrust required to cause yielding across the entire wall cross 
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section, 1120 kN/m, was calculated by multiplying the cross sectional wall area by the minimum yield 

strength.    The bending moment required to produce initial yielding at the extreme wall fibres was 

calculated to be 2.53 kNm /m for an intact, undeteriorated wall section using Equation 3-1. 

310−×=
c

If
M y

y          (3-1) 

where: 

My = yield bending moment (kN∙m/m) 

I = second moment of area (mm4/mm) 

c = distance from neutral axis to extreme fibre (mm) 

The liner used (L1), as seen in Figure 3.3, was a commercially available product with the trade 

name “Weholite”.  L1 was made from high density polyethylene (HDPE) and has a spirally wound box 

structure.  The outer diameter of the liner was 1686 mm, while the inner diameter was 1524 mm.  The 

outer (grout side) and inner measured flange thicknesses of the box structure were approximately 7.6 

and 8.5 mm respectively, while the webs were approximately 16.5 mm thick, spaced 119 mm centre to 

centre.  L1 was delivered in two approximately equal length sections, each with a threaded end.  The 

sections were threaded together by rotating one section of liner within the other to form one 

continuous liner section that was 3400 mm in length. 

3.2.4 Backfill Material 

The test specimens were backfilled with a well-graded sandy gravel (classified as “GP-SP” using 

the unified soil classification system), a material classified as A-1 by AASHTO (2009).    All bedding was 
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compacted to 95% Standard Proctor (95% of the maximum dry unit weight achieved in a Standard 

Proctor test as measured by a model MC1DR-P nuclear densometer) using a vibrating plate tamper.  The 

test specimen was underlain by a 600 mm layer of compacted bedding followed by a 75 mm loose base 

in accordance with AASHTO (2009).  Specimen SP was backfilled to the crown using 300 mm thick lifts 

and compacted using a vibrating plate tamper to 95% Standard Proctor.  At each lift, the dry density, 

water content, percentage of Standard Proctor and the height of each lift was recorded.  From the 

crown, soil cover was added in 300 mm lifts and again compacted to 95% Standard Proctor in a similar 

fashion.  A summary of the soil properties is provided in Table 3.3, while more detailed backfill 

measurements may be found in Appendix B. 

3.2.5 Rehabilitation 

After preliminary testing of SP at 0.9 and then 0.6 m of soil cover, the North extension culvert 

section was excavated and removed to allow the two sections of liner to be lowered into the test pit and 

inserted into SP.  A thin bed of grout was poured across the invert of specimen SP to provide a smooth 

surface for the liner to slide on, as well as to protect instrumentation on SP from damage. The female 

threaded section of L1 was instrumented, lowered to the invert level of specimen SP and slid into the 

deteriorated specimen SP on a plastic skid as shown in Appendix C until only the threaded portion of the 

first section of L1 was exposed.  The second L1 segment, shown in Figure 3.3 being lowered into the pit, 

was then positioned at the same height as the first section and the two sections were threaded together 

using strapping and jacks as shown in Figure 3.4.  Finally, a Wehoseal sleeve was applied to the threaded 

joint and heat treated using a propane blow torch as per KWH (2008a) instructions. The joint was sealed 

to prevent the infiltration of grout during the filling of the annulus in accordance with manufacturer 

instructions (KWH, 2008a; 2008b). The assembled liner was then slid completely inside SP and 
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positioned so that the crowns of both pipes aligned so that the instrumentation on SP and L1 had the 

same orientation.  L1 was then braced to prevent shifting of the liner in the horizontal direction as well 

as potential uplift due to buoyant forces during grouting.  Bulkhead walls were built to seal the annulus 

at either end of the culvert specimen in stages as the grouting process proceeded.  The grout was a neat 

grout consisting of Type III Portland cement with a water/cement ratio of between 0.50 and 0.55.  The 

average 28 day compressive strength was 30.9 MPa.  Appendix A gives further information on the grout 

mix.  Grouting was performed in five lifts in order to reduce grout pressure and buoyant forces on the 

liner.  It was necessary to brace L1 against uplift during grouting as seen in Appendix C. 

3.2.6 Loading 

The single wheel pair load was applied at the soil surface directly above the centre of the pipe 

both longitudinally and transversely.  The single axle load was applied at the soil surface through two 

steel pads offset 0.9 m on either side longitudinally from the centre position.  Applied loads were 

calculated in accordance with the CL-625 (CHBDC, 2006) and the AASHTO (2010) design truck.  

Calculated loads included both dynamic load allowance and the multiple presence factor.  The 

calculated CHBDC and AASHTO design loads are given in Table 3.4 for both load configurations and soil 

cover values. After service loading was completed at both soil heights and load configurations, the 

rehabilitated structure was then loaded to 1250 kN in an attempt to fail the structure. 

3.2.7 Instrumentation 

3.2.7.1 String Potentiometers 

Vertical and horizontal diameter changes were recorded using string potentiometers during 

both the testing of SP and RSP.  A total of 8 string potentiometers measured the vertical and horizontal 
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diameter changes at the 1.5 m South longitudinal offset, 0.9 m South and North longitudinal offsets, and 

at the longitudinal centre.  String potentiometer locations are shown in Figure 3.5. 

3.2.7.2 Strain Gauges 

Specimen SP was instrumented with 56 uniaxial electrical resistance strain gauges attached 

circumferentially at the South (located directly under the South single axle pad), Centre (located directly 

under the single wheel pad) and North (located directly under the North single axle pad) locations as 

indicated in Figures 3.6 (a), (b) and (c), respectively.  Gauges were attached at both the crest and valley 

of a corrugation as indicated in Figure 3.7, permitting the calculation of average strains and curvatures in 

SP.  Specimen L1 was instrumented with 24 uniaxial electrical resistance strain gauges attached 

circumferentially at the South (located directly under the South single axle pad), and Centre (located 

directly under the single wheel pad) locations as indicated in Figures 3.8 (a) and (b).  Gauges were 

attached on both the interior and exterior extreme fibres of the pipe wall to permit the calculation of 

average strains and curvatures in specimen L1.  The strain gauges on specimens SP and L1 were 

manufactured by Showa and had a gauge length of 5 mm.  The gauge resistance was 120 Ω ± 0.3% with 

a gauge factor of 2.11 ± 1%, temperature compensation for steel thermal expansion of 11 PPM/ °C and a 

thermal output of ± 2 με/ °C.  The gauges were compensated for localized stiffening of the HDPE due to 

strain gauge application using an experimentally derived factor of 1.258. The calculation of this factor is 

given in Appendix D using a temperature calibration test performed on the HDPE liner. The effect of 

strain readings due to strain gauge stiffening on polyethylene materials is further outlined in Brachman 

et al. (2000). Installation of the strain gauges on specimen SP was completed in accordance with Vishay 

(2011). Installation of the strain gauges on specimen L1 was completed in accordance with Vishay 

Instruction Bulletin B-129-8 (2010b) for polyethylene materials.  Surface preparation of the HDPE 
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material involved light hand sanding of the surface to remove any uneven or rough surface features.  

Application of 99% concentrated isopropyl alcohol was then repeated until the surface was clear of 

debris and all oils on the surface were removed.  A process called flame burnishing was employed to 

treat the surface prior to the bonding of surface instrumentation.  This involved exposing the surface to 

a butane torch flame (a lighter may be used however the process is made easier when the flame 

direction can be controlled) for a brief period of time (2 to 3 seconds).  The orange portion of the flame 

chemically alters the surface by oxidation (Ha, 2007).  Flame burnishing must be done carefully as over 

exposure can melt the HDPE surface.  To test if the burnish was successful, water is spread across the 

burnished surface.  Prior to treatment, the water will bead on the surface, whereas after flame 

burnishing, the water should spread evenly.  After the surface has cooled, the surface was wiped with 

isopropyl alcohol, followed by a neutralizer (M-prep Neutralizer 5A) until the surface was dry and clean.  

Finally, the strain gauges were attached using the cyanoacrylate Loctite 401. 

3.2.7.3 Fibre Optic Sensors 

Specimens SP and L1 were instrumented with both nylon and polyimide sensing fibres as an 

alternative strain measuring system to the electrical resistance uniaxial strain gauges.  SP was 

instrumented with circumferential loops of fibre optic cable (nylon and polyimide) in the crest and valley 

of the adjacent corrugation to the strain gauges (see Figure 3.7) in both the South and Centre locations.  

Specimen L1 was instrumented with spirally wound loops of both nylon and polyimide fibres on the 

internal and external walls of the structure, adjacent to the conventional strain gauges in both the South 

and Centre locations.  Installation details for the nylon and polyimide sensing fibres on both the steel 

specimen, SP, and the HDPE specimen, L1, are discussed in Chapter 2. 
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3.3 Experimental Results 

3.3.1 Overview 

This section will introduce the experimental results including the discussion of i) the impact of 

reduced soil cover on culvert performance pre and post-rehabilitation, ii) the comparison of culvert 

response pre and post-repair for both the single wheel pair and single axle load configurations, iii) the 

role of the liner in the structural system, and iv) the impact of the grouted annulus on culvert 

performance.  The results of the test to failure of the rehabilitated specimen SP will then be discussed. 

3.3.2 Resultant Strains and Curvatures 

Strains in SP were measured on the corrugation valley (the steel fibre closest to the longitudinal 

axis of the culvert), ε1, and the corrugation crest (the steel fibre furthest from the longitudinal axis of the 

culvert), ε2.  These strains were used to calculate the average strain (εave) as well as the curvature (κ) 

around the circumference of SP.  From the average strains and curvature, the thrust (N) and bending 

moment (M) in the specimen can then be inferred using the wall stiffness (EA) and the flexural rigidity 

(EI).  Since the measured strains at the corrugation crest were located at the internal crest and not the 

outer crest (i.e. the true extreme steel fibre), the strain at the outside crest was estimated using linear 

interpolation.  Since the strains at the corrugation crest (inside), the valley, and the intact wall thickness 

were known values, the average strain was calculated using Equation 3-2 for SP.  Thrust force, though 

not calculated, may be inferred using Equation 3-3 for both SP and L1 using the respective material and 

section properties. 

)(
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aveEAN ε=           (3-3) 

where: 

εave = average strain 

ε1 = strain measured on inner corrugation valley 

ε2 = strain measured on outer corrugation crest 

h = radial distance between gauges (mm) 

t = intact wall thickness (mm) 

N = thrust force per unit length (kN/m) 

E = Young’s modulus (MPa) 

A = cross sectional area of wall per unit length (mm2/mm) 

The strains of L1 were measured on the inside face of the liner pipe (the HDPE extreme fibre 

closest to the longitudinal centre of the liner pipe), ε1, and the outside face of the liner pipe (the HDPE 

extreme fibre furthest from the longitudinal centre of the liner pipe), ε2.  Unlike SP, these strains were 

measured at both extreme fibres and therefore the average strain (εave) was calculated using Equation 3-

4.  Similarly, the curvature (κ), thrust (N) and bending moment (M) can be calculated based on the 

measured strains. 

2
21 εεε +

=ave           (3-4) 

ε1 = strain measured on the inside face 
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ε2 = strain measured on the outside face 

Curvature for both specimens SP and L1 was calculated based on the measured strains such that 

a positive curvature would produce tensile strains on the outer face and compressive strains on the 

inner face of L1.  Curvature was calculated using Equation 3-5 for both SP and L1.  Additionally, bending 

moments, though not calculated here, may be calculated using Equation 3-6 for both SP and L1 using 

the respective material and section properties. 

h
12 εεκ −

=           (3-5) 

310−×⋅= κEIM          (3-6) 

where: 

κ = curvature (10-6/mm) 

M = bending moment (kN∙m/m) 

I = second moment of area per unit length (mm4/mm) 

3.3.3 Change in Culvert Response at Reduced Soil Cover 

The vertical diameter change of specimen SP (prior to rehabilitation) with single axle applied 

load (South location) is shown in Figure 3.9 for soil cover heights of 0.9 m and 0.6 m.  The results 

indicate a significant increase in deflection occurs with the reduction of soil cover from 0.9 m to 0.6 m 

and indicates that the critical case for surface loading occurs at the shallower burial depth.  The vertical 

diameter change for SP at 0.6 m of cover increased by more than a factor of 3 compared to the change 

at a cover of 0.9 m.  Figure 3.10 shows the inner corrugation strain response at 100 kN surface load for 
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SP at 0.9 m and 0.6 m of soil cover.  There is a marked increase in strain with the reduction of 0.3 m of 

soil cover, specifically, the increase in measured strain at the crown with 0.6 m of soil cover is 

approximately five times the measured value at 0.9 m of cover.  The increase in deflection with the 

reduction of soil cover was observed in both horizontal and vertical diameter change measurements at 

all eight string potentiometer locations.  Similarly, an increase in measured strain at both the inner 

corrugation and the outer corrugation locations was observed for both the single wheel pair and single 

axle load configurations. 

The vertical diameter change of RSP with single axle load (South location) is shown in Figure 3.11 

for soil cover values of 0.9 m and 0.6 m.  Though the results are noisier due to the relatively small 

measured diameter change, the trend of increased deflections with a reduction in soil cover can still be 

observed.  The vertical diameter change for RSP increased by a factor of approximately 1.75 after a 

reduction of 0.3 m of soil cover.   Figure 3.12 shows the inner corrugation strains for SP post-

rehabilitation with L1 for the 214 kN load step at both 0.9 m and 0.6 m of soil cover.  It is evident from 

the strain gauge measurements that the reduction in soil cover also resulted in an increase in measured 

strains for RSP.  Specifically, at the crown, there was an increase in measured strain by a factor of 

approximately 2.7 with a reduction of 0.3 m of soil cover. 

In general, the results indicate that reducing the soil cover results in an increase in force being 

transferred to the culvert, resulting in a greater culvert response.  This result was observed in the culvert 

both before and after rehabilitation.  These results support conclusions reached by Mai et al. (2013) 

among others that vehicle loads on culverts become increasingly critical at shallower burial depths. 
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3.3.4 Culvert Response Pre and Post-Rehabilitation 

When loaded with a single wheel pair, the centre of the culvert was the location where the 

highest response was measured as indicated in Figure 3.13, which shows the inner and outer 

corrugation strain response at the crown for the South, Centre and North locations. When loaded with a 

single axle configuration, the critical response location was at a distance of 0.9 m longitudinally from the 

centre of the pipe, referred to as the South and North locations.  Figure 3.14 shows the inner and outer 

corrugation measured strains versus applied load at the crown of SP prior to rehabilitation under single 

axle loading.  It can be seen that the South and North locations exhibit similar values of measured strain 

which are more than double the measured strains at the centre location. The critical response for both 

the single wheel pair and single axle load configurations are located directly under the load pads. As 

such, in the following discussion, the results from the single wheel pair tests are taken at the centre 

location and the results for the single axle tests are taken at the South position. The South location was 

chosen over the North location due to the fact that both strain sensor systems were at this location.  In 

the following discussion SW will refer to the single wheel pair load configuration, while SA will refer to 

the single axle load configuration. 

3.3.4.1 Response to Single Wheel Loading at 0.6 m 

Figures 3.15 (a) and (b) show the measured strains for the outer (crest) and inner (valley) fibres, 

respectively, around the circumference of the pipe for both SP and RSP at the 112 kN (maximum load) 

load stage at 0.6 m soil cover.  These measurements were used to calculate the average strain and 

curvature around the pipe circumference at the centre of the pipe.  Figure 3.16 shows the average 

strains around the circumference of the pipe while Figure 3.17 shows the curvatures at 112 kN.  Both 

the strain gauge and nylon sensing fibre measurements in Figure 3.15 (a) and (b) indicate that the SP 
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strains were significantly reduced after rehabilitation.  The maximum strains occurred in the crown 

region on both the interior and exterior surfaces with a 52.3% and 58.7% reduction in measured strain, 

respectively, due to rehabilitation.  The average strains in Figure 3.16 indicate that the corrugated steel 

culvert is in hoop compression around the circumference both pre and post-rehabilitation.  The one 

exception to this is in the crown region prior to rehabilitation where the greatest culvert response is 

observed.  The average strain plot also indicates an overall reduction in thrust force post-rehabilitation, 

most noticeably in the upper half of the culvert structure.  The reduction in thrust force is likely due to 

the significant increase in axial stiffness due to the addition of the grouted annulus. Due to the 

corrugated profile of the SP, it is also likely that the grouted layer did not completely fill the void at the 

crown of SP.  The resulting air voids could account for the tension spike at the crown as localised 

stresses develop in the grout free areas.  Figure 3.17 indicates that the culvert prior to rehabilitation 

experienced significant bending at the crown and shoulders when compared to the rehabilitated 

specimen.  The reduction in curvature was 55.0% and 91.3% at the crown and West shoulder regions, 

respectively. The indication of localized curvatures at the crown could again be the result of voids 

present at the crown of the SP where the grout did not completely fill the area between corrugations. 

The curvature was approximately zero throughout the spring line and invert regions both pre and post-

rehabilitation. Considering both Figures 3.16 and 3.17, under SW loading the dominant load carrying 

mechanism at the spring lines appears to be thrust as opposed to bending which dominants in the 

shoulder and crown regions. 

3.3.4.2 Response to Single Axle Loading at 0.6 m 

Figure 3.18 (a) and (b) shows a plot of the measured strains for the outer (crest) and inner 

(valley) locations, respectively, around the circumference of the pipe at the south location under 224 kN 
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(maximum load) of SA loading at 0.6 m of soil cover.  In comparison to Figure 3.15 (a) and (b), the larger 

strains in Figure 3.18 (a) and (b) indicate that the critical culvert response occurs with the SA load 

configuration. This conclusion supports results found in Mai et al. (2013) whereby despite the shallow 

cover, the additional wheel pad influenced behaviour and single axle loading was determined to be the 

critical response. In the SA load configuration, there is again a clear reduction in culvert response post-

rehabilitation.  Specifically, reductions in strain at the outer and inner crown locations were 75.5% and 

89.0%, respectively. Figure 3.18 (a) and (b) were used to calculate the average strain and curvature for 

the South location around the pipe circumference under SA loading as shown in Figures 3.19 and 3.20, 

respectively.  Figure 3.19 indicates that for the SA load configuration, similar to the SW configuration 

(Figure 3.16), specimen SP is in full hoop compression prior to rehabilitation.  Thrust forces are present 

at the springlines and more prominently at the shoulder locations.  As expected the average strains 

were reduced post-rehabilitation (e.g. 70.1% reduction at the west shoulder), although the rehabilitated 

specimen still remains fully in hoop compression.  Figure 3.20 indicates that significant bending 

moments develop in the shoulders and crown region.  The curvatures in the springline regions are 

negligible in comparison and therefore support the earlier conclusion that the dominant load carrying 

mechanism in this region is thrust. At the higher load stage (224 kN), specimen SP shows the 

development of small bending moments at the invert, possibly due to the underlain stiff bedding (95% 

Standard Proctor). Despite this, it is evident that the most significant response occurs in the upper third 

of the culvert.   Post-rehabilitation curvatures were again significantly reduced at both the crown (83.4% 

reduction) and shoulder (85.6% reduction) locations. 

The rehabilitation of the culvert has significantly reduced its response in terms of both the 

thrust and bending moments.  Figure 3.21 compares the percent vertical diameter change with applied 

load pre and post-rehabilitation.  The culvert rehabilitation has significantly stiffened the structure as 
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indicated by the increase in slope by a factor of 12.6 between SP and RSP.  Deflections were reduced by 

approximately 92% in this location. 

3.3.5 Liner Response 

Figure 3.22 shows a plot of the measured strains on the interior and exterior surface locations of 

L1 at the centre location under SW loading (112 kN).  During the grouting phase, the exterior nylon 

sensing fibre was damaged as well as the exterior invert surface gauge, and both sensors have therefore 

been removed from the figure.  Figure 3.22 indicates that the liner behaves in a similar fashion to a 

flexible structure with soil support.  The crown and invert both show small tensile strains on the interior 

surface and compressive strains on the exterior.  In comparison, the springline instrumentation indicates 

tensile strains developing on the exterior face and compressive strain on the interior face. These strain 

values translate to curvatures with magnitudes of less than 1 mm-1 at the crown, invert and springlines. 

In comparison, the curvatures measured in SP prior to rehabilitation for the same configuration (SW) 

and applied load were less than 1 mm-1 at the springlines, and 2.7 mm-1, 13.9 mm-1 at the invert and 

crown respectively. For the SW configuration, significant bending moments did not develop in SP or liner 

at the springlines, but the curvatures were orders of magnitude larger in SP versus the liner at the crown 

and invert. Figure 3.23 shows the same plot for the SA load configuration at 224 kN.  The strains in the 

SA configuration are approximately three times greater than in Figure 3.22, however, the shape of the 

strain distribution is similar.  The liner response is greater at the crown, 2.5 mm-1 of curvature in 

comparison to approximately -1 mm-1 at the springlines and 0.5 mm-1 at the invert in comparison to the 

SP response of 66.3 mm-1 at the crown, 0.6 to 1.9 mm-1 at the springlines and 9.5 mm-1 at the invert. 

Again, SP prior to rehabilitation experienced curvatures orders of magnitude larger than the liner, 

indicating that the liner did not contribute significant bending moment to the structural system post-
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rehabilitation.  The exterior and interior strain distributions at the springlines indicate relatively small 

curvatures and that the liner is predominately experiencing thrust in that region.  Figures 3.24 (a) and 

(b), the SA average strain and curvature response for the liner, respectively, support this conclusion.  In 

Figure 3.24 (a) it can be seen that both the West and East springlines are experiencing thrust forces and 

are in approximately 25 με of compression in comparison to the tensile response at the crown.  This is 

further reinforced in Figure 3.24 (b) which indicates the crown is experiencing curvatures from 2.2 to 4.1 

times larger than the springlines.  Furthermore, Figure 3.25 (a) and (b), the SA average strain and 

curvature response for SP prior to rehabilitation, in comparison with Figure 3.24 indicates that the liner 

thrust strains and curvatures are considerably less than that seen in SP prior to rehabilitation.  Given the 

fact that the flexural stiffness (EI) of the steel pipe (EI = 19 kNm2/m) is approximately equal to that of the 

liner (EI = 20 kNm2/m), the curvatures alone can be used to determine that the bending response of the 

liner is smaller than the steel pipe. This shows that the contribution of the liner to the structural system 

is not significant and therefore the main effect of the liner is the restoration of hydraulic performance of 

the system rather than a significant increase in the structural capability. 

3.3.6 Grout Response 

Figures 3.15 to 3.20 indicate that the steel culvert experiences an approximate reduction in 

response of between 70% to 90% due to the addition of the grout and liner.  As discussed in the 

previous section, the contribution of the liner to the system in the context of structural capacity is 

negligible. As such, it reasonable to assume that the grout is responsible for most of the reduction in 

response in the corrugated pipe with applied load.   Figure 3.26 shows the curvature response of the 

liner with RSP for the single axle loading configuration at 0.6 m.  Despite the rehabilitation, the 

curvatures in the rehabilitated SP are still an order of magnitude larger than in the liner which supports 
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the conclusion that the structural contribution of the liner is small.  Figure 3.26 also indicates that the 

curvature at the crown and invert locations of the SP post-rehabilitation are not identical to the liner 

curvatures at the same locations.  This implies that the bond between materials may not be perfect.  

Alternatively, the difference in curvatures may be due to localised effects of grout voids at the crown 

and the presence of the rail attached to the invert of the liner during installation. 

3.3.7 Response during Test to Failure 

Figure 3.27 shows a plot of percent diameter change during the test to failure in which the 

rehabilitated culvert was loaded to 1250 kN in the single axle load configuration (this test was 

performed with enlarged bearing pads (370 mm by 950 mm) to ensure bearing failure did not occur).  It 

is evident from the plot that the deflections were nonlinear; however, the deformations did not exceed 

the 5% recommended maximum value as specified by the manufacturer of the liner (KWH, 2008b).  Less 

than half of the maximum 2.05% vertical diameter change achieved at 1250 kN was recovered upon 

unloading.  Approximately 75% of the 1.19% horizontal diameter expansion was not recovered.  Despite 

this, the loads achieved were approximately 3.3 times the fully factored load specified by AASHTO 

(2010) and the CHBDC (2006). An ultimate limit state was not achieved during testing, and the test was 

halted due to bearing failure of the soil at 1250 kN. The average strains at the crown for the ultimate 

limit state test, as seen in Figure 3.28, indicate that the average strains in SP and L1 are not the same 

and therefore it is not likely that there is full interaction between the steel culvert, the grouted annulus 

and the liner.  The liner initially undergoes incremental tension before entering compression. One 

possible explanation is the liner was initially bonded to the grout layer and therefore the liner and grout 

act as a composite structure.  As the applied load increased to between 300 to 350 kN, the bond 

deteriorates and partial slip occurs between the liner and the grout, so the composite action is reduced. 
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The flat plateaus at approximately 600 kN, 800 kN and 1000 kN are thought to be due to redistribution 

of load between the culvert, grout and liner due to cracking of the grout annulus during testing This 

hypothesis is supported by the numerous audible popping and cracking sounds noted during testing at 

the abovementioned load stages as the structure redistributed load. The structural components did not 

respond linearly, as is evident in Figure 3.27, and there was unrecoverable strain after unloading of the 

specimen. This was expected as both the grouted annulus and HDPE liner are nonlinear materials.  

Additionally, the cracking occurring at 600 kN, 800 kN, and 1000 kN are indications of inelastic, nonlinear 

behaviour.  Figure 3.29 indicates that the crown was experiencing significant bending moments in both 

RSP and L1.   Initially, the curvatures in the steel culvert increase quickly in comparison to the liner 

curvatures.  This is possibly attributed to grout voids present at the crown between corrugations.  As the 

steel culvert comes in contact with the grout layer, the stiffness at the crown increases and the rate of 

steel culvert curvature increase slows. After contact, the presence of the grout above the liner prior to 

cracking acts like a beam resisting load and shielding the liner from the applied load.  At 600 kN, an 

increase in curvature of both the liner and the steel culvert occurs as the grout cracks, load is distributed 

to the liner, and a dramatic decrease in bending stiffness occurs at the crown. 

 

3.4 Conclusions and Future Work 

3.4.1 Conclusions 

The response of a deteriorated steel pipe (SP) was measured under surface live loading at two 

burial depths, 0.9 m and 0.6 m, using a single wheel pair and single axle load configuration.  SP was then 

rehabilitated using an HDPE liner (L1) and loaded under surface live loading at two burial depths, 0.9 m 

and 0.6 m, and the same load configurations.  SP had light corrosion on both sides of the invert at the 
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haunch location with remaining wall thicknesses of 83% and 90% at the West and East haunches, 

respectively.   After initial loading, the HDPE liner was installed and was grouted in place with a neat 

grout mixture.  The following conclusions were drawn from this study: 

i) The experiments confirmed that culvert response increased with the removal of 0.3 m of cover 

to 0.6 m.  This further reinforced the importance of surface loads at shallow burial depths on 

culverts and other buried infrastructure.  This result is in agreement with multiple studies (e.g. 

Bakht, 1980; Moore, 1987; Pritchard et al., 2006) examining the effect of culvert proximity to 

the ground surface, in addition to the requirements in AASHTO (2010), and CHBDC (2006) for 

minimum burial depths for buried structures. 

ii) Under the single wheel pair (SW) load configuration, the critical load path occurred directly 

under the load pad, at the centre location of the steel pipe (SP).  The critical response area for 

both SP and RSP occurred in the upper shoulder and crown region of the pipe.  These regions 

experience significant bending moments, which was the dominant load carrying mechanism at 

the crown.  Pipe response in the springlines was dominated by axial thrust, however the 

springlines and the invert experienced considerably less response in comparison with the crown.  

In comparison with the SW load configuration, the SA load configuration was the critical 

configuration.  This indicated that load sharing between load pads was occurring despite the 

relatively shallow burial depth.  The critical load path occurred again directly under the load 

pads, and therefore at the South and North locations of SP.  The South location was detailed in 

this chapter due to the presence of distributed fibre sensors at this location.  Under SA loading, 

similar to SW loading, the critical region of response occurred in the crown and upper shoulder 

regions.  The dominate load carrying mechanisms were bending across the upper region of the 

pipe and thrust across the springlines.  The response post-rehabilitation was significantly 
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reduced.  Vertical diameter changes were reduced by approximately 92%, indicating the 

rehabilitation considerably increased the structure stiffness.  Average strains in the springline 

region were reduced by a maximum of 70.1% (West springline) and curvature was reduced by 

83.4% and 85.6% at the crown and West shoulder, respectively.   Despite the corrosion of SP in 

the lower haunch area, the response across the haunches and invert was considerably less than 

the crown. 

iii) The liner behaved like a flexible pipe structure in competent soil.  The measured response of the 

liner was considerably lower in comparison with SP prior to the rehabilitation.  The critical 

response location was the crown, with calculated curvatures at least an order of magnitude 

smaller than those measured in SP prior to rehabilitation.  The lack of response in the liner 

indicates that the increase in stiffness in the rehabilitated system can be attributed to the 

grouted annulus; the liner does not play a significant structural role.  Instead, the largest 

contribution by the liner may be the restoration of hydraulic performance. 

iv) The grouted annulus may be the largest contributor to the reduction in culvert response by 70% 

to 90%.  Given the significant increase in stiffness and the simultaneous lack of response from 

the liner under loading, it is reasonable to assume that the grout is responsible for the improved 

performance.  Curvature measurements in SP and L1 seem to indicate that the SP-grout-liner 

surface interactions are not perfectly bonded, although the difference in curvature may be a 

result of the grouted layer leaving trapped air voids between corrugations at the crown of SP.  

Cracking of the grout did not likely occur until well past the fully factored design load of 381 kN, 

although Figure 3.28 indicates that loss of bond (i.e. slip) occurred between the grout and the 

liner as the applied load was increased from 300 to 350 kN. 
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The response of the rehabilitated system was also recorded during an ultimate limit states test 

where RSP was loaded to 1250 kN using the single axle frame with enlarged bearing pads at 0.6 m of soil 

cover.  The culvert deflections indicated nonlinear response over 2% of vertical diameter change, 

approximately 50% of which was not recoverable.  Despite this, the system was loaded to over 3.3 times 

the fully factored design loads specified by AASHTO (2010) and CHBDC (2006), and did not reach an 

ultimate limit state prior to bearing failure of the soil.  Measured average strains and curvatures 

supported the nonlinear response indicated by the deflection measurements.  Cracking of the grout was 

audibly observed and this was supported by the data at 600 kN, 800 kN and 1000 kN. Similar to the 

service loading, the critical response again occurred at the crown of both the liner (L1) and SP.  

Significant curvature response was immediately observable in SP and after 600 kN (cracking of the 

grout) in the liner indicating that after the grout layer cracked, a redistribution of load to the liner may 

have occurred. The experimental results indicate that sliplining of flexible culverts significantly increases 

the overall stiffness of the culvert structure.  Deflections and other responses of the original 

deteriorated culvert are considerably reduced, with indications that the grouted layer is the main 

contributing structure above the liner. 

3.4.2 Future Work 

Future work for the analysis of sliplined flexible culverts will include the testing of a deteriorated 

CSP culvert with a low strength grouted annulus.  Further testing to quantify the interaction between 

the deteriorated host culvert, the grouted annulus, and the liner system should be completed.  

Additionally, the testing of sliplined rigid pipes will be completed. 
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Table 3.1:  Testing regime for surface loading with maximum applied load. 

Test Description Maximum Load 
kN (kips) 

A1 Single wheel pair loading at 0.9 m cover – SP 100 (22.5) 
A2 Single wheel pair loading at 0.9 m cover – SP 107 (24.1) 
B1 Single axle loading at 0.9 m cover – SP 214 (48.1) 
B2 Single axle loading at 0.9 m cover – SP 214 (48.1) 
C1 Single wheel pair loading at 0.6m cover – SP 100 (22.5) 
C2 Single wheel pair loading at 0.6m cover – SP 112 (25.2) 
D1 Single axle loading at 0.6 m cover – SP 224 (50.4) 
D2 Single axle loading at 0.6 m cover – SP 224 (50.4) 
A3 Single wheel pair loading at 0.9 m cover – RSP 100 (22.5) 
A4 Single wheel pair loading at 0.9 m cover – RSP 107 (24.1) 
A5 Single wheel pair loading at 0.9 m cover – RSP 107 (24.1) 
B3 Single axle loading at 0.9 m cover – RSP 214 (48.1) 
B4 Single axle loading at 0.9 m cover – RSP 214 (48.1) 
B5 Single axle loading at 0.9 m cover – RSP 214 (48.1) 
C3 Single wheel pair loading at 0.6 m cover – RSP 100 (22.5) 
C4 Single wheel pair loading at 0.6 m cover – RSP 112 (25.2) 
C5 Single wheel pair loading at 0.6 m cover – RSP 112 (25.2) 
D3 Single axle loading at 0.6 m cover – RSP 224 (50.4) 
D4 Single axle loading at 0.6 m cover – RSP 224 (50.4) 
D5 Single axle loading at 0.6 m cover – RSP 224 (50.4) 
D6 Single axle loading at 0.6 m cover – RSP 400 (89.9) 
D7 Single axle loading with wooden pads at 0.6 m cover – RSP 1250 (281) 
 

 

Table 3.2:  SP Section properties. 

Wall Thickness Area Moment of 
Inertia 

Section 
Modulus 

Radius of 
Gyration 

Specified Design A 
(mm2/mm) 

I 
(mm4/mm) 

S 
(mm3/mm) 

r 
(mm) T (mm) T (mm) 

1.3 1.120 1.209 22.61 3.27 4.324 
4.2 4.080 4.411 86.71 10.33 4.433 
N/A 4.500 4.870 95.28 11.44 4.449 
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Table 3.3:  Backfill properties.  

Location 
Specimen SP 
Dry Density 
(g/cm3) 

Water Content 
(%) 

Standard Proctor 
(%) 

Bedding 2.20 3.00 97.0 
Invert-Crown Fill 2.17 3.30 92.6 
Cover 2.18 3.80 95.4 
 

Table 3.4: Calculated CHBDC (2006) and AASHTO (2010) design loads. 

Single Wheel Loading Pair 

    AASHTO LRFD Bridge Design Specifications 2010 (U.S. Customary Units) 
Unfactored 

Design 
Vehicle Load 

(LL in kN)        
(Half of Single 

Axle) 

Multiple 
Presence 

Factor    Mf                                          

(1 Loaded 
Lane) 

Dynamic load allowance            
If = (1 + IM/100)                            

IM = 33(1-4.1x10-4*DE)               
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service Load 

LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

71.2 1.20 1.25 at 600 mm (2 ft) 1.75 107 187 
71.2 1.20 1.21 at 900 mm (3 ft) 1.75 103 181 

            
CAN/CSA-S6-06 Canadian Highway Bridge Design Code 2006 

3.8.3.2 Table 3.5 
 

Table 
3.1 

  Unfactored 
Design 

Vehicle Load 
(LL in kN)        

(Half of Single 
Axle) 

Multiple Lane 
Loading Factor    

Mf                                          

(1 Loaded 
Lane) 

Dynamic load allowance            
If = (1 + IM)                                      

IM = 0.4*(1-0.5*DE)                     
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service Load 

LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

87.5 1.00 1.28 at 600 mm (2 ft) 1.70 112 190 
87.5 1.00 1.22 at 900 mm (3 ft) 1.70 107 181 
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Single Axle Loading     

    AASHTO LRFD Bridge Design Specifications 2010 (U.S. Customary Units) 

3.6.1.2.2 Table 3.6.1.1.2-
1 3.6.2 & 3.6.2.2 Table 

3.4.1-1     

Unfactored 
Design Vehicle 
Load (LL in kN)        

(Single Axle) 

Multiple 
Presence Factor    

Mf                                          

(1 Loaded Lane) 

Dynamic load allowance            
If = (1 + IM/100)                            

IM = 33(1-4.1x10-4*DE)               
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service 

Load 
LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

142.4 1.20 1.25 at 600 mm (2 ft) 1.75 214 374 
142.4 1.20 1.21 at 900 mm (3 ft) 1.75 207 362 

        CAN/CSA-S6-06 Canadian Highway Bridge Design Code 2006 
3.8.3.2 Table 3.5   Table 3.1     

Unfactored 
Design Vehicle 
Load (LL in kN)        

(Single Axle) 

Multiple Lane 
Loading Factor    

Mf                                          

(1 Loaded Lane) 

Dynamic load allowance            
If = (1 + IM)                                      

IM = 0.4*(1-0.5*DE)                     
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service 

Load 
LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

175 1.00 1.28 at 600 mm (2 ft) 1.70 224 381 
175 1.00 1.22 at 900 mm (3 ft) 1.70 214 363 
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Figure 3.1:  Test Setup – Side view, rehabilitation not shown for clarity 
 

 

Figure 3.2:  Specimen SP showing light deterioration at approximately the haunch level (adapted from 
Mai et al. (2013)) 
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Figure 3.3:  Weholite HDPE liner section with male threads  
 

 

Figure 3.4:  Liner section 2 being threaded into liner section 1 inside buried SP 
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Figure 3.5:  Specimen SP, L1 string potentiometer layout and numbering plan.  Dashed lines represent 
the string potentiometer wires 

 

 
(a) South location strain gauge layout   (b)   Centre location strain gauge layout 
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(c)   North location strain gauge layout 

Figure 3.6:  Specimen SP strain gauge layout and numbering plan at the South (a), Centre (b) and 
North (c) locations 

 
 
 

 

 

Figure 3.7:  SP strain gauge longitudinal location relative to fibre optic sensors 
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(a) South location strain gauge layout     (b)   Centre location strain gauge layout 

Figure 3.8:  Specimen L1 strain gauge layout and numbering plan at the South (a) and Centre (b) 
locations 

 

 

Figure 3.9:  Specimen SP vertical diameter change with applied load for 0.9m and 0.6m of soil cover 
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Figure 3.10:  Specimen SP inner corrugation strains at 100 kN of applied load for 0.9m and 0.6m of soil 
cover 
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Figure 3.11:  Specimen SP post-rehabilitation vertical diameter change with applied load for 0.9 m and 
0.6 m of soil cover 
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Figure 3.12:  Specimen SP inner corrugation valley strains post-rehabilitation at 214 kN of applied load 
for 0.9 m and 0.6 m of soil cover 
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Figure 3.13: Specimen SP crest and valley strains at the South, Centre and North locations loaded in 
the single wheel pair configuration (pre rehabilitation) 
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Figure 3.14: Specimen SP crest and valley strains at the South, Centre and North locations loaded in 
the single axle configuration (pre rehabilitation) 
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a) Outer (crest) measured strains 
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b) Inner (valley) measured strains 

Figure 3.15:  Measured strains at the centre location at the 112 kN single wheel pair load stage pre 
and post-rehabilitation 
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Figure 3.16: Average strain at the centre location under the single wheel pair loading at 112 kN pre 
and post-rehabilitation 



 

 

103 

 

 

Figure 3.17: Curvatures at the centre location under the single wheel pair loading at 112 kN pre and 
post-rehabilitation 
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a) Outer (crest) measured strains 
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b) Inner (valley) measured strains 

Figure 3.18: Measured strain at the south location during the 224 kN single axle load stage pre and 
post-rehabilitation 



 

 

106 

 

 

Figure 3.19: Average strain at the south location of the single axle loading at 224 kN pre and post-
rehabilitation 
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Figure 3.20: Curvature at the south location of the single axle loading at 224 kN pre and post-
rehabilitation 
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Figure 3.21:  South vertical diameter change with applied load for the single axle load configuration 
pre and post-rehabilitation 
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Figure 3.22: Measured strains in L1 under 112 kN of single wheel pair loading at 0.6 m of cover 
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Figure 3.23: Measured strains in L1 under 224 kN of single axle loading at 0.6 m of cover 
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(a) Average strain response of L1 
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(b) Curvature response of L1 

Figure 3.24:  (a) Average strain and (b) curvature response of L1 at the south location during single 
axle loading at 0.6 m of cover 
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(a) Average strain response of SP 
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(b) Curvature response of SP 

Figure 3.25:  (a) Average strain and (b) curvature response of SP (prior to rehabilitation) at the south 
location during single axle loading at 0.6 m of cover 
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Figure 3.26:  Curvature response of rehabilitation SP and L1 at key locations with applied load during 
single axle loading at 0.6 m of cover 
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Figure 3.27:  Diameter change of rehabilitated SP under single axle loading during failure test 
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Figure 3.28: Average strain response of rehabilitated SP and L1 under single axle loading during failure 
test 
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Figure 3.29:  Curvature of rehabilitated SP and L1 under single axle loading during failure test 
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Chapter 4 

Experimental Investigation of Rehabilitated Reinforced Concrete Culvert 

Performance under Surface Loading 

4.1 Introduction 

 An infrastructure crisis in the United States and Canada is looming as structures built during the 

infrastructure booms of the 1950s and 1960s reach the end of their intended service life yet many of 

them cannot be replaced due to economic constraints.  With estimated investments in the billions of 

dollars to maintain or replace existing structures required in Canada and the United States, 

infrastructure maintenance and rehabilitation represents a significant economic challenge for both Civil 

Engineers and governments (ASCE 2013; CIRC, 2012).  In terms of buried infrastructure, circular 

reinforced concrete pipe (RCP) has been in use for over a century in North America.  Concrete culverts 

(both reinforced and unreinforced) are referred to as rigid culvert systems because of their load carrying 

behaviour, which typically involves high bending moments and small deformations.  Rigid culverts are 

particularly well suited to use under roadways due to their high flexural and circumferential stiffness 

(Moore, 2001).  Rigid concrete culverts may be precast or cast in place and represent a large portion of 

the existing culverts in North America (Ballinger and Drake, 1995), however only precast reinforced 

concrete pipe will be considered in this study.  Much of the existing infrastructure is in a state of 

deterioration which requires prohibitively expensive infrastructure replacement, or alternatively 

rehabilitation.  Rehabilitation of existing infrastructure is an attractive solution as it reduces the 

economic impact due to transportation network disruption and user delays.  Many RCP deterioration 

issues are caused by poor assembly during the construction phase such as misalignment, joint defects or 

joint damage incurred during installation.  Misalignment occurs at the pipe joints when sections of pipe 
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are not lined up properly relative to each other causing either vertical or horizontal offsets.  

Misalignment can be caused by poor assembly, undermining or uneven settlement.    Defective joint 

issues include cracked bells or spigots as well as joint separation.  Both damaged and separated joints 

can allow the infiltration of groundwater or exfiltration of water into the surrounding soil promoting 

undermining, accumulation of debris and the formation of soil voids at the joint locations. These defects 

can be accompanied by deterioration issues, as seen in Figure 4.1, and outlined in Ballinger and Drake 

(1995), including longitudinal cracking, circumferential (transverse) cracking, spalling, slabbing and other 

durability issues such as metallic (deterioration of steel reinforcement) and non-metallic (deterioration 

of hardened concrete paste) corrosion.  Longitudinal cracking is typically found at the invert and crown 

locations with large crack widths possibly indicating either overloading or loss of soil support (Ballinger 

and Drake, 1995).  Circumferential cracking typically occurs at the midpoint of pipe sections across the 

invert in situations where the pipe is supported at the ends of the segment with a lack of soil support 

across the midsection.  Alternatively, cracking across the crown may occur due to inadequate soil cover 

where the culvert is exposed to surface loading (Ballinger and Drake, 1995).  Spalling is the fracturing of 

a portion of the concrete wall parallel or inclined to the concrete pipe surface.  It often occurs along the 

edges of either circumferential or longitudinal cracks when the cracks are caused by either overloading 

or poor support (Ballinger and Drake, 1995).  Slabbing is a radial failure where large sections of concrete 

“peel” away from the sides of the pipe due to excessive loading which causes the hoop reinforcing steel 

to straighten.  Inadequate concrete cover can also result in slabbing.  In order to overcome these issues 

in a cost effective and timely manner, a number of techniques have been developed for rehabilitating 

reinforced concrete culverts.  The most prevalent methods include sliplining, spirally wound, cured in 

place, fold and form, grout-in-place, spray-on, and segmental liners.  As discussed in Chapter 3, 

Syachrani et al. (2008) surveyed 20 Departments of Transportation (DOTs) in the United States to 
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identify the rehabilitation techniques being employed in industry.  Sliplining was identified as the 

prevailing rehabilitation method with a popularity index of 93.2%, followed by cured in place lining at 

75%.  As such, the current research will explore the impact of sliplining on the structural capacity of 

deteriorated RCP as it is the most widely used rehabilitation method.  

 Slip lining is the process of inserting a new pipe of smaller diameter into an existing deteriorated 

culvert by either pulling or pushing the new pipe.  Sliplining, outlined in ASTM F585 (2013), as well as the 

grouting of the annulus are discussed in detail in Chapter 3.  In this study, segmental sliplining with a 

smooth walled HDPE pipe was chosen for investigation.   

 Current design methods for the rehabilitation of rigid culverts using grouted slipliners, such as 

ASTM F1216M (2009) and the Water Research Centre (WRc) Sewerage Rehabilitation Manual (WRc, 

2001), depend on classification of rigid pipes into deterioration categories.  ASTM F1216 classifies the 

deteriorated rigid pipe as either partially deteriorated or fully deteriorated.  As outlined in Chapter 3, the 

culvert is classified as fully deteriorated if the damaged rigid pipe has a vertical diameter decrease of 

more than 5% based on a visual inspection of out-of-roundness.  Otherwise, the culvert is classified as 

partially deteriorated and treated as hydraulically flawed (ASTM, 2009).  The current ASTM F1216 design 

approach does not provide a rational assessment of structural capacity as the liner is not likely to 

experience earth loads post deterioration as discussed elsewhere (Law and Moore, 2003; 2007).  The 

WRc (2001) design approach classifies the repairs into two categories based on the interaction between 

the liner and the grouted annulus: 

• Type 1: systems where the liner, grouted annulus and the existing culvert structure are fully 

bonded (no slip condition) such that composite action develops in the structure 
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• Type 2: systems where the liner does not bond to the grout or the structure and therefore 

acts as an independent structure (full slip condition) 

WRc (2001) Type 1 design depends on the development of a rigid composite structure to carry both 

earth and live loads.  WRc (2001) Type 2 design depends on the existing deteriorated rigid structure and 

surrounding soil support having sufficient stability under earth loads.  The liner in a Type 2 design acts 

only to restore the hydraulic performance and to resist external fluid pressure.  Currently, the WRc 

(2001) design approach for culverts that fall between the two design classifications, i.e. partially bonded, 

is not clear. The interaction between elements of the rigid pipe, grouted annulus and liner are also not 

fully understood.  Future design considerations for rigid pipe liner installations should include a 

combination of: 

• Design for external fluid pressure 

• Design for flotation forces 

• Design for external earth and live loads 

Design for external fluid pressures is considered for WRc (2001) Type 2 liners, but not for Type 1 liners as 

the grout is assumed to restore hydraulic impermeability to the host culvert. Moore (2005) discusses 

design for external fluid pressure on a fractured rigid host pipe with a flexible liner (with no grouted 

annulus) where fractures in the existing pipe and/or leakage at the joints permits the flow of water into 

and out of the pipe. Post-rehabilitation, the hydraulic performance of the system is restored however 

external groundwater can still permeate through the fractures and joints and build up on the outer 

surface of the liner.  Currently the effect of ground water pressures for a grouted annulus with pre-

existing fractures and joints has not been discussed, however Moore (2005) outlines the possibility for 

liner buckling during construction as a result of grout pressure during filling of the annulus.  The liner 
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rehabilitation method in this experimental investigation will be grouted and therefore the relevant 

condition would be buckling due to external grout pressures during construction.  Observations 

regarding the ability of the grout to penetrate the concrete joints and fractures in the pipe will be 

discussed.   Design for flotation forces are provided in WRc (2001) and are presented as a concentrated 

force which develops at the crown of a polymer liner during grouting.  The WRc (2001) design manual 

includes graphs for the calculation of buoyant forces (volume of displaced grout less the liner dead 

weight) as well as the resulting deflection in circular liner pipes made from polyethylene and glass 

reinforced polymers.  Design for external earth loads on rigid pipe has been of considerable interest to 

both designers and researchers with debate arising over whether the liner within the deteriorated pipe 

is required to carry earth loads (Moore, 2005; Schrock and Gumbel, 1997).  It is now accepted that the 

liner does not experience earth loads unless additional overburden soil is added post-rehabilitation, the 

culvert is sufficiently close to the ground surface and subjected to vehicle loading, excavation or 

backfilling takes place near the rehabilitated culvert (change in soil stress), or further deterioration of 

the host culvert occurs causing the original culvert to lose structural stability (Moore, 2005).  

Additionally, due to the grouted annulus, unless fracturing of the grouted layer occurs, it is unlikely that 

earth loads will reach the liner. McAlpine (2009) discusses the design of a grouted liner system in a rigid 

pipe under the influence of earth load.  McAlpine emphasizes the composite action of the liner-grout-

host pipe system and the importance of understanding the surface interaction between materials (i.e. 

bonded versus non-bonded behaviour).  Design for live loads (vehicle loads) are accounted for in WRc 

(2001) design through the application of a conventional vehicle pressure.  Excluding this, no current 

design guide accounts for stresses developed due to vehicle loading.  Due to the development of models 

to predict the average degraded soil modulus around a fractured, deformed culvert (Moore, 2008) and 

the use of flexible pipe theory as a possible design method for flexible liners in severely deteriorated 
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rigid pipes under earth loads (Law and Moore, 2003), there exists a need for live loading tests on 

deteriorated rigid culverts rehabilitated with flexible liners to evaluate these approaches. 

 The objectives of this research program are to investigate (i) the impact of height of soil cover 

on rigid culvert response, (ii) the enhancement provided by a grouted slipliner rehabilitation, (iii) the 

role the liner plays in the structural system, (iv) the role of the grout in the system, and (v) whether the 

controlling response of the system is across the barrel or joint locations.  The first section of this chapter 

presents the experimental background, including the test descriptions, test configurations, the 

experimental specimens, the rehabilitation procedure, the instrumentation, and the applied loading 

schedule.  The results of the service load experiments will then be presented and discussed, followed by 

the results of an ultimate limit state test on the rehabilitated system.  Finally, salient conclusions from 

the experimental program will be presented. 

 

4.2 Experimental Background 

4.2.1 Test Descriptions 

 Four tests were undertaken during the experimental program.  The first test (T1) was a three 

edge bearing test, commonly referred to in industry as a Concrete D-Load test as outlined in ASTM 

C497M (2013), on one of the reinforced concrete pipe specimens.  The second (T2), third (T3) and fourth 

(T4) tests were:  (i) T2 – a live loading test performed on the unlined deteriorated RCP specimens, 

followed by the rehabilitation of the RCP specimens, (ii)T3 – a live loading test on the rehabilitated 

structure and finally (iii) T4 – an ultimate limit state test on the rehabilitated RCP specimens.   The 

deteriorated RCP specimens, known as RCP1 and RCP2, were damaged due to overloading prior to 
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testing.  RCP1 was damaged during T1 through the direct application of load while RCP2 was damaged 

during a separate buried pipe test not discussed in detail here.  In T2, both RCP1 and RCP2 were 

backfilled to a soil depth of 0.6 m and tested under single axle surface loading prior to rehabilitation.  

The pipes were then rehabilitated by inserting an HDPE liner and grouting the annulus between the liner 

and the concrete pipe.  The rehabilitated structure as a whole is herein referred to as RRCP.  The soil 

cover depth was then increased to 0.9 m after curing of the grouted annulus and the rehabilitated 

structure was loaded using the single wheel pair and single axle load pads.  The soil cover was then 

reduced to 0.6 m and surface loading was again applied with both the single wheel pair and single axle 

load pads. Load was applied in several cycles for tests T2, T3, and T4 in order to capture the response 

due to initial loading as well as the repeated loading that is expected with vehicle loading.  For each 

surface load test (T2, T3, T4), the load was applied in increments to allow for static measurements using 

fibre optic sensors. Table 4.1 indicates the full testing regime. 

4.2.2 Test Configuration 

 T1 was a three edge bearing test performed on specimen RCP1 to produce significant damage to 

simulate a severely deteriorated RCP found in the field.  Figure 4.2 shows the test set up consisting of 

two W360x64 steel spreader beams with solid hardwood upper and lower bearing strips to develop a 

uniform line load along the length of the pipe built in accordance with ASTM C497M (2013).  The test 

was performed using a 2000 kN hydraulic actuator until both the ASTM C76 (2013) D-Load (load 

required to produce a 300 mm continuous 0.25 mm wide crack) and ultimate load (1.5 times D-Load) 

were achieved.  The load was then increased until significant damage was visually evident.  RCP2 was 

damaged in a previous test on a buried pipe under surface load.  
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Tests T2, T3, and T4 were performed within an 8 m long, 8 m wide, and 3 m deep reinforced 

concrete test pit.  The RCP specimens were placed, prior to backfilling, within an excavated East-West 

oriented trench such that the invert of the culverts rested on the base of the trench.  The reinforced 

concrete floor and sidewalls of the pit were located at a distance of 0.6 m and 1.5 m (shortest distance), 

respectively, from the outer wall of the concrete pipes as shown in Figure 4.3 (a).  The floor and 

sidewalls were at a distance sufficiently far from the culvert such that they should not influence culvert 

response in accordance with experimental investigations completed by Dhar (2002), who examined the 

influence of tested boundaries on buried flexible pipe structures.  Dhar found that for flexible pipes, if 

the rigid boundary was at least one diameter for the wall of the pipe, it did not have a significant impact 

on pipe behaviour. For rigid pipes, where the displacements are much smaller and the role of soil 

support is less critical to the pipe capacity, a minimum distance of one diameter between the pipe and 

the side walls and one radius between the bottom of the pipe and the floor should minimize the 

influence of the reinforced concrete rigid side boundaries.  Two undamaged RCP extension segments 

were placed at the West and East ends of the assembled pipeline as shown in Figure 4.3 (b) to ensure 

that the soil cover extended past the ends of the deteriorated specimens to minimize the end effects of 

the embankment walls on the test specimens.  The extension segments also served to create a 

continuous RCP culvert in order to provide joints at the ends of the test specimens.  The joint between 

RCP1 and RCP2 was wrapped with geotextile prior to burial to prevent soil from entering the joint so 

that the migration of grout through the joint during grouting could be observed upon excavation after 

testing.  Images detailing the assembly of the RCP sections as well as the burial can be found in Appendix 

C.  Load was applied to the soil in T2, T3, and T4 using a 2000 kN hydraulic actuator attached to a 

reaction frame as seen in Figures 4.3 (a) and (b).  The system was used with both the single wheel pair 

and single axle frames to apply simulated vehicle loads to the soil. The single wheel pair load frame 
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consisted of a steel column connected to a single steel pad measuring 250 mm by 600 mm.  The single 

axle frame consisted of two identical 250 mm by 600 mm steel plates spaced 1.8 m centre to centre 

which were attached to the single axle frame (shown in Figure 4.3 (b)) that was placed on the surface of 

the soil.  Spherical ball joints were used to transmit vertical forces from the column and axle to the steel 

plates without developing bending moments. 

4.2.3 Experimental Specimens 

RCP1 and RCP2 were CSA class 65D pipes, designed to meet the same capacity requirements as 

ASTM Class III pipes, with an internal diameter of 1200 mm and a type B wall type with a thickness of 

125 mm.  Both specimens were circumferentially reinforced with two steel D4 size wire mesh cages 

manufactured in accordance with ASTM A496M (2007).  The steel used in the fabrication of the RCP 

specimens had a yield strength (fy) of 485 MPa, an ultimate strength (fu) of 550 MPa and a modulus of 

elasticity of 200 000 MPa. The measured inner and outer circumferential steel areas were 421 mm2/m.  

The concrete strength (f’c), based on concrete cylinder compression tests performed by the 

manufacturer, was 57.6 MPa.  Using the modulus of elasticity and yield strength of steel, the calculated 

strain at yield of the reinforcing steel was 2425 με.  Assuming normal density, Equation 4-1 was used to 

estimate the modulus of elasticity of a high strength concrete (57.6 MPa) as suggested by Carrasquillo 

(1981).  Equation 4-2, as recommended by the American Concrete Institute (2008), was used to estimate 

the tensile strength (fr), of the concrete in both RCP1 and RCP2, based on a compressive strength of 57.6 

MPa. In this case, the required tensile strength, fr, is the stress required to cause cracking due to flexural 

tension, commonly referred to as the modulus of rupture. The estimated tensile cracking strain was 

then calculated as approximately 150 με using Hooke`s stress-strain relationship.  

6900'3320 += cc fE         (4-1) 
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cr ff '63.0=          (4-2) 

where 

Ec = modulus of elasticity of concrete (MPa) 

f'c = compressive strength of concrete (MPa) 

fr = modulus of rupture (tensile strength) of concrete (MPa) 

 The damage in RCP1 caused during T1 was localised to the interior crown and invert, as shown in Figure 

4.4 (a), where evidence of longitudinal and shear cracks can be seen.  Figure 4.4 (b) shows the significant 

longitudinal cracking on the exterior of the pipe surrounding the south spring line (note cracks are 

highlighted in marker to increase visibility).  Figure 4.5 shows further evidence of significant longitudinal 

cracking at the interior crown of RCP1.  The crown exhibited the most severe damage followed by the 

invert, shown in Figure 4.6, which exhibited multiple large longitudinal cracks.  RCP2 sustained 

significant longitudinal cracking (although not as severe as RCP1) at the interior crown and invert as well 

as minor longitudinal cracking at the exterior springlines.  

 The liner used (L2), as seen fully assembled in Figure 4.7, was a commercially available product 

with the trade name “Weholite”.  L2 was made from high density polyethylene (HDPE) and, as with L1 in 

Chapter 2, had a spirally wound box structure.  The outer diameter of L2 was 1130 mm, while the inner 

diameter was 1016 mm.  The outer (grout side) and inner measured flange thicknesses of the box 

structure were approximately 6.5 and 7.5 mm, respectively, while the webs were approximately 15.1 

mm thick, spaced at 72 mm, centre to centre.  L2 was delivered in two sections that were approximately 

1500 mm and 3400 mm in length.  These lengths were chosen so that the liner joint would lie directly 
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under one of the single axle wheel pads during testing at a distance of 0.9 m from the RCP1-RCP2 joint.  

The two sections of L2 were threaded together by rotating one section of liner within the other to form 

a continuous liner section that was 4900 mm in length.  Table 4.2 gives the section and material 

properties for RCP1, L2, and the grout. 

4.2.4 Backfill Material 

 The test specimens were backfilled with a poorly graded sandy gravel (classified as “GP-SP” 

using the unified soil classification system and as A-1 by AASHTO (2009)).  The test specimen was 

underlain by 600 mm of compacted bedding followed by a 50 mm loose base in accordance with 

AASHTO (2009). The bedding was compacted to over 90% Standard Proctor (90% of the maximum dry 

weight achieved in a Standard Proctor test as measured by a model MC1DR-P nuclear densometer) 

using a vibrating plate tamper.  The RCP specimens were then backfilled to the crown in 200 mm thick 

lifts that were compacted using a vibrating plate tamper to over 90% Standard Proctor.  At each lift, the 

dry density, water content, percentage of Standard Proctor and the height of the lift were recorded.  

From the crown, soil cover was added in 200 mm increments and again compacted in a similar fashion 

to the minimum density (95% Standard Proctor).  A summary of soil properties is provided in Table 4.3, 

while more detailed backfill measurements may be found in Appendix B. 

4.2.5 Rehabilitation 

 After completing preliminary test T2 at 0.6 m of soil height the fully assembled and 

instrumented liner L2 was lowered into the test pit and inserted into the RCP specimens as shown in 

Figure 4.8.  Details of the full rehabilitation process are provided in Appendix C.  A thin bed of grout was 

cast across the invert of the RCP specimens to provide a smooth surface for the liner to slide on during 

installation, as well as to protect the sensitive instrumentation installed on the interior face of RCP1 and 
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RCP2.  The liner was fully assembled prior to installation.  L2 was assembled by threading the two liner 

sections together.  Next, the joint was sealed using a “Wehoseal” sleeve and heat treated with a 

propane blow torch in accordance with KWH (2008a) instructions.  Sealing the joint prevents the 

infiltration of grout into the liner during the filling of the annulus as per manufacturer recommendations 

(KWH, 2008a; 2008b).  Finally, the section of L2 falling under the axle load pad over RCP1 was 

instrumented and the instrumentation protected (foil tape protecting the instrumentation can be seen 

in Figure 4.8).  Similar to the liner installation within specimen SP (Chapter 3), a wooden skid plate with a 

low friction plastic cap was attached to the outside of L2 at the invert to reduce friction during sliding.  

L2 was then craned into position and slid into the buried RCP sections.  Due to the type of host pipe 

(rigid) and the significant weight of RCP pipes in comparison with the SP specimen examined in Chapter 

3, wooden blocks fixed to the interior RCP face and the exterior L2 face in the regions above the 

shoulders were used to prevent uplift or any other shifting of the liner out of position during grouting.  

Bulkhead walls were built out of plywood at the East and West ends of L2 in stages as grouting 

progressed. The bulkheads were sealed with a construction adhesive (PL Premium) and a general 

silicone caulking (GE Silicone II Sealant).  The grout used was a different mix from Chapter 3, consisting 

of masonry sand mixed with Type III Portland cement with a water/cement ratio of approximately 0.70.  

The average six day compressive grout strength during the test was 17.5 MPa, with an average 

measured concrete density of approximately 2060 kg/m3, while the average 28 day compressive 

strength was 27.3 MPa. The modulus of elasticity for concrete with a density (ωc) between 1500 and 

2500 kg/m3 was calculated using Equation 4-3, in accordance with the American Concrete Institute 

(2008).   

ccc fE '043.05.1ω=          (4-3) 
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where 

Ec = modulus of elasticity of concrete (MPa) 

ωc = density of concrete (kg/m3) 

f'c = compressive strength of concrete (MPa) 

fr = modulus of rupture (tensile strength) of concrete (MPa) 

Using the average 6 day compressive strength, the tensile cracking strength (fr) for the grout was 

calculated using Equation 4-2. Given the tensile cracking strength and the estimated modulus of 

elasticity of 16800 MPa (from Equation 4-3), Hooke’s stress-strain relationship gives the predicted grout 

cracking strain as approximately 155 με.  Appendix A details further information on the grout mixes.  

Grouting was performed in three separate lifts over a three day period.  The first lift went to just above 

the spring lines, the second lift to the crown of the liner, and the final lift filled the space between the 

crown of the liner and the interior crown of the RCP.  The system of grouting in lifts allowed for reduced 

pressure on the liner as well as reduced thermal effects on the liner due to the heat of hydration during 

curing.   

4.2.6 Loading 

 For T1, the load was applied from the hydraulic actuator through the top W360x64 steel 

spreader beam as per ASTM C497M (2013).  As indicated in Figure 4.3 (b) the centre position of the 

actuator was located directly above the assembled joint between RCP1 and RCP2.  For T3 and T4, the 

single wheel pair load was applied at the soil surface directly above the centre of the pipe both 

longitudinally and transversely (directly above the RCP1-RCP2 joint).  Applied loads were calculated to 
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simulate the CL-625 (CHBDC, 2006) and the AASHTO (2007) design trucks.  The loads included both the 

dynamic load allowance and the multiple presence factor. The applied loads are given in Table 4.4 for 

the single wheel pair and single axle load configurations as well as the two soil cover depths.  After 

service loading (T3) was completed, the rehabilitated structure was then loaded to 800 kN and 1200 kN 

under the single wheel pair and single axle load configurations, respectively, in an attempt to produce 

an ultimate limit state in the structure (T4). 

4.2.7 Instrumentation 

4.2.7.1 String Potentiometers 

 Vertical and horizontal diameter changes were recorded using string potentiometers during all 

tests.  For T1, two string potentiometers were used to measure vertical and horizontal diameter changes 

at the longitudinal centre of RCP1.  For T2, T3, and T4, a total of 6 string potentiometers were used to 

measure the vertical and horizontal diameter changes at the 0.9 m East and West longitudinal offsets, as 

well as at the RCP1-RCP2 joint location.  String potentiometer locations are shown in Figure 4.9. 

4.2.7.2 Strain Gauges 

 Specimen RCP1 was instrumented with 8 uniaxial electrical resistance strain gauges (68 mm 

gauge length) attached circumferentially and located directly under the East single axle pad, 0.9 m from 

the joint.  Gauges were placed at the North and South shoulder and haunch locations as indicated in 

Figure 4.10 (a) on both the interior and exterior pipe surface to permit the calculation of average strains 

and curvatures.  These locations were chosen due to the severe cracking located at the crown, invert 

and springline locations of RCP1 after test T1.  Specimen RCP2 was also instrumented with 8 uniaxial 

electrical resistance strain gauges (68 mm gauge length) attached circumferentially and located directly 

under the West single axle pad, 0.9 m from the joint.  Gauges were placed at the Crown, Invert, and 
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North, South springline locations as shown in Figure 4.10 (b) on both the interior and exterior faces of 

the pipe.  Of these 8 gauges, two of the interior surface gauges, the crown and invert gauges, stopped 

working during the earlier testing of the pipe that is not reported here.  All 68 mm gauge length strain 

gauges were installed in accordance with Vishay Technical Application Note TT-661 (Vishay, 2010a).  All 

68 mm strain gauges had a gauge resistance of 120 Ω ± 0.2% with a gauge factor of 2.11 ± 0.5%.  The 

liner specimen, L2, was instrumented with 16 uniaxial electrical resistance strain gauges (5 mm gauge 

length) attached circumferentially and located directly under the East single axle pad, 0.9 m from the 

the concrete pipe joint such that they aligned axially with the strain gauges on RCP1.  Strain gauges were 

attached at the crown, shoulders, springlines, haunches and invert as shown in Figure 4.10 (c) of both 

the interior and exterior surfaces of L2 to permit the calculation of average strains and curvature in the 

liner.  The gauge resistance for L2 uniaxial gauges was 120 Ω ± 0.3% with a gauge factor of 2.11 ± 1%, 

temperature compensation for thermal expansion of 11 PPM/ °C and a thermal output of ± 2 με/ °C.  

Additionally, one triaxial gauge (5 mm gauge length) was placed at the centre location (directly under 

the actuator at the RCP1-RCP2 joint) on both the interior and exterior surface of the liner.  The gauge 

resistance for the L2 triaxial gauges was 120 Ω ± 0.3% with a gauge factor of 2.03 ± 1%, temperature 

compensation for thermal expansion of 11 PPM/ °C and a thermal output of ± 2 με/ °C.  Installation of 

all strain gauges on specimen L2 was completed in accordance with Vishay Instruction Bulletin (2010b) 

for polyethylene materials.  Additional surface preparation for HDPE was completed in a similar fashion 

to Chapter 3 section 3.2.7.2.  The specimen L2 strain gauges were compensated for the localized 

stiffening effect on HDPE due to strain gauge application using an experimentally derived factor of 

1.258. The calculation of this factor is given in Appendix D using a temperature calibration test 

performed on the HDPE liner. The effect on strain readings due to strain gauge stiffening on 

polyethylene materials is further outlined in Brachman et al. (2000). 
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4.2.7.3 Fibre Optic Sensors 

 Specimens RCP1 and L2 were instrumented with nylon sensing fibres as an alternative strain 

measuring system to the electrical resistance uniaxial strain gauges.  RCP1 was instrumented with 

circumferential loops of fibre optic cable on both the interior and exterior surface directly under the East 

single axle pad, 0.9 m from the joint.  Specimen L2 was instrumented with spirally wound loops of nylon 

sensing fibre on both the interior and exterior surfaces adjacent to the conventional strain gauges 

directly under the East single axle pad, 0.9 m from the joint.  Adhesion of the nylon sensing fibre for 

both RCP1 and L2 is discussed in detail in Chapter 2.  Additionally, nylon sensing fibre was loosely placed 

on the interior RCP1 surface and the exterior L2 surface (no adhesive was used to bond the fibre to 

either the RCP1 or L2 surfaces).  The fibre was held in place using small pieces of tape in an attempt to 

embed the nylon fibre in the grout during the filling of the annulus.  Readings from these fibres would 

provide interior and exterior strain profiles for the grout in the annulus, possibly helping to explain the 

surface interactions between the RCP-grout and grout-HDPE liner surfaces. 

 

4.3 Experimental Results 

4.3.1 Overview 

 This section will introduce measured strains and curvatures, quantify the damage induced to 

RCP1 during T1, and introduce the experimental results from tests T2, T3, and T4, including discussion of 

(i) the impact of soil cover height on rigid culvert response, (ii) the rigid culvert performance pre and 

post-rehabilitation, (iii) the role of the liner in the structural system, (iv) the impact of the grouted 

annulus on rehabilitated rigid culvert performance, and (v) the location of the controlling culvert 



 

 

135 

 

response (i.e. across the barrel or at the joint).  The results of the test to failure (ultimate limit state test) 

of the rehabilitated RCP specimen will then be discussed. 

4.3.2 Strains and Curvatures 

 Surface strains for RCP1, RCP2, and L2 were measured on the interior (extreme fibre closest to 

the longitudinal axis of the pipe or liner), ε1, and the exterior (extreme fibre furthest from the 

longitudinal axis of the pipe or liner), ε2.  Since these strains were measured at the extreme fibres, the 

average strain (εave) can be calculated using Equation 4-4.  Similarly, the curvature (κ) for RCP1, RCP2, or 

L2 can be calculated using Equation 4-5.  The curvature was determined such that a positive curvature, 

and therefore a positive moment, would produce tensile strains on the outer surface and compressive 

strains on the inner surface of a given pipe.  

2
)( 21 εε

ε
+

=ave          (4-4) 

 
h

)( 12 εε
κ

−
=           (4-5) 

where: 

εave = average strain 

ε1 = measured strain on inside face 

ε2 = measured strain on outside face 

κ = curvature (10-6/mm) 
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h = radial distance between gauges (mm) 

From the average strain and curvature, the thrust force (N) and bending moments (M) can then be 

inferred using the axial wall stiffness (EA) and the flexural wall stiffness (EI) based on the respective 

material and section properties for RCP1, RCP2, or L2.  The formulae for thrust (N) and bending (M) are 

given in Equation 4-6 and 4-7, respectively. 

aveEAN ε⋅=           (4-6) 

310−×⋅= κEIM          (4-7) 

where: 

N = thrust force per unit length (kN/m) 

E = Young’s modulus (MPa) 

A = cross sectional area of wall per unit length (mm2/mm) 

M = bending moment (kN∙m/m) 

I = second moment of area per unit length (mm4/mm) 

4.3.3 Three Edge Bearing Test of RCP1 

 The horizontal and vertical diameter change with applied load during the three edge bearing 

test (T1) of RCP1 is shown in Figure 4.11.  The plot indicates that a maximum diameter change of 2.3% 

occurred as RCP1 was overloaded past the expected D-load for a 65D class pipe of 193.5 kN and ultimate 

load of 297.7 kN (CSA, 2009) to a final applied load of 540 kN.  The maximum vertical and horizontal 
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diameter changes were 27.9 mm and 23.4 mm respectively, which resulted in damage being imparted to 

RCP1 as seen in Figures 4.5 and 4.6 in the form of severe longitudinal cracking at the crown and invert 

locations, as well as shear cracking along the crown.   

4.3.4 Culvert Response due to Reduced Soil Cover 

 The measured vertical and horizontal diameter changes for both the 0.9 m and 0.6 m soil depths 

for the rehabilitated RCP fell within the measurement error of the string potentiometers and therefore 

were not conclusive in providing quantitative evidence of the reduction in pipe forces with increased soil 

cover under service loading.  Figure 4.12 shows the curvature response of L2 with applied load for the 

single axle load configuration at 0.9 m and 0.6 m of soil cover.  There is a distinct reduction in bending 

moment at the crown when the soil depth is increased by 0.3 m.  This implies that the maximum 

response in the structure occurs at the shallower burial depth of 0.6 m.  This result is in agreement with 

multiple studies (e.g. Bakht, 1980; Moore, 1987; Pritchard et al., 2006) examining the effect of culvert 

proximity to the grout surface, as well as observations from Mai et al. (2013) and Lay (2012) who both 

studied the effect of soil cover on culvert response.  

4.3.5 Culvert Response Pre and Post-Rehabilitation 

The response under single axle (SA) loading is discussed in this section, the response under 

single wheel pair (SW) loading will be introduced in the discussion of the ultimate limit state test (T4).  

Figures 4.13 (a) and (b) are plots of the percent vertical deflection with applied load pre and post-

rehabilitation for RCP1 (East) and RCP2 (West), respectively.  The results indicate that despite severe 

damage to RCP1 in T1, the deformations were larger in the less damaged RCP2 specimen prior to 

rehabilitation.  This could be a result of an increased stiffness in the surrounding soil around RCP2 in 

comparison to RCP1 due to unrelated testing completed on RCP2 prior to the burial of RCP1. 
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Alternatively, it may also be the result of the stiffer RCP2 attracting more load than the severely 

damaged RCP1. Despite the larger deformations, the response of RCP2 was fully recovered upon 

unloading whereas the RCP1 response was completely inelastic with none of the measured deformation 

being recovered during unloading.  Figures 4.13 (a) and (b) indicate that rehabilitation has resulted in a 

considerable increase in stiffness, with reductions in deformation of approximately 87% and 93% at the 

West (RCP2) and East (RCP1) locations.  The rehabilitation has decreased the deformations to below the 

measurement error of the string potentiometers.   

Figures 4.14 (a) and (b) are plots of the measured strains for the outer and inner locations, 

respectively, around the circumference of RCP1 pre and post-rehabilitation under 224 kN (maximum 

load) of SA loading at 0.6 m of soil cover.  The strain spikes in Figure 4.14 (a) are believed to be locations 

of cracking on the exterior surface of the pipe which the fibre optic sensors are bridging.  The strain 

results indicate that the majority of the response on the exterior surface occurs at the crown and the 

area between the springlines and shoulders.  This is expected as the crown experiences large 

compressive forces due to the proximity to the wheel pad and the inward bending moment developed 

at the location, and the development of tensile forces on the outer concrete surface in the region of the 

springlines.  The large spike of compressive strain at the crown is possibly a measurement across a 

longitudinal crack which extends from the interior pipe surface, through the RCP wall as indicated in 

Figure 4.15.  Figure 4.14 (b) provides the strain profile on the inner surface of RCP1.  As expected, tensile 

spikes are developing at the invert and crown regions where longitudinal cracks formed during the three 

edge bearing test (T1) are opening under the applied load.  In the springline to shoulder regions, where 

Figure 4.14 (a) showed tension spikes on the outer surface, the inner surface indicates that compression 

strains are developing.  This indicates that the RCP structure is behaving similar to a fixed ended beam, 

where negative moments (compression developed on the top/outer surface, and tension on 
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bottom/inner surface) develop in the middle of the structure, and positive moments (tension developed 

on the top/outer surface and compression on the bottom/inner surface) develop at the supports. In the 

pipe structure, the mid-span of the beam is the crown and the supports are the springlines. The strain 

response of the RRCP1 in comparison with RCP1 was reduced by approximately 2.6 – 3.3 times on the 

outer surface as seen in Figure 4.14 (a). The inner surface strains in Figure 4.14 (b) also indicate that the 

rehabilitation has reduced the strains in the RCP1.  The large tension spikes measured in RCP1 before 

rehabilitation are almost completely removed post-rehabilitation with a measured reduction in strain of 

approximately 96% at the crown and invert.  The significant reduction in inner surface strain at the crack 

locations may be a result of the grout penetrating and sealing the cracks during annulus grouting. Figure 

4.16 shows the circumferential curvature response of RCP1 pre and post-rehabilitation under 224 kN of 

SA loading at 0.6 m of cover.  The pre rehabilitation bending moments are symmetric about the vertical 

axis with negative curvature, where tensile strains develop on the inner surface of the pipe, occurring at 

the crown and invert, and positive curvature, where tensile strains develop on the outer surface, 

occurring at the springlines.  The measured behaviour is similar to that observed by Law and Moore 

(2002) who found that the local bending across the damaged section of the host pipe was different at 

the crown, invert and springline locations.  Specifically, the crown and invert locations bent inward 

(negative curvature) with larger bending moments, more than double those measured at the 

springlines, where outward bending (positive curvature) was observed (Law and Moore, 2002).  In Figure 

4.16, the magnitude of bending moments at the crown/invert can be seen to be opposite and 

approximately twice the bending moments measured at the springlines.  Post-rehabilitation, the grout 

appears to have reduced the bending moments in the RCP.  Reductions in curvature at the crown and 

invert of approximately 93% were observed.  In regions where the dominate strain response was on the 
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outer pipe surface, such as the springlines, the reduction in curvature was less pronounced at 

approximately 55% to 65%, likely because the grout was not able to penetrate these cracks. 

4.3.6 Liner Response 

Figure 4.17 shows a plot of the measured strains on the (a) outer and (b) inner surface locations 

of L2 at the East location  under SA loading (224 kN) with 0.6 m of soil cover.  Figure 4.18 indicates that 

strains are higher on the inner surface of the liner in comparison with the outer surface.  Figures 4.18 (a) 

and (b) show the average strain and curvature responses, respectively, of L2 under SA loading at 224 kN.  

Figure 4.18 (a) indicates that the average strain is positive (in tension) at the crown and invert of the 

liner, and negative (in compression) at the springlines.  Figure 4.18 (b) is a plot of the circumferential 

curvature for L2. From the figure it can be seen that the liner behaves similarly to the rigid RCP in Figure 

4.16, specifically with negative curvatures (tension on the inner surface) developing at the crown and 

the invert, and positive curvatures (compression on the inner surface) developing at the springlines. The 

curvature magnitudes at the crown and springlines are similar, and approximately half those at the 

invert.  The larger response in the upper region of the liner may be a result of the proximity of the 

applied load at shallow burial depths.  The maximum average strain in the liner correlates to a thrust 

force of approximately 1.3 kN/m at the crown.  Given the reduced liner response, and small thrust force, 

it seems likely that thrust is not being transferred from the rigid RCP to the liner. The observed -4 mm-1 

curvatures at the crown and invert of the rehabilitated RCP1 have been reduced to approximately -1 

mm-1 and -0.5 mm-1 in the liner. Considering the stiffness of each material, this translates to a bending 

moment of approximately -22 kNm/m and -0.011 kNm/m in the RCP1 and liner crowns, respectively.  

The fact that the curvature across the rehabilitated cross section is not identical indicates that full 

composite interaction across all three materials (RCP, grout, and liner), may not be occurring.  The 
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average strain and curvature versus applied load responses of the liner (L2) at the crown, invert and 

springlines are shown with applied load in Figures 4.19 (a) and (b), respectively.  Figure 4.19 indicates 

that the liner behaved linearly with applied load over the full service load range.  This implies that the 

grout and RCP elements of the rehabilitated system likely remained uncracked under service loads, 

which suggests that the structural system as a whole has considerably increased in capacity.  To 

understand the role of the liner in the structural system, it is necessary to examine the behaviour of the 

grout, which will be investigated in the next section.  Currently, the thrust response of the liner is 

considerably reduced from what would be expected of a flexible liner under applied load.  This implies 

that either the grout or the RCP host pipe is taking the largest share of the load.  The lack of thrust 

behaviour in the liner is supported by the measured diameter changes in Figures 4.13 (a) and (b), which 

indicated that the total deformation was less than 0.01%, much lower than would be expected for a 

flexible HDPE pipe. 

4.3.7 Grout Response 

 Figures 4.13 to 4.16, excluding Figure 4.15, indicate that RCP1 experiences a considerable 

reduction in measured strain response under identical loading and soil conditions post-repair versus pre-

repair. The addition of the grouted annulus added between 38 mm and 50 mm of approximately 17.5 

MPa grout to the structure. Using the loose fibre optic sensors in the grouted layer placed at the inner 

surface of the concrete culvert and the outer surface of the liner, the relative strains in the grout are 

compared to that of the adjacent surfaces. Figure 4.20 (a) and (b) shows the measured strains around 

the pipe circumference at the outer and inner surface of the grouted annulus in comparison with the 

strain gauges and fibre optics fixed to the concrete (inner) and liner (outer) surfaces.   Figure 4.20 (a) 

suggests excellent bond has developed between the RCP1 inner concrete surface and the outer grout 
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surface, as the grout strains plot directly over the RCP1 sensing fibre results and the strain gauges.  This 

indicates that the grout filled the entire annulus, including the crown. Depending on how good the bond 

is, the filling of the entire annulus may also support the earlier hypothesis that the grout penetrated the 

RCP internal cracks.  Figure 4.20 (b) indicates that the overall strain profile of the grout is similar to that 

of the outer liner surface, however the bond may not be as good as that developed at the RCP-grout 

interface given that the strain profiles on the outer liner surface and inner grout surface are not 

identical, likely because of the waxy nature of HDPE and its known resistance to adhesives.  Figures 4.21 

(a) and (b) show the thrust and bending moment, respectively, in the rehabilitated RCP1 in relation to 

the grout and liner. Considering only the grout layer, Figure 4.21 (a) indicates that the grout experiences 

tensile thrusts at the crown and invert of approximately 20 kN/m and 12 kN/m, respectively.  This is an 

expected result if the concrete and grout components are behaving as a composite, where the grout is 

located on the tensile side of the neutral axis when in bending. The largest thrust forces are developed 

at the springlines, where the grout experiences approximately -23 kN/m of compressive thrust.  Given 

the indication of a very good bond between the RCP and the grout layer, based on Figure 4.20 (a), it 

would be expected that composite action exists, and the curvatures would be identical in the 

rehabilitated RCP and the grout layer. Figure 4.22 shows the curvature response of the rehabilitated 

RCP1 and the grout layer.  The measured curvatures show good visual agreement, with the exception of 

areas where the fibre optic sensors were influenced by the crack behaviour.  This indicates that it is 

likely that the rehabilitated RCP1 specimen and the grout layer are working in composite action and a 

strong bond between the two materials has formed.  The moment response of the grout seems to be 

the dominate load carrying mechanism under service loads, however due to the lack of tensile 

reinforcement in the grout layer, it is probable that this would change at higher load values once the 

grout cracks.  This hypothesis will be investigated further in section 4.3.9. 



 

 

143 

 

4.3.8 Load Distribution in the Rehabilitated Culvert 

Using the material and section properties (short term modulus was estimated for the HDPE 

liner) from Table 4.2, a ratio of wall stiffness between RCP1:L2, and the grout layer:L2, is calculated as 

approximately 224:1 and 37:1, respectively.  Similarly, the ratios of flexural stiffness between RCP1:L2 

and grout:L2 are calculated as approximately 623:1 and 10:1, respectively.  Despite difficulty measuring 

the maximum thrusts and bending moments in the RCP and RRCP due to the formation of cracks in the 

areas of highest moments, it is clear based on the ratios above that RCP1 has a much higher axial and 

flexural stiffness than the grout and the liner.  Again, Figures 4.21 (a) and (b) show the thrust and 

bending moment, respectively, in the rehabilitated RCP1 in relation to the grout and liner. Figure 4.21 

(a) indicates that the thrust response of RCP1 is in tension which is likely a result of the fibre optic sensor 

measuring across crack widths (as the crack opens due to flexure, the fibre measures strain across the 

opening gap formed by the crack).  Despite the fact that the peak thrusts across the cracks are not 

representative of the true thrusts in the cracked regions, it is possible to observe the general response 

of the rehabilitated RCP in relation to the grout and liner components.  This observed response indicates 

that the RCP is experiencing larger thrusts than the grout in the crown and invert region, however the 

RCP compression thrusts are very similar to the grout across the springline locations.  This would 

indicate that despite the fact that the RCP has an axial stiffness approximately 6 times greater than the 

grout; the difference in thrust response is not great.  The thrust response of the liner is orders of 

magnitude smaller than both the RCP and grout layers.  This supports the earlier hypothesis that thrust 

forces are not being transferred to the liner. Figure 4.21 (b) indicates that the bending moment 

response of the rehabilitated RCP is much larger than both the grout and liner.  The observed response 

of the RCP is orders of magnitude larger than the responses of both the grout and liner layers, which are 

negligible in comparison. This implies that despite the observation that RCP and grout thrusts are of a 
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similar magnitude, the dominate load carrying mechanism appears to be flexure, which is resisted 

mainly by the original RCP. It is apparent that despite the damage, which reduced the capacity of RCP1, 

the host structure still carries a significant portion of the applied load as evidenced by the relatively 

small deflections displayed in Figure 4.13 and the fact that it has not collapsed under either surface load 

applied prior to rehabilitation, or earth loads. It is useful to consider that for this particular deteriorated 

RCP specimen, all of the deterioration was mechanically imposed.  This implies that the steel is not 

corroded, and therefore the flexural response of the deteriorated pipe has not been affected as severely 

as if a large reduction in steel area was imposed.  In other words, it is possible that if severe corrosion of 

the steel reinforcement was present, the flexural response of the deteriorated sample may have been 

greatly reduced. Given the order of magnitude difference between the RCP response in comparison with 

the grout and liner response, Figures 4.23 (a) and (b) were prepared to show the thrust and bending 

moment, respectively, in the grout layer and liner without the rehabilitated RCP response.  It indicates 

that despite the capacity of RCP1, the grout still carries a considerable load in relation to the liner in 

terms of both thrust and bending moments. In fact, given the considerably lower response of the liner, it 

is reasonable to consider that the influence of the liner structurally is negligible in comparison with the 

contributions of the grout and the RCP. Thus while the liner acts to restore the hydraulic performance, 

seal the interior of the culvert from potential leakage, and potentially reduce the effects of RCP damage 

due to metallic and non-metallic corrosion as well as abrasion, it does not measurably add to the 

structural capacity of the system. 

4.3.9 Response during Test to Failure 

The test to failure (T4) involved two parts, the first being loading to the fully factored loads as 

outlined in Table 4.4 using the standard size load pads as specified by CHBDC (2006), and the second 
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being loading using enlarged bearing pads (370 mm by 950 mm to reduce bearing stress) to either 

failure of the culvert system or bearing failure of the soil.  Figures 4.24 (a) and (b) show the 

circumferential thrust and bending moments calculated based on the measured strains in the grouted 

annulus and liner (L2) at the fully factored design load (381 kN).  Figure 4.24 (a) indicates that the grout 

is taking approximately 20 times the thrust force compared to the liner at the crown and shoulders.  

Similarly, Figure 4.24 (b) indicates that the grout is also experiencing approximately 8 to 10 times the 

bending moments in comparison to the liner.  This is in agreement with the suggestion that the liner 

contributes significantly less to the structural system than the grout.  Figures 4.25 (a) and (b) show the 

thrust and bending moments in the rehabilitated RCP1 at 381 kN of SA loading.  Figure 4.25 (b) indicates 

that RCP1 is experiencing higher bending moments than the grout and liner. Given the relative stiffness 

of the RCP specimen in comparison with both the grout and liner, it is not unreasonable to assume the 

RCP would be the main structural contributor. This is supported by a comparison of moments 

experienced in the RCP and the grout at the invert, 60 times higher, shoulders, 40 times higher, and the 

crown, approximately 250-300 times higher, although the measured moments in the crown of the RCP 

are likely to be influenced by the severe cracking present in that location and not representative of the 

true bending moment.  Changes in pipe diameter measured at the fully factored load were less than 0.2 

mm in all locations.   

Figure 4.26 shows the measured diameter change of the rehabilitated structure during the test 

to failure under SA loading (performed with the enlarged bearing pads).   Despite loading to 1200 kN, 

the deflections are still relatively small with less than 0.3% total diameter change.  Of the maximum 2.7 

mm of diameter change, approximately 67% was recovered upon unloading.  The maximum diameter 

change occurred at the joint both horizontally and vertically, however the difference in diameter change 

between the three locations is minimal. The behaviour of the rehabilitated structure appears to be 
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relatively linear until the applied load reached between 500 kN and 600 kN, approximately 1.3 to 1.6 

times the fully factored load.  Using the fibre optic sensors in the grout to obtain the inner and outer 

grout surface strains indicates the grout layer at 400 kN and 500 kN is experiencing peak strains of 

approximately 30 με and 60 με on the outer surface, and approximately 90 με and 120 με on the inner 

surface, respectively.  Assuming a linear strain response, the peak strain on the inner surface is 

increasing at approximately 30 με per 100 kN of applied load. This would indicate that the inner surface 

(tensile) strains at 600 kN would be approaching 150 με, or approximately the cracking strain of the 

grout layer (Section 4.2.5). The possible cracking of the grout between 500 kN and 600 kN, was audibly 

observed during the test just prior to the 600 kN load stage, and could be responsible for the marked 

change of behaviour seen at this load level in Figure 4.26.  Figures 4.27 and 4.28 show the (a) thrust 

forces and (b) bending moments with applied load at the shoulder (Sh), springline (Sp) and haunch (Ha) 

locations  for RRCP, and at the crown, invert and springlines for L2, respectively.  In Figures 4.27 (a) and 

(b), a distinct change is noticeable between 500 kN and 600 kN as the RCP response becomes highly 

nonlinear.  Creep at the 600 kN load stage is evident on both plots, especially in RCP1, the more 

damaged of the two concrete pipes.  The observed behaviour may indicate that the earlier assessment 

of the grout cracking at, or near this load stage was correct as the load appears to redistribute to the 

RCP and liner pipes.  This implies the RCP and liner are experiencing more load and thus something in 

the system must be experiencing less.  The cracking of the grout layer, or slipping of the bond between 

RCP1 and the grout could explain the abrupt change in flexural response measured at the North and 

South haunches at 600 kN.  Figure 4.28 (a) displays a similar trend of linear response in the liner until an 

applied load of approximately 600 kN.  Significant changes in response were observed as the Invert and 

South springline regions reversed their respective incremental response, the invert shifting from 

incremental tension to incremental compression, and the South springline shifting from incremental 
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compression to incremental tension.  In Figure 4.28 (b), the trend continues as the flexural response 

shifts from linear to nonlinear.  It seems likely that a change in the condition of the grout has affected 

the composite nature of the structure and initiated a redistribution of load between its different 

components.  Finally, the hypothesis of the grout cracking is strongly supported by the fibre optic sensor 

measurements at 500 kN, which indicate there are no cracks around the circumference, in comparison 

with the 600 kN fibre optic sensor measurements, shown in Figure 4.29, which indicate cracking in the 

grout between the South haunch to invert location, as well as approximately 55 mm to 65 mm to the 

South of the crown.  Despite the fact that the applied load during the test to failure exceeded both the 

AASHTO (2010) and CHBDC (2006) fully factored design load by over three times, the rehabilitated 

culvert did not reach its ultimate limit state due to surface loading.  Instead, bearing failure occurred at 

1200 kN forcing the conclusion of the test.  After the bearing failure, the affected soil was removed, 

graded and recompacted (95% of Standard Proctor) to restore the cover depth to 0.6 m. The structure 

was then tested under single wheel pair loading, with an enlarged bearing pad measuring 370 mm by 

950 mm, in an attempt to induce failure at the RCP1-RCP2 joint.  Figure 4.30 shows the diameter change 

with applied load for the West (RCP2), East (RCP1) and Centre (Joint) locations.  The single wheel pad 

loading was applied directly above the RCP1-RCP2 joint, however, despite having been loaded to an 

approximately 33% higher load (800 kN on a single wheel pad in comparison to 1200 kN on two wheel 

pads), the overall deflections were less than those observed with the single axle loading configuration 

which loaded the barrels of the RCP specimens.  This indicates that while the diameter change was 

larger at the joint than at the barrels during the SW test, the overall diameter changes measured in the 

SW test were smaller than those measured under SA loading. Therefore, the critical load condition is the 

single axle configuration loading the barrels of RCP1 and RCP2.  It is possible that the penetration of the 

grout through the joint to the outer surface of the concrete pipe, as shown in Figure 4.31, resulted in a 
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stiffness increase at the joint. Despite having been tested to 800 kN on a single wheel pair, once again 

the structure did not reach its ultimate limit state, and the test was concluded at the onset of soil 

bearing failure directly under the loading pad. 

  

4.4 Conclusions and Future Work 

4.4.1 Conclusions 

 The responses of two deteriorated reinforced concrete pipes (RCP1 and RCP2) were measured 

under surface live loading at two burial depths, 0.9 m and 0.6 m, using a single wheel pair and single axle 

load configuration.  After initial testing of the RCP1 and RCP2 test specimens, the structure was 

rehabilitated using an HDPE Liner (L2), and loaded under surface live loading at two burial depths, 0.9 m 

and 0.6 m, utilizing the same load configurations.  RCP1 was initially overloaded in a three edge bearing 

test (T1) until severe damage was imparted to the structure in the form of longitudinal cracking at crown 

and invert and shear cracking at the crown. RCP2 underwent previous buried testing and sustained 

relatively minor longitudinal cracking at the crown and invert in comparison with RCP1.  After the 

installation of the HDPE liner, the gap between the liner and the host culvert was sealed and grouted 

using a neat grout mixture.  The following conclusions were drawn from this study: 

i) As expected, the soil response was found to be critical at the shallowest depth, 0.6 m.  This is 

consistent with the conclusion reached in Chapter 3, as well as in observations from other 

projects (e.g. Mai, 2013 and Lay, 2012). 

ii) Under single axle (SA) loading, the behaviour of the severely damaged RCP1 was examined pre 

and post-rehabilitation.  This location was chosen due to the location of the load across the 

barrel of the RCP specimen, as well as due to the critical loading condition of the single axle 
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configuration as a result of load superposition between load pads at shallow burial depths.  The 

vertical deflections pre and post-rehabilitation at this location indicated that deformations were 

significantly reduced post-rehabilitation.  This implied that the overall capacity of the structure 

was increased post-rehabilitation.  Post-rehabilitation vertical diameter deformations were 

decreased by between 87% and 93%.  Prior to rehabilitation, the RCP pipe behaved like a fixed 

end beam with the crown acting as the middle of the beam and the springlines as the fixed end 

supports.  Thrust measurements were largely obscured by the significant cracking on the surface 

of the RCP pipe walls.  Post-rehabilitation, the RCP strain, and therefore bending responses were 

reduced. Measured reductions in strain at the crown and invert of the inner surface were 

approximately 96%.  Additionally, the curvature was reduced by approximately 93% and 92% at 

the crown and invert, respectively.  The grout is thought to have penetrated the inner cracks of 

the RCP specimens, and thus increased the carrying capacity of the RCP.  In terms of overall 

response, the RCP, despite the severe damage, is thought to be responsible for the majority of 

the structural capacity.  The primary structural action appears to be flexure. 

iii) The liner contributes little to the structural capacity.  The small thrust forces developed under 

service loads indicate that thrust is not being transferred from the much stiffer RCP and grout 

layers to the liner. The diameter changes of the liner under service loads were less than 0.01%, 

with maximum thrust and bending moments of -22kN/m and -0.011kNm/m, respectively.  The 

experimental data supports the conclusion that the liner supports little load, and serves to 

primarily restore the hydraulically performance of the deteriorated culvert.   

iv) The grouted annulus appears to have developed a good bond with the RCP structure inner 

surface, and a poor bond with the liner surface.  Additionally, the grout appears to have 

penetrated the inner cracks in the RCP structure, resulting in an increase in the overall structural 
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capacity.  The grout layer experienced similar values of thrust as the RCP structure, which 

indicates that both the RCP and the grout layer share the applied thrust.  The curvature 

response of the grout was similar to the RCP indicating composite action; however due to the 

large difference in stiffness of the RCP and grout, the RCP appears to support most of the 

bending moments.  This implies that the largest contribution to the structural capacity comes 

from the original RCP structure, followed by the grout, and finally the much lower liner 

contribution. The grout layer also appears to have fully penetrated the RCP1-RCP2 joint, 

resulting in a sealed joint formed between the two assembled RCP sections.  The grout cracked 

at approximately 600 kN, which resulted in a redistribution of load into the RCP and liner, and 

increased deformations. 

v) The controlling action appears to be circumferential bending in the barrels, rather than 

longitudinal bending across the joint between RCP1 and RCP2.  While under both SA and SW 

loading configurations, the measured diameter changes were almost the same at the joint, the 

largest overall deformations were recorded under the SA load configuration.  This is thought to 

be in part a result of the grout penetrating the RCP1-RCP2 joint, resulting in a stiffer joint. 

 

The response of the rehabilitated system was also evaluated during single axle (SA) and single 

wheel pair (SW) ultimate limit state tests to 1200 kN and 800 kN of applied load, respectively.  

Maximum deformations recorded for each load configuration were less than 0.3% diameter change.  

Despite the large applied loads, 3.1 times and 4.2 times the fully factored load under SA and SW loading, 

respectively, the rehabilitated system did not reach an ultimate limit state prior to bearing failure of the 

soil.  At 600 kN of load during SA loading, the grout cracked, resulting in a redistribution of load to the 

liner and deteriorated RCP.   
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Overall, the rehabilitation of the deteriorated RCP with a grouted HDPE slipliner has resulted in 

an increase in structural capacity, and a reduction in pipe deformations and response.  The experiments 

indicate that the RCP is the main contributing structure, followed by the grout.  The liner acts mainly as a 

form for the grout, and to restore hydraulic performance. 

4.4.2 Future Work 

 Future work in the area of sliplined rigid culverts will include the development of equations for 

the design of polymer slipliners in rigid, reinforced concrete sewers and culverts.  Additional 

experimental work could be conducted to explore further the interaction between material surfaces, as 

well as experimental investigations of sliplined RCP pipe with corrosion damage to the steel 

reinforcement. 
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Table 4.1:  Testing regime for surface loading with maximum applied load. 

Test Description Maximum Load 
kN (kips) 

T1- 1 Cycle Three Edge Bearing Test (D-Load) – RCP1 540 (121.4) 
T2- 3 Cycles Single axle loading at 0.6 m cover – RCP1 and RCP2 224 (50.4) 
T3- 3 Cycles Single wheel pair loading at 0.9 m cover – RRCP 107 (24.1) 
T3- 3 Cycles Single axle loading at 0.9 m cover – RRCP 214 (50.4) 
T3- 3 Cycles Single wheel pair loading at 0.6 m cover – RRCP 112 (25.2) 
T3- 3 Cycles Single axle loading at 0.6 m cover – RRCP 224 (50.4) 
T4- 3 Cycles Single wheel pair loading at 0.6 m cover – RRCP 190 (42.7) 
T4- 3 Cycles Single axle loading at 0.6 m cover – RRCP 381 (85.7) 
T4- 1 Cycle Single axle loading at 0.6 m cover – RRCP 1200 (269.8) 
T4- 1 Cycle Single wheel pair loading at 0.6 m cover – RRCP 800 (179.8) 
 

 

Table 4.2:  Material and section properties (Note: short term (and long term) moduli given for liner). 

Specimen Wall Thickness Area Moment of 
Inertia 

Modulus of 
Elasticity 

Compressive 
Strength  

 T 
(mm) 

A 
(mm2/mm) 

I 
(mm4/mm) 

E 
(MPa) 

f’c 

(MPa) 
RCP1, RCP2 127 127 170700 ≈32100 57.6 
Grout Layer ≈40  40 5300 ≈16800 17.5 
Liner 57 22.8 11000 800 (150) N/A 
 

 

Table 4.3:  Backfill properties.  

Location 
Specimen RCP 
Dry Density 
(g/cm3) 

Water Content 
(%) 

Standard Proctor 
(%) 

Bedding 2.12 2.62 92.9 
Invert-Crown Fill 2.11 4.59 92.3 
Cover 2.19 3.42 96.0 
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Table 4.4: Calculated CHBDC (2006) and AASHTO (2010) design loads. 

Single Wheel Loading Pair 

    AASHTO LRFD Bridge Design Specifications 2010 (U.S. Customary Units) 
Unfactored 

Design 
Vehicle Load 

(LL in kN)        
(Half of Single 

Axle) 

Multiple 
Presence 

Factor    Mf                                          

(1 Loaded 
Lane) 

Dynamic load allowance            
If = (1 + IM/100)                            

IM = 33(1-4.1x10-4*DE)               
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service Load 

LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

71.2 1.20 1.25 at 600 mm (2 ft) 1.75 107 187 
71.2 1.20 1.21 at 900 mm (3 ft) 1.75 103 181 

            
CAN/CSA-S6-06 Canadian Highway Bridge Design Code 2006 

3.8.3.2 Table 3.5 
 

Table 
3.1 

  Unfactored 
Design 

Vehicle Load 
(LL in kN)        

(Half of Single 
Axle) 

Multiple Lane 
Loading Factor    

Mf                                          

(1 Loaded 
Lane) 

Dynamic load allowance            
If = (1 + IM)                                      

IM = 0.4*(1-0.5*DE)                     
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service Load 

LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

87.5 1.00 1.28 at 600 mm (2 ft) 1.70 112 190 
87.5 1.00 1.22 at 900 mm (3 ft) 1.70 107 181 
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Single Axle Loading     

    AASHTO LRFD Bridge Design Specifications 2010 (U.S. Customary Units) 

3.6.1.2.2 Table 3.6.1.1.2-
1 3.6.2 & 3.6.2.2 Table 

3.4.1-1     

Unfactored 
Design Vehicle 
Load (LL in kN)        

(Single Axle) 

Multiple 
Presence Factor    

Mf                                          

(1 Loaded Lane) 

Dynamic load allowance            
If = (1 + IM/100)                            

IM = 33(1-4.1x10-4*DE)               
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service 

Load 
LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

142.4 1.20 1.25 at 600 mm (2 ft) 1.75 214 374 
142.4 1.20 1.21 at 900 mm (3 ft) 1.75 207 362 

        CAN/CSA-S6-06 Canadian Highway Bridge Design Code 2006 
3.8.3.2 Table 3.5   Table 3.1     

Unfactored 
Design Vehicle 
Load (LL in kN)        

(Single Axle) 

Multiple Lane 
Loading Factor    

Mf                                          

(1 Loaded Lane) 

Dynamic load allowance            
If = (1 + IM)                                      

IM = 0.4*(1-0.5*DE)                     
DE = Depth in mm 

Load 
Factor   

(φ) 

Maximum 
Service 

Load 
LL*Mf*If 

(kN) 

Fully 
Factored 
Load (kN) 

φ*LL*Mf*If 

(kN) 

175 1.00 1.28 at 600 mm (2 ft) 1.70 224 381 
175 1.00 1.22 at 900 mm (3 ft) 1.70 214 363 
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Figure 4.1:  Severe concrete deterioration in form of longitudinal cracking, spalling and durability 
issues observed in the Heart Lake Tunnel, Toronto, Ontario (courtesy of G. Kramer) 

 

Figure 4.2:  Schematic of three edge bearing test performed on RCP1 
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(a) Front view from the East 

 
(b) Side view from the South 

Figure 4.3:  Front (a) and Side (b) views of test layout for T2, T3 and T4.  Note the HDPE liner from T3, 
T4 was omitted for clarity 
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(a) Specimen RCP1 Interior      (b)  Specimen RCP1 Exterior (South Springline) 

Figure 4.4: Test specimen RCP1 with mechanical damage incurred during D-Load testing 
 

 
(a) Longitudinal cracking   (b) Close up of longitudinal shear cracking 

Figure 4.5:  Damage at RCP1 crown due to overloading during T1 
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(a)  Longitudinal cracking       (b) Close up of cracking    

Figure 4.6:  Damage at RCP1 invert due to overloading during T1 
 
 
 

 
Figure 4.7:  HDPE liner specimen L2 fully assembled prior to instrumentation and rehabilitation 
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Figure 4.8:  Insertion of assembled liner L2 into buried RCP specimens. 

 
 

 
Figure 4.9:  T2, T3, and T4 string potentiometer layout and numbering system.  Dashed lines represent 

the string potentiometer wires. 
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(a) Specimen RCP1 strain gauge layout  (b) Specimen RCP2 strain gauge layout 

 
(c) Specimen L2 strain gauge layout 

Figure 4.10: Specimens RCP1, RCP2, and L2 strain gauge layouts and numbering plan 
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Figure 4.11:  Diameter change with applied load of RCP1 during three edge bearing test 
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Figure 4.12:  Curvature response at key locations for L2 with single axle loading at 0.9 m and 0.6 m of  

soil cover 
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(a) RCP1 (East location) 
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(b) RCP2 (West location) 

Figure 4.13:  (a) RCP1 and (b) RCP2 pre and post-rehabilitation vertical diameter change with applied 
load  
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(a) RCP1 outer measured strain 
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(b) RCP1 inner measured strain 

Figure 4.14:  Measured strains in RCP1 at the East location at 224 kN of single axle loading pre and 
post-rehabilitation 
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Figure 4.15:  Longitudinal microcracking propagated from inner wall to outer wall along the crown of 

RCP1 
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Figure 4.16:  Curvature in RCP1 at the East location under single axle loading at 224 kN pre and post-

rehabilitation 
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(a) L2 outside surface measured strains  
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(b) L2 inside surface measured strains 

Figure 4.17:  (a) Outside, and (b) inside surface L2 measured strains under 224 kN of single axle 
loading at 0.6 m of cover 
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(a) Average strain response of L2 
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(b) Curvature response of L2 

Figure 4.18:  (a) Average strain, and (b) curvature response of L2 under 224 kN of single axle loading at 
0.6 m of cover 
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(a)  Average strain 
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(b) Curvature 

Figure 4.19: (a) Average strain, and (b) Curvature with applied load for L2 at the crown, invert and 
springlines under 224 kN of SA loading with 0.6 m of cover 
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(a) Outer measured grout strains 
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(b) Inner measured grout strains 

Figure 4.20:  (a) Outer and (b) inner measured strains in the grout layer in comparision to the inner 
RCP1 and outer L2 surface strains under 224 kN of SA loading at 0.6 m of cover 
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(a) Thrust force in rehabilitated RCP1 
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(b) Moment force in rehabilitated RCP1 

Figure 4.21:  (a) Thrust force and (b) bending moments developed in the grouted layer and the liner in 
comparision with the rehabilitaed RCP1 under 224 kN of SA loading at 0.6 m of cover 
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Figure 4.22: Curvature response of the rehabiltiated RCP1 and grout layer under 224 kN of SA loading 

at 0.6 m of cover 
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(a) Thrust force in grout and liner 
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(b) Bending moment in grout and liner 

Figure 4.23:  (a) Thrust force and (b) bending moments developed in the grouted layer and the liner 
under 224 kN of SA loading at 0.6 m of cover 
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(a) Thrust response in the grout and liner 
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(b) Moment response in the grout and liner 

Figure 4.24:  (a) Thrust, and (b) moment response in the grout and liner for the fully factored (381 kN) 
load under SA loading at 0.6 m of cover 
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(a) Thrust response in rehabilitated RCP1 
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(b) Moment response in rehabilitated RCP1 

Figure 4.25:  (a) Thrust, and (b) moment response in RRCP1 for the fully factored (381 kN) load under 
SA loading at 0.6 m of cover 
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Figure 4.26:  Diameter change response of rehabilitated RCP under single axle loading during failure 

test 
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(a) Thrust response of rehabilitated RCP1 and RCP2 
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(b) Moment response of rehabilitated RCP1 and RCP2 

Figure 4.27:  (a) Thrust, and (b) moment response of rehabilitated RCP1 and RCP2 with applied load 
for the test to failure under SA loading with enlarged bearing pads at 0.6 m of cover 
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(a) Thrust response of L2 
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(b) Moment response of L2 

Figure 4.28:  (a) Thrust, and (b) moment response of the liner (L2) with applied load at key locations 
for the test to failure under SA loading with enlarged bearing pads at 0.6 m of cover 
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Figure 4.29:  Crack development at the inner surface of the grout layer under 600 kN of SA loading 

with enlarged bearing pads at 0.6 m of cover 
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Figure 4.30:  Diameter change response of rehabilitated RCP under single wheel pair loading during 

failure test 
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Figure 4.31: Infiltration of grout through the RCP1-RCP2 joint to the outer wall of the RCP 
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Chapter 5 

Conclusions and Future Work 

5.1 Summary of Research 

 In this thesis, full-scale simulated vehicle load tests were performed in a controlled laboratory 

setting.  Testing was performed using single wheel pair and single axle test frames on the ground surface 

over two deteriorated pipes.  The first (SP) was an 1800 mm diameter, 3000 mm long deteriorated 

corrugated steel pipe, and the second was made up of two 1220 mm inner diameter, 2440 mm long 

deteriorated reinforced concrete pipes (RCP1 and 2).  Testing was performed at two burial depths, 0.9 m 

and 0.6 m. Service and fully factored loads, in accordance with the CHBDC (2006) and AASHTO (2010) 

design codes, were applied to both pipe sections. After initial testing, the two pipe sections were 

rehabilitated using grouted high density polyethylene (HDPE) slipliners and surface loading was again 

applied.    Lastly, the rehabilitated deteriorated specimens, SP and RCP, were tested in an ultimate limit 

state test using the SA configuration to the respective loads of 1250 kN and 1200 kN (RCP was also 

tested to 800 kN using the SW configuration). Distributed fibre optic sensors were used to measure 

inner and outer strain profiles around the circumferences of the deteriorated pipe specimens, the grout 

layer and the liner pipe.   

The primary objective of this research program was to examine the performance of deteriorated 

culverts rehabilitated with grouted slipliners responding to surface loading.  Other objectives were to 

determine the feasibility of using distributed fibre optic sensors on buried culverts as an alternative 

strain sensing technique, to determine the load sharing between components of a grouted sliplined 
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system, and to investigate the performance of grouted sliplined culverts under ultimate limit state 

loading.    The following key conclusions were drawn from this study: 

i) Distributed fibre optic strain sensors represent a viable alternative to conventional strain 

gauges.  Distributed strain sensors fill in considerable gaps in structural behaviour that cannot 

be captured with conventional instrumentation.  The research indicates that distributed strain 

sensors can measure strain with accuracy similar to conventional gauges; however, the level of 

accuracy depends on the strain transfer between the surface material, the adhesive, and the 

fibre optic core.  The use of distributed sensors has been demonstrated on pipes composed of 

various materials (steel, concrete and polymer) in a buried condition. 

ii) The grouted sliplining of the deteriorated steel pipe, and the deteriorated reinforced concrete 

pipes, increased the stiffness of the deteriorated culverts.  Diameter changes in the SP and RCP 

rehabilitations were reduced by approximately 92% and 90%, respectively.  Thrust and bending 

moments in both test specimens were also reduced post-rehabilitation. 

iii) The liner contributed little to the structural capacity of both rehabilitated structures.  The critical 

response location was at the crown in both of these shallow buried liner specimens, however in 

both rehabilitated specimens, the thrusts and bending moments were much lower in the liner 

than the other structural components.  In the rehabilitated SP, the curvatures were an order of 

magnitude lower than the original deteriorated culvert.  In the rehabilitated RCP, little thrust 

was transferred from the RCP to the liner, and the thrust and bending moment were orders of 

magnitude lower.  In both cases, the liner appears to act as a form for the grout, and to restore 

hydraulic performance (prevent leakage) rather than as a load-carrying component. 

iv) The grouted annulus was an important structural component in the SP rehabilitated structure, 

and is the likely cause of the 70% to 90% reduction in corrugated steel culvert response post-
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rehabilitation.  The grouted annulus in SP was not perfectly bonded as demonstrated by the 

curvature profiles.  The grouted annulus did not appear to be an important structural 

component in the RCP rehabilitated structure.  While a good bond seems to have developed 

between the RCP and the grout layer, leading to a sharing of thrust force, the primary structural 

action seems to be flexure, which is almost entirely resisted by the reinforced concrete pipes.  

The grout appears to have penetrated the internal cracks near the crown and invert of the RCP, 

adding capacity to the RCP; the grout penetrated the concrete joint, stiffening the joint between 

concrete pipe sections. 

v) Neither rehabilitated pipe reached its ultimate limit state prior to bearing failure of the soil 

underneath the load pads.  The rehabilitated SP reached 1250 kN of applied load under single 

axle loading, 3.3 times the fully factored design load.  Cracking of the grout did not occur until 

approximately 600 kN in the rehabilitated SP, which was greater than the fully factored design 

load of 381 kN.  The rehabilitated RCP specimen reached 1200 kN under single axle loading, and 

800 kN under the single wheel pair loading.  These were 3.1 and 4.2 times the respective fully 

factored design loads of 381 kN and 190 kN.  Cracking of the grout in the rehabilitated RCP 

occurred after the fully factored loads, between 500 kN and 600 kN. 

 

5.2 Future Work 

 Future work for the study of deteriorated flexible culverts will involve the further investigation 

of the effect of corrosion on steel culvert performance.  In addition, the presence of soil voids near the 

host pipe due to hydraulic soil erosion and the impact on the sliplining process (grout loss to soil voids) 
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as well as the structural capacity of grouted sliplined culverts should be explored.  Furthermore, the 

behaviour of sliplined culverts repaired using low strength grout should be investigated.   

 Future work for sliplined deteriorated reinforced concrete culverts will involve the development 

of equations for the design of polymer slipliners in rigid, reinforced concrete sewers.  There also exists a 

need for an investigation of grouted slipliners in RCP culverts with severe corrosion of the reinforcing 

steel, which could result in a large reduction in flexural capacity in the original RCP.  Research could also 

be performed to explore further the interaction between material surfaces.   
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Appendix A 

Grout Mix Details and Design 

 Sliplining is a method for rehabilitating deteriorated, buried culverts by inserting a new liner 

pipe into an existing culvert. Sliplining is a trenchless technology and can be performed without the 

need to excavate the entire existing culvert.  In order for sliplining to work, the new liner must have a 

smaller outer diameter than the inner diameter of the original culvert.  This results in the creation of an 

annulus gap around the liner.  This gap may be left ungrouted for tight fit liners, however it is common 

for this annulus to be filled with a Portland cement based grout mixture.  In a grouted sliplined culvert, 

the host culvert, grout and the liner pipe interact through the grouted annulus to create a composite 

system (Zhao, 2003).  Zhao (2003) discussed the advantages and disadvantages of grouting the annulus 

of the sliplined culvert; they are outlined in Table A.1.   

Table A.1:  Advantages and disadvantages of grouting a sliplined culvert (adapted from Zhao, 2003) 

Advantages of using grouted annulus Disadvantages of using grouted annulus 
Increased buckling resistance of liner pipe Increased construction cost 
Increased load carrying capacity of overall system Longer installation time 
Increased service life Requirement of a proper grout injection procedure 
Reduction of longitudinal movements due to 
differential temperatures, minimizing shear-off 
potentials at lateral connections 

Potential of collapse of liner due to grout 
pressures during construction 

Eliminates ‘point loading’ of the liner pipe from 
deteriorated host culvert 

Creating bulkheads to contain grout during 
construction 

Grout allows load sharing Resisting liner buoyancy forces during grouting 
 

Stephens (1996) outlined guidelines for the successful grouting of the annular space of a 

sliplined culvert.  In particular, Stephens specifies that the grout design should include the mix design 

(proportions of constituents), density of grout (cement, cement/fly ash and water) before pumping, 

density of annular grout after pumping, viscosity, initial set time, compressive strength, shrinkage, 
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stability, and “bleed” (fluid loss).  Of particular importance to a successful grouting operation, is 

viscosity, density, and set time.  The suggested viscosity is one that meets grout flow specifications in 

ASTM C939 (2010), with less viscous grout designs needed for longer lengths of culvert (Stephens, 

1996).  The density can be chosen such that the grout is designed to either float or not float the new 

lined pipe.  For float designs, where the grout is denser than the liner, buoyancy forces must be resisted 

during the grouting process (Stephens, 1996).  The initial set time of the grout as suggested by Stephens 

is at minimum two hours prior to initial setting, and preferably six hours before thickening.  The Snaptite 

Design Guide (2013), developed for sliplining using their proprietary high density polyethylene (HDPE) 

liner product, outlines typical grout mixes for flowable fills, reduced density flowable fills, and cellular 

grouts.  The Snaptite guide, in agreement with Stephens (1996), indicates that density and viscosity are 

the two primary design concerns, while the compressive strength is considered ‘not an important 

property for grout used to fill the annular space’ due to the fact that almost any grout used will have a 

compressive strength with a corresponding stiffness greater than that of the original soil surrounding 

the host culvert. 

 Based on the above discussion, a flowable neat grout (water and cement only) was used in the 

grouting of the annulus for the steel pipe (SP) specimen.  A type III Portland cement (high-early) was 

chosen to allow for the attainment of early compressive strength which would allow for a reduced time 

between filling of the grout annulus and experimental testing.  The suggestion of the 0.50 to 0.55 

water/cement ratio was based on preliminary qualitative testing of neat grouts to obtain a mix which 

did not exhibit significant bleeding, or shrinkage, but still had appropriate viscosity and density.  Figure 

A.1 shows the preliminary mixes after placement into compression cylinders.  Thermocouples were 

attached to the cylinders to monitor the heat of hydration to ensure that the temperatures produced 

would not induce collapse of the liner due to a reduction in the stiffness and corresponding structural 
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capacity of the liner.  A maximum increase in temperature of 22 °C was observed during curing. To 

simplify the mix design, it was decided that a ‘float’ condition would be assumed in the design, 

indicating that the grout density would be greater than that of the liner pipe.  Table A.2 indicates the 

mix design used in the grouting of the annulus for specimen SP.  The compressive strength listed is the 

average compressive strength at the time of testing the lined culvert. 

 
Figure A.1:  Neat grout trials cast in compression cylinders with thermocouples attached to monitor 
heat of hydration 
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Table A.2:  Neat grout mix design used for annulus grouting of SP 

SP Grout Mix Design 

Volume  1 m3 1 m3 
Type III Cement (kg) 1224 1090 
Fly Ash (kg) 0 0 
Fine Aggregate (kg) 0 0 

Water (kg) 612 600 

Water Reducer (kg) 0 0.0 
w/c 0.50 0.55 
Compressive Strength  30.9 MPa 

 

 After the rehabilitated steel pipe showed no indication of structural collapse under 1250 kN of 

applied loading (over 3 times the fully factored design load), it was decided that the grout strength could 

be significantly reduced, if possible, for the rehabilitated reinforced concrete specimen.  This decision 

was also based on the anticipated significant stiffness increase between a flexible and a rigid culvert, 

and in an attempt to induce failure of the rehabilitated system at a lower applied load.  Therefore, a 

series of tests were performed on multiple grout designs examining the pumpability (viscosity), extent of 

material segregation (bleeding), shrinkage and compressive strength.  In order to achieve the necessary 

parameters, a pumpable grout with low segregation, minimal shrinkage, and low compressive strength, 

neat grouts, sand grouts and flowable fills were investigated.  The flowable fill design was based on an 

engineering technical letter outlining flowable fill design for earthen structures produced by the United 

States Department of the Air Force (AFETL, 2011).  Tables A.3, A.4, A.5, and A.6 give the mix designs 

used for the neat grout, sand grout, sand grout with water reducing admixture, and flowable fill trials. 

Tables A.7, A.8, A.9, and A.10 outline the testing results of the neat grout, sand grout, sand grout with 

water reducing admixture, and flowable fill mix designs (w/c refers to the water/cement ratio, while w/s 

refers to the water/solid ratio, where solids are the weight of the cement plus the sand). Based on the 
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trials, a flowable fill mix design, outlined in Table A.11 was chosen for the grouting of the reinforced 

concrete (RCP) culvert annulus.  However, during initial mixing of the flowable fill, the viscosity of the 

mix design when scaled up for filling the annulus was very low.  The grout segregated in the grout lines, 

and jammed the pump.  Due to the issue of flowability and segregation, the mix was adjusted to 

increase flowability (decrease viscosity).  The adjusted mix, shown in Table A.12, had a higher 

compressive strength than intended; however the viscosity was excellent, shrinkage was limited, and no 

segregation was observed.  Results from tests performed on cylinders cast during the grouting of the 

RCP annulus with the mix shown in Table A.12 are given in Table A.13.  
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Table A.3:  Neat grout trial mix designs 

Neat Grout Mix Trials 
Mix # 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 

Type III Cement (kg/m3) 895 895 983 983 857 857 937 937 1034 1034 
Fly Ash (kg/m3) 0 0 0 0 0 0 0 0 0 0 

Fine Aggregate (kg/m3) 0 0 0 0 0 0 0 0 0 0 

Water (kg/m3) 716 716 688 688 728 728 703 703 672 672 

Water Reducer (kg/m3) 0 0 0 0 0 0 0 0 0 0 
w/c 0.80 0.80 0.70 0.70 0.85 0.85 0.75 0.75 0.65 0.65 

 

Table A.4:  Sand grout trial mix designs 

Sand Grout Mix Trials 
Mix # 6a 6b 7a 7b 8a 8b 9a 9b 

Type III Cement (kg/m3) 572 572 572 572 572 572 572 572 
Fly Ash (kg/m3) 0 0 0 0 0 0 0 0 

Fine Aggregate (kg/m3) 1250 1250 1175 1175 1100 1100 1025 1025 

Water (kg/m3) 343 343 372 372 400 400 429 429 
Moisture Content (%) 11.40 11.40 11.40 11.40 11.40 11.40 11.40 11.40 

Water Reducer (kg/m3) 0 0 0 0 0 0 0 0 
Target w/c 0.60 0.60 0.65 0.65 0.70 0.70 0.75 0.75 

Adjusted w/c for Moisture Content 0.66 0.66 0.71 0.71 0.76 0.76 0.80 0.80 
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Table A.5:  Sand grout with water reducing admixture trial mix designs 

Sand Grout Mix Trials 
Mix # 10a 10b 11a 11b 12a 12b 13a 13b 14a 14b 

Type III Cement (kg/m3) 515 515 486 486 458 458 429 429 400 400 

Fly Ash (kg/m3) 0 0 0 0 0 0 0 0 0 0 

Fine Aggregate (kg/m3) 1185 1185 1265 1265 1346 1346 1426 1426 1506 1506 

Water (kg/m3) 386 386 365 365 343 343 322 322 300 300 
Moisture Content (%) 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 8.30 

Water Reducer (mL) 0 0 0 0 2.23 2.23 2.23 2.23 4.46 4.46 
Target w/c 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 

Adjusted w/c for Moisture Content 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 
 

Table A.6:  Flowable fill grout trial mix designs 

Sand Grout Mix Trials 

Mix # 15a 15b 16a 16b 17a 17b 18a 18b 19a 19b 20a 20b 21a 21b 22a 22b 

Type III Cement (kg/m3) 110 110 147 147 160 160 213 213 117 117 171 171 181 181 192 192 

Fly Ash (kg/m3) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fine Aggregate (kg/m3) 1648 1648 1341 1341 1606 1606 1285 1285 1587 1587 1542 1542 1478 1478 1414 1414 

Water (kg/m3) 313 313 417 417 313 313 417 417 334 334 334 334 355 355 376 376 
Moisture Content (%) 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 4.75 

Air Content  0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 
w/s  0.15 0.15 0.20 0.20 0.15 0.15 0.20 0.20 0.16 0.16 0.16 0.16 0.17 0.17 0.18 0.18 

Adjusted w/c for MC 2.85 2.85 2.85 2.85 1.96 1.96 1.96 1.96 2.85 2.85 1.96 1.96 1.96 1.96 1.96 1.96 
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Table A.7:  Test results of neat grout mixtures 

Mix 
Diameter 

(mm) 
Length 
(mm) 

Area 
(mm2) 

Volume 
(mm3) 

Compressive Force 
(N) 

Strength 
(MPa) 

Weight 
(kg) 

Density 
(kg/m3) w/c Ratio 

1a 101.6 185.7 8107 1506000 91900 11.34 2.564 1703 0.80 
1b 101.6 185.7 8107 1506000 83700 10.32 2.530 1680 0.80 
2a 101.6 193.7 8107 1570000 137600 16.97 2.688 1712 0.70 
2b 101.6 192.1 8107 1557000 137450 16.95 2.662 1709 0.70 
3a 101.6 185.7 8107 1506000 86150 10.63 2.540 1687 0.85 
3b 101.6 182.6 8107 1480000 78250 9.65 2.488 1681 0.85 
4a 101.6 192.1 8107 1557000 90150 11.12 2.666 1712 0.75 
4b 101.6 193.7 8107 1570000 119500 14.74 2.708 1725 0.75 
5a 101.6 193.7 8107 1570000 153300 18.91 2.726 1736 0.65 
5b 101.6 193.7 8107 1570000 165300 20.39 2.734 1741 0.65 

 

Table A.8:  Test results of sand grout mixtures 

Mix 
Diameter 

(mm) 
Length 
(mm) 

Area 
(mm2) 

Volume 
(mm3) 

Compressive Force 
(N) 

Strength 
(MPa) 

Weight 
(kg) 

Density 
(kg/m3) 

Adjusted 
w/c 

6a 103.2 195.3 8363 1633000 158000 18.89 3.294 2017 0.66 
6b 101.6 200.2 8107 1623000 130850 16.14 3.402 2096 0.66 
7a 101.6 198.4 8107 1609000 132400 16.33 3.260 2026 0.71 
7b 101.6 198.4 8107 1609000 136800 16.87 3.320 2064 0.71 
8a 101.6 198.4 8107 1609000 105350 12.99 3.242 2015 0.76 
8b 101.6 196.9 8107 1596000 137950 17.02 3.224 2020 0.76 
9a 101.6 192.1 8107 1557000 86900 10.72 2.996 1924 0.80 
9b 101.6 190.5 8107 1544000 95650 11.80 3.026 1959 0.80 
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Table A.9:  Test results of sand grout mixtures with water reducing admixture 

Mix 
Diameter 

(mm) 
Length 
(mm) 

Area 
(mm2) 

Volume 
(mm3) 

Compressive 
Force (N) 

Strength 
(MPa) 

Weight 
(kg) 

Density 
(kg/m3) w/c 

Water 
Reducer (mL) 

10a 101.6 198.1 8012 1586000 156500 19.53 3.250 2049 0.75 0.00 
10b 102.1 197.2 8171 1610000 147400 18.04 3.262 2026 0.75 0.00 
11a 102.1 199.1 8171 1626000 112500 13.77 3.382 2080 0.75 0.00 
11b 101.6 197.4 8012 1578000 150150 18.74 3.328 2109 0.75 0.00 
12a 102.1 197.4 8171 1609000 135250 16.55 3.422 2126 0.75 2.23 
12b 100.3 197.4 7854 1547000 164200 20.91 3.366 2175 0.75 2.23 
13a 100.3 197.2 7854 1547000 153550 19.55 3.398 2196 0.75 2.23 
13b 101.6 195.2 8012 1562000 148100 18.49 3.386 2167 0.75 2.23 
14a 101.6 197.5 8012 1578000 123400 15.40 3.394 2150 0.75 4.46 
14b 100.4 197.5 7854 1547000 134750 17.16 3.378 2183 0.75 4.46 
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Table A.10:  Test results of flowable fills  

Mix 
Diameter 

(mm) 
Length 
(mm) 

Area 
(mm2) 

Volume 
(mm3) 

Compressive 
Force (N) 

Strength 
(MPa) 

Weight 
(kg) 

Density 
(kg/m3) w/s 

Low 
Viscosity 

(Y/N) 

Segregation of 
Materials 

(Small/Large) 
15a 101.6 195.6 8107 1586000 11500 1.42 3.206 2022 0.15 N Small 
15b 101.6 198.1 8107 1606000 7850 0.97 3.224 2007 0.15 N Small 
16a 104.1 182.9 8518 1558000 8800 1.03 3.008 1931 0.2 Y Large 
16b 101.6 180.3 8107 1462000 13950 1.72 3.042 2081 0.2 Y Large 
17a 101.6 195.6 8107 1586000 16600 2.05 3.212 2026 0.15 N Small 
17b 99.1 198.1 7707 1527000 17450 2.26 3.256 2132 0.15 N Small 
18a 101.6 177.8 8107 1441000 28250 3.48 2.94 2040 0.2 Y Large 
18b 101.6 177.8 8107 1441000 26350 3.25 2.988 2073 0.2 Y Large 
19a 101.6 180.3 8107 1462000 5900 0.73 2.994 2048 0.16 N Small 
19b 101.6 188.0 8107 1524000 5850 0.72 3.16 2074 0.16 N Small 
20a 101.6 193.0 8107 1565000 21650 2.67 3.372 2155 0.16 N Small 
20b 101.6 195.6 8107 1586000 19900 2.45 3.402 2146 0.16 N Small 
21a 101.6 190.5 8107 1544000 22300 2.75 3.242 2099 0.17 Y Small 
21b 101.6 195.6 8107 1586000 19300 2.38 3.356 2117 0.17 Y Small 
22a 101.6 188.0 8107 1524000 24500 3.02 3.184 2089 0.18 Y Small 
22b 101.6 190.5 8107 1544000 22250 2.74 3.254 2107 0.18 Y Small 
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Table A.11:  Flowable fill mix intended for use in grouting of RCP annulus, abandoned due to viscosity issues when mix was scaled up 

RCP Grout Mix Design 1 

Type III Cement (kg/m3) 192 

Fly Ash (kg/m3) 0 

Fine Aggregate (kg/m3) 1414 

Water (kg/m3) 376 
Moisture Content (%) 4.00 

Air Content  0.03 
w/s  0.17 

Adjusted w/c for MC % 1.96 
 

Table A.12:  Mix design used in grouting of RCP slipliner annulus 

RCP Grout Mix Design 2 

Type III Cement (kg/m3) 578 

Fly Ash (kg/m3) 0 

Fine Aggregate (kg/m3) 1077 

Water (kg/m3) 407 
Moisture Content (%) 4.00 

Air Content  0.03 
Adjusted w/c for MC % 0.70 
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Table A.13:  Testing results from cylinder samples taken during the filling of the RCP-liner annulus with the grout mix detailed in Table A.12 

Batch 
ID 

Date 
Tested 

Curing Time 
(days) 

Diameter 
(mm) 

Length 
(mm) 

Area 
(mm2) 

Volume 
(mm3) 

Compressive 
Force (N) 

Strength 
(MPa) 

Weight 
(kg) 

Density 
(kg/m3) 

3a 07/30/13 6 101.6 196.2 8171 1602000 132550 16.22 3.154 1969.32 
19a 07/30/13 6 100.4 197.8 7854 1555000 123550 15.73 3.246 2087.34 
27a 07/30/13 6 102.8 199.1 8332 1658000 125800 15.10 3.334 2010.70 
5a 07/31/13 6 101.6 195.9 8171 1602000 169900 20.79 3.252 2030.51 
5b 07/31/13 6 101.6 195.9 8171 1602000 164800 20.17 3.254 2031.75 

13a 07/31/13 6 101.6 199.1 8171 1626000 105550 12.92 3.392 2085.99 
13b 08/01/13 6 101.6 195.9 8171 1602000 168100 20.57 3.222 2011.77 
24a 08/01/13 6 101.6 190.2 8171 1553000 160050 19.59 3.068 1976.11 
24b 08/01/13 6 101.6 190.2 8171 1553000 136100 16.66 3.096 1994.15 



 

 

212 

 

References: 

Air Force Engineering Technical Letters (ADETL), (2011).  Engineering Technical Letter (ETL) 11-15: 
Repairing and Backfilling Earthen Structures with Flowable Fill, United States Department of the Air 
Force, HQ AFCESA/CEOA, Tyndall AFB, Florida 

ASTM C939, (2010). Standard Test Method for Flow of Grout for Preplaced-Aggregate Concrete (Cone 
Method). American Society for Testing and Materials, U.S.A. 

Snaptite Culvert-Rehab, (2013).  Snaptite Design Guide: culvert-rehab.com. Retrieved October, 2013, 
from http://www.culvert-rehab.com/pdfs/2013_manual.pdf 

Stephens, P.J., (1996). Project Guidelines for Slipline Grouting, NO-DIG Engineering, Vol.3, No.2, March & 
April 1996, pp.2-4. 

Zhao, J.Q., L. Daigle, and M. Willmets, (2003). Controlling the Performance of Sliplined Pipe. Infra 2003: 
The Changing Infrastructure Rehabilitation Market, Montreal, Canada, Nov. 17-19,2003, 10p. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

213 

 

Appendix B 

Backfill Data 

 
Figure B.1:  Layout of measurement points for soil properties for specimen SP, RSP 
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Table B.1:  Bedding density data, SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
5 2.243 3.19 98.32 
6 2.208 3.12 96.75 
7 2.203 2.78 96.54 
 

Table B.2:  Lift 1 density data (0.396 m from bedding), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.199 4.28 96.39 
2 2.141 3.89 93.84 
3 2.164 4.72 94.83 
4 2.116 3.37 92.72 
 

Table B.3:  Lift 2 density data (0.631 m from bedding), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.112 3.32 92.56 
2 2.116 3.79 92.76 
3 2.142 3.88 93.89 
4 2.145 4.45 95.77 
 

Table B.4:  Lift 3 density data (0.921 m from bedding), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.131 4.16 93.40 
2 2.206 3.58 96.68 
3 2.177 3.38 95.43 
4 2.119 3.76 92.88 
 

Table B.5:  Lift 4 density data (1.251 m from bedding), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.188 4.01 95.89 
2 2.170 4.49 95.20 
3 2.202 4.35 96.50 
4 2.199 4.24 96.39 
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Table B.6:  Lift 5 density data (1.491 m from bedding), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.156 3.73 94.50 
2 2.219 3.90 97.27 
3 2.200 3.89 96.41 
4 2.219 4.17 97.26 
 

Table B.7:  Lift 6 density data (1.774 m from bedding; crown level), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.167 3.69 94.98 
2 2.125 3.65 93.13 
3 2.211 4.18 96.89 
4 2.156 4.13 94.50 
 

Table B.8:  Lift 7 density data (0.297 m from crown), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.166 3.60 94.95 
2 2.307 3.53 96.74 
3 2.195 3.77 96.16 
4 2.179 4.12 95.49 
5 2.042 3.89 89.48 
6 2.151 4.08 94.27 
7 2.086 3.98 91.42 
 

Table B.9:  Lift 8 density data (0.667 m from crown), SP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.291 4.16 100.43 
2 2.208 3.68 96.77 
3 2.347 4.25 108.87 
4 2.209 3.85 96.81 
5 2.250 3.92 98.62 
6 2.183 3.83 95.66 
7 2.209 4.56 96.83 
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Table B.10:  Lift 9 density data (0.972 m from crown), SP- Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.154 3.14 94.41 
2 2.105 3.31 92.24 
3 2.155 3.77 94.46 
4 2.120 3.70 92.92 
5 2.086 3.65 91.42 
6 2.111 3.21 92.51 
7 2.118 3.51 92.82 
 

Table B.11:  Lift 10 density data (0.660 m from crown), SP- Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.197 3.53 96.28 
2 2.096 3.16 91.85 
3 2.122 2.66 92.99 
4 2.091 4.16 91.64 
5 2.257 4.36 98.93 
6 2.237 3.91 98.04 
7 2.223 4.07 97.44 
 

Table B.12:  Lift 11 density data (0.952 m from crown), RSP- Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.83 3.50 100.08 
2 2.274 3.36 99.65 
3 2.254 3.23 98.81 
4 2.228 3.48 97.66 
5 2.255 3.13 98.84 
6 2.390 2.39 92.15 
7 2.087 2.38 91.47 
 

Table B.13:  Lift 12 density data (0.611 m from crown), RSP- Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.133 3.20 93.50 
2 2.281 3.21 99.95 
3 2.192 3.16 96.05 
4 2.209 2.66 96.84 
5 2.35 3.19 97.94 
6 2.198 2.36 96.34 
7 2.264 2.63 99.25 
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Figure B.2:  Layout of measurement points for soil properties for specimen RCP, RRCP 
 

Table B.14:  Bedding density data, RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
3 2.115 2.75 92.69 
4 2.155 2.93 94.44 
5 2.083 2.83 91.28 
 

Table B.15:  Lift 1 density data (0.252 m from bedding), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 1.992 5.18 87.33 
2 2.027 4.06 88.83 
6 2.058 4..05 90.23 
7 2.054 3.38 90.01 
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Table B.16:  Lift 2 density data (0.409 m from bedding), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.082 5.55 91.25 
2 2.065 4.28 90.49 
6 2.113 5.07 92.62 
7 2.049 4.54 89.81 
 

Table B.17:  Lift 3 density data (0.672 m from bedding), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.154 5.37 94.39 
2 2.065 3.93 90.52 
6 2.094 4.22 91.79 
7 2.103 4.06 92.19 
 

Table B.18:  Lift 4 density data (0.878 m from bedding; springline level), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.170 5.48 95.10 
2 2.850 4.45 92.37 
6 2.094 4.93 91.77 
7 2.046 4.36 89.67 
 

Table B.19:  Lift 5 density data (1.078 m from bedding), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.092 4.30 91.68 
2 2.101 3.47 92.05 
6 2.150 4.44 94.25 
7 2.090 3.81 91.59 
 

Table B.20:  Lift 6 density data (1.252 m from bedding), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.146 4.77 94.06 
2 2.088 3.81 91.51 
6 2.096 3.71 91.87 
7 2.023 3.84 88.68 
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Table B.21:  Lift 7 density data (1.414 m from bedding), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.134 4.23 93.51 
2 2.112 3.63 92.57 
6 2.084 4.31 91.34 
7 2.039 2.96 89.38 
 

Table B.22:  Lift 8 density data (1.629 m from bedding; crown level), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.064 3.69 90.48 
2 2.000 4.05 87.66 
6 2.037 4.16 89.27 
7 2.030 3.97 88.97 
 

Table B.23:  Lift 9 density data (0.238 m from crown), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.127 4.36 93.21 
2 1.993 3.17 87.33 
6 2.238 4.74 98.08 
7 1.998 3.92 87.56 
 

Table B.24:  Lift 10 density data (0.439 m from crown), RCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.158 3.43 94.58 
2 2.121 3.86 92.98 
6 2.267 3.99 99.37 
7 2.195 3.99 96.21 
 

Table B.25:  Lift 11 density data (0.614 m from crown), RCP- Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.178 3.58 95.47 
2 2.137 4.28 93.67 
3 2.248 3.33 98.52 
5 2.110 4.40 92.50 
6 2.176 3.35 95.37 
7 2.128 4.50 93.27 
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Table B.26:  Lift 12 density data (0.795 m from crown), RRCP 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.050 3.19 89.83 
2 2.137 4.28 93.67 
3 2.095 3.28 91.82 
4 2.156 3.70 94.48 
5 2.133 3.66 93.47 
6 2.079 3.92 91.11 
7 2.110 4.40 92.50 
 

Table B.27:  Lift 13 density data (0.903 m from crown), RRCP- Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
1 2.084 2.98 91.35 
2 2.183 3.62 95.67 
3 2.103 3.41 92.15 
4 2.201 3.79 96.49 
5 2.181 3.43 95.60 
6 2.156 4.09 94.51 
7 2.054 3.46 90.01 
 

Table B.28:  Lift 14 density data (0.598 m from crown; stripped soil to 0.6 m), RRCP- Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
3 2.227 3.07 97.60 
4 2.224 2.94 97.46 
5 2.227 3.30 97.59 
8 2.183 3.10 95.66 
9 2.259 3.45 99.00 
 

Table B.29:  Lift 15 density data (0.625 m from crown; data after repair due to SA ULS bearing failure), 
RRCP -Test 

Location Dry Density (g/cm3) Water Content (%) % SPMDD 
3 2.142 3.59 93.87 
4 2.183 3.57 95.66 
5 2.191 3.74 96.01 
8 2.135 3.33 93.57 
9 2.180 3.03 95.56 
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Appendix C 

Record of Rehabilitation and Testing 

Part 1: Specimen SP 

 
Figure C.1:  Preparation of bedding prior to placement of SP 

 

 
Figure C.2:  Rolling instrumented specimen SP into place on the bedding 
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Figure C.3:  Specimen SP with both extension culverts in position with geogrid and geotextile wrapped 

around each joint 
 

 
Figure C.4:  Backfilling of specimen SP 
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Figure C.5:  Compaction was completed using a plate tamper, shown in the figure is the nuclear 

densometer measuring density, percent water, and Standard Proctor 
 

 
Figure C.6:  Instrumented specimen SP in place, ready to test.  Instrumentation included fibre optics 

(black cables near crown), strain gauges (grey bundled cables), string potentiometers (rectangular boxes 
with wires extending across SP) and survey targets (black circular objects facing the total station) 
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Figure C.7:  Single wheel pair, and single axle (shown in figure) loading was undertaken on SP at 0.6 m 

and 0.9 m of cover 
 

 
Figure C.8:  Excavation and removal of the North extension culvert was needed in order to allow room 

for the insertion of the slipliner.  A benched excavation was used to ensure the test specimen, SP, 
remained in a buried state during the installation of the liner 
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Figure C.9: Extension culvert being removed 

 

 
Figure C.10:  Exposed end of specimen SP, ready for insertion of the liner 
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Figure C.11:  Preparation for the pouring of a grout pad to allow easier insertion of the liner across the 

corrugated steel surface.  This was also done to protect the installed instrumentation. 
 

 
Figure C.12:  Grout pad being poured in the invert 
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Figure C.13:  Instrumented section (female threaded section) of liner L1 prior to insertion 

 

 
Figure C.14:  Installation of a skid on the invert of liner L1 to allow for easier installation, and to protect 

surface instrumentation 
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Figure C.15:  Instrumented section of liner being installed using the laboratory overhead crane 

 

 
Figure C.16:  Female threaded section (instrumented section) of liner fully inserted in SP 
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Figure C.17:  Male threaded section being lowered for liner assembly.  Threads were greased with a 

silicon based lubricant to allow easier assembly. 
 

 
Figure C.18:  Aligning keys of male and female threaded liner sections 
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Figure C.19:  Utilizing a combination of the overhead crane, and come-along winches to thread liner 

sections together 
 

 
Figure C.20:  Resulting liner joint after threading process 
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Figure C.21:  Installing heat shrink sleeve over liner joint to seal the sections and prevent grout from 

infiltrating the liner 
 

 
Figure C.22:  Using blow torch to heat shrink and seal sleeve to liner 
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Figure C.23:  After sliding the fully assembled liner into SP, the North extension culvert was replaced 

 

 
Figure C.24:  The section was backfilled and recompacted prior to grouting 
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Figure C.25:  A buoyancy resisting system was necessary to prevent flotation of the liner during grouting 

 

 
Figure C.26:  The steel columns shown in Figure C.25 reacted against the crown of the extension 

culverts, which were overlain with 0.6 m of fill 
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Figure C.27:  Grouting consisted of a neat grout with a water/cement ratio of between 0.50-0.55, mixed 

in a grout mixer with pneumatic pump 
 

 
Figure C.28:  Bulkhead walls were formed using grout bags inserted into the annulus void and sealed 

with plaster 
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Figure C.29:  Instrumented rehabilitated SP prior to testing.  Instrumentation layout was identical to that 

used in SP specimen before rehabilitation 
 

 
Figure C.30:  After curing, the rehabilitated SP was tested under SW and SA loading, shown here is the 

ultimate limit states test under single axle loading with enlarged wooden bearing pads 
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Figure C.31:  Despite the enlarged pads, bearing failure of the soil occurred prior to failure of the 

rehabilitated SP at 1250 kN of applied load 
 

 
Figure C.32:  The rehabilitated SP during excavation, post testing 
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Figure C.33:  The excavated, rehabilitated SP cut into two pieces at the location directly under the South 

single axle bearing pad shown in Figure C.32 
 

 
Figure C.34:  Cold joint in the grout due to the installation of the grout in lifts 
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Figure C.35:  Cracking in the grouted annulus that occurred either during testing, or during cutting of the 

rehabilitated SP 
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Part 2: RCP specimens 

 
Figure C.36:  RCP2 already buried (shown in Figure), and preparation of bedding for placement of RCP1 

 

 
Figure C.37:  Moving of RCP1 into position.  The black cables are protective casings for the fibre optic 
sensors.  Also shown is the geotextile wrapped over the silicon protection used for protection of the 

strain gauges and fibre optic instrumentation 
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Figure C.38:  Placement and aligning of RCP1 

 

 
Figure C.39:  Assembled RCP1-RCP2 pipe sections, with an extension culvert attached.  The sections of 

pipe are now ready for backfill. 
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Figure C.40:  Close up view of the RCP1-RCP2 joint gap after installation (RCP1 is the pipe section on the 

right) 
 

 
Figure C.41:  Damage at the crown of RCP1 due to D-load test and the resulting gap between RCP1 and 

RCP2 (RCP1 is the bottom pipe section) 
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Figure C.42:  As a result of the orientation of the test, it was possible to insert the liner while fully 

assembled.  This Figure shows the liner prior to assembly. 
 

 
Figure C.43:  Using straps and come-along winches, the male and female threaded ends of the liner were 
assembled.  The shiny substance in the joint is a silicon lubricant applied used for easier assembly of the 

sections. 
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Figure C.44:  The resulting joint in the liner sections after assembly 

 

 
Figure C.45:  The fully assembled liner, ready for application of the Wehoseal sleeve 
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Figure C.46:  Aligning the sleeve over the joint 

 

 
Figure C.47:  Using a blow torch to heat the sleeve 
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Figure C.48:  It is necessary to apply pressure to the heated sleeve during application in order to achieve 

a good seal, and to roll out any wrinkles that form. 
 

 
Figure C.49:  Heat shrink effect on the sleeve 
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Figure C.50:  The fully assembled liner with the Wehoseal sleeve applied.  The orientation of the liner 

joint was chosen so it would lie directly in line with the West load pad when in the single axle load 
configuration 

 

 
Figure C.51:  Positioning the fibre optic sensors on the liner specimen.  The liner was cleaned with water, 

and then alcohol prior to the positioning of the fibre optics, resulting in the white surface colour 
observed in the Figure underneath the sensors. 
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Figure C.52:  After positioning the fibre optic sensors, they were pulled tight to the surface and secured 
in place temporarily with tape.  They were then bonded to the surface using Loctite 401 cyanoacrylate 

adhesive. 
 

 
Figure C.53:  The fibre optic sensors after the adhesive cured, prior to the application of protection.  The 
black cable at the bottom of the Figure is the start of a protective conduit that runs to the outside of the 

test pit. 
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Figure C.54:  Examples of bare sensing fibre (left) and sensing fibre that has been protected with silicon 

(right) 
 

 
Figure C.55:  Strain gauge bonded to the liner surface 
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Figure C.56:  Protection of the strain gauges included M Coat A, Teflon piper tape 

 

 
Figure C.57:  Silicon protection was applied to the strain gauges, both for impact resistance and moisture 

protection 
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Figure C.58:  All loose wires and cables were fixed to the liner in the region of the South haunch due to 

the risk of catching during installation of the liner into the RCP specimen 
 

 
Figure C.59:  A skid was fixed to the invert of the liner to reduce the friction during installation.  The skid 
also served to help keep the liner crown and invert aligned with respect to the crown and invert of the 

RCP specimen. 
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Figure C.60:  Bulkheads were positioned for the pouring of a grout pad in the invert of the RCPs 

 

 
Figure C.61:  The grout pad served to reduce friction during installation of the liner; however the main 

purpose was to protect the instrumentation at the invert of the RCP specimens  
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Figure C.62:  The hardened grout pad in the RCP where it covers the instrumentation at the East 

location, in RCP1.  The fibre optic sensors embedded in the silicon protection are fixed to the RCP1 
surface while the unprotected, loose fibre optic cable (thin white line) is held in place with tape.  This 

fibre optic cable will be embedded in the grouted annulus. 
 

 
Figure C.63:  Moving the fully assembled, instrumented liner (L2) into position for insertion into the RCP 

specimen (circular structure in the bottom right of the Figure) 
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Figure C.64:  Aligning and beginning insertion of the liner into the RCP 

 

 
Figure C.65:  Insertion was completed with the use of the overhead crane (to keep the liner level with 
the RCP), and the use of come-along winches attached to the RCP extension culvert on the left of the 

figure 
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Figure C.66:  Jacking of the liner into the culvert 

 

 
Figure C.67:  Once the liner was flush with the extension culvert, the come-along winches could no 

longer be used.  The mini excavator bucket was used to gently push the liner in the rest of the distance. 
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Figure C.68:  The liner fully inserted.  At the far end of the culvert, the bulkhead walls (built out of 

plywood and sealed with silicon and construction adhesive) are being assembled. 
 

 
Figure C.69:  Grouting was completed using a grout mixer with a pneumatic pump.  The mix used was a 

sand-cement grout with a water/cement ratio of approximately 0.70. 
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Figure C.70:  Grouting was completed using two grout tubes, one located at the crown of each end of 

the culvert.  Buoyancy forces were resisted through the use of blocking between the liner and the 
concrete culvert spaced approximately 1 m apart at the shoulders along the length of the liner.  

 

 
Figure C.71:  After the annulus was filled, the grout was allowed to harden, and the tubes where then 

cut off.  The bulkheads were left in place for 3 days and then removed. 
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Figure C.72:  The bulkhead surrounding the instrumentation (left) was left in place due to the risk of 

damaging instrumentation during removal.  All other bulkheads were removed prior to testing. 
 

 
Figure C.73:  After removing the bulkheads, the grout appeared to have filled the annulus completely to 

the crown. 
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Figure C.74:  Experimental testing using single axle loading was then performed at 0.9 m and 0.6 m of 

cover 
 

 
Figure C.75:  Experimental testing using single wheel pair loading was also completed at 0.9 m and 0.6 m 

of cover 
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Figure C.76:  After service loading was completed, ultimate limit states testing was undertaken.  This 

photo shows the start of the test using the enlarged bearing pads to prevent early bearing failure. 
 

 
Figure C.77:  Despite the enlarged pads, considerable bearing failure occurred at 1200 kN of applied 

load, over 3 times the fully factored design load. 
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Figure C.78:  After testing, the rehabilitated RCP was excavated, and grout penetration through the joint 

to the outer surface of the concrete culvert was noted.  This Figure is the same location, post 
rehabilitation, as that shown in Figure C.41 (RCP1 is the bottom pipe section) 

 

 
Figure C.79:  The structure was then broken into sections and removed in pieces 



 

 

261 

 

Appendix D 

HDPE Strain Stiffening Correction Factor 

 

Strain measurements on polyethylene can be affected by the presence of the gauge and the 

adhesive as acknowledged by Beatty and Chewning (1979) and Brachman et al. (2000).  Brachman et al. 

(2000) explains that this is due to the stiffness of the gauge (the metal foil, polymer backing and the 

adhesive) being similar to that of the polyethylene material.  This results in a localised strain gauge 

stiffening effect that reduces the measured strains in the HDPE material from that of the true material 

strain.  To account for this effect, it is necessary to determine a correction factor based on the presence 

of the polyethylene material, the strain gauge, and stiffness/amount of adhesive used in the installation 

of the strain gauge.  To calculate a correction factor for use in the experimental program, a calibration 

test was performed using a temperature change to induce a strain in the liner specimen L1 as shown in 

Figure D.1.   

The fully instrumented liner section was placed in the temperature controlled laboratory, and 

the temperature was dropped by five degrees Celsius.  The strain gauges measured the surface strain on 

the inner and outer surfaces, while string potentiometers recorded the diameter change throughout the 

temperature drop.  Fibre optic sensors were also used to verify the strain gauge readings.  Using five 

thermocouples, the ambient temperature of the laboratory, the outer and inner surface temperatures 

of the HDPE pipe, and the temperature within the interior void space of the liner pipe were recorded to 

ensure a constant temperature was reached throughout the HDPE material.  The thermal contraction of 

the steel cables used by the string potentiometers was accounted for in the calculations as it 

represented approximately 10% of the total measured diameter change.  Table D.1 gives the measured 
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strains for the interior and exterior surfaces at the two measurement locations, Centre and South.  Inner 

and outer initial diameters (Di) of 1524 mm, and 1687 mm, respectively, were used in the calculation of 

strain based on diameter change using Equation D-1, given below. Comparing the measured strains with 

those calculated from the diameter change, the localised stiffening effect caused the strain gauges to 

measure a lower  strain by approximately 26%.  Averaging the four calculated correction factors resulted 

in the correction factor that was used throughout this experimental study to adjust the liner strains.  The 

fibre optic sensors were in agreement with the strain gauge measurements.   

iD
D∆

=ε          (D-1) 

Where: 

ε = strain computed from diameter change 

∆D = measured diameter change  

Di = initial diameter 
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Figure D.1:  Instrumented HDPE liner pipe in temperature controlled laboratory during calibration of 
the strain gauges. 
 
Table D.1:  Measured Strains and Resulting Correction Factors 

 Centre Location South Location 

 Interior Gauges Exterior Gauges Interior Gauges Exterior Gauges 

Measured Strain 

(με) 
-530 -576 -556 -583 

Diameter Change 

(mm) 

-0.96 

 

-0.96 

 

-0.96 

 

-0.96 

 

∆D/Di 

(με) 
-690 -721 -690 

-721 

 

Correction Factor 1.302 1.252 1.241 2.237 

Average 

Correction Factor 
1.258 

Percent Error (%) 3.5 0.5 1.3 1.7 
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