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Abstract 
 

Glass fibre reinforced polymer (GFRP) pipe is a light weight alternative to steel pipe for oil and 

gas distribution pipelines that is corrosion resistant but whose material properties vary based on 

production technique and whose failure mechanisms are not well understood. These pipelines 

may cross through unstable terrain and be subject to flexural bending caused by ground motion 

causing split and leakage of their contents into the environment. This study examines the 

response of GFRP pipe to permanent ground deformation and the failure mechanisms exhibited 

by GFRP material. A series of full-scale tests were performed using the Split Box at the Queen’s 

University GeoEngineering Laboratory, a facility that can simulate a normal ground fault to 

mimic permanent ground deformation. Three 5.6 m long GFRP pipe segments were pressurized 

to zero, 300, and 1000 kPa respectively and subject to 120 mm of differential settlement, causing 

longitudinal bending at the crown and invert near the fault line. Fibre optic sensors installed 

longitudinally along the length of the buried samples reveal zones of peak strain and curvature. 

These zones located on either side of the fault line are shown to be asymmetrical with higher 

strains recorded on the stationary side of the fault line. The position and magnitude of peak 

curvature zones changed with increased pressure, shifting further away from the fault line with 

decreased curvature. The samples did not reach an ultimate limit state, however at 110 mm fault 

offset the buried pipe wall split resulting in water leaking at the peak curvature zones and 

pressure loss.  Three four-point bending tests were also performed on similar pipe segments 1.8 

m long. The flexural tests were used to establish a relationship between curvature and moment 

for the GFRP pipe which was then used to estimate the lengthwise moment distribution of the 

buried samples.  Comparisons were also made to the flexural responses of the buried pipe.  
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Glossary of Terms 
 

Crown: Top of the pipe cross-section 

Fault line: Plane of relative movement between two soil masses 

GFRP: Glass Fibre Reinforced Polymer, a compound material where glass fibres are held 

together with epoxy.  

Haunch: Point that is 45° rotation up from the invert, half way between the springline and the 

invert. 

Invert: Bottom of the pipe cross-section 

Normal Fault: A fault where ground movement occurs downwards in the vertical plane. The side 

that moves downwards is referred to as the hanging wall whereas the static side is referred to as 

the footwall. 

Permanent Ground Deformation: Lasting ground movement with human or natural causes that 

can impose bending on buried pipelines. 

Shoulder: Point that is 45° rotation down from the crown, half way between the crown and the 

springline. 

Springline: Points on either side of the pipe cross-section half way between the crown and the 

invert. 

Transverse Fault: A fault where the ground movement occurs in the horizontal plane
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Chapter 1  

Introduction 
1.1 Problem Statement 

 

1.1.1 Pipeline Infrastructure 

Buried pipelines constitute a significant portion of human infrastructure, as they are a reliable 

method for transporting fluids such as oil and gas across long distances. Damage and 

deterioration of long distance pipelines are often hard to determine due to the difficulty of 

observing subterranean structures. Incidents occurring in remote locations can cause harm to 

environmental landmarks such as waterways and aquifers and are difficult to remedy. In 2015, 

35.7% of spills were caused by “metal loss” or corrosion, making corrosion resistant materials an 

attractive option for pipelines (Canadian Energy Pipeline Association, 2016). Only 7.4% of spills 

have been caused by geotechnical events (Canadian Energy Pipeline Association, 2016), but 

together with metal loss account for 50% of incidents not related to construction. This is an 

important distinction as incidents resulting from construction errors are not in the designer’s 

control. A recent incident in the North Saskatchewan River (Saskatchewan, Canada) is cited to 

be caused by permanent ground deformation (Murray & Guthrie, 2016) highlighting the fact that 

geotechnical hazards can be a significant factor for consideration during assessments of pipeline 

integrity. The recent series of earthquakes in Christchurch, New Zealand (O’Rourke et al., 2014) 

as well as Japan, China and the United States (Liang & Sun, 2000), has shown the importance of 

this research as well as providing an insight into the response of flexible pipe material to ground 

motion. 
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1.1.2 Ground Movement and Permanent Ground Deformation 

Permanent ground deformation is ground movement with lasting effects that can stress pipelines 

long after the event causing movement has occurred. It can be caused by construction activity or 

natural phenomena such as earthquake fault lines or landslides (Liang & Sun, 2000), initially 

damaging pipes by pulling them through soil and causing further stress as pipes are held in a bent 

position. Historical studies (Liang & Sun, 2000; M. J. O’Rourke & Liu, 1999) note that pipeline 

failure occurs primarily due to large ground movements when pipelines crossed non uniform soil 

sections. Earthquake fault terminology is commonly used for permanent deformation studies and 

will be used in this thesis. Ground movement can occur horizontally (transverse faults), 

vertically (normal faults), or a combination of the two and at a variety of angles relative to the 

pipe. For normal faults, the moving side is referred to as the hanging or sagging side and the 

stationary side is referred to as the footwall, as shown in Figure 1.1. When the hanging wall 

moves up over the footwall rather than under, it is referred to as a reverse fault. In this study a 

90° normal fault is simulated in a series of experiments and used as a proxy for various types 

ground deformation, to investigate the effect of differential ground motion on representative 

GFRP samples. 

Previous analytical and experimental studies have been performed examining the effect of 

permanent ground deformation on buried pipe samples. Historically, buried pipe design analyses 

considering the effect of permanent ground deformation have mostly been undertaken using 

beam on spring analyses based on the Winkler model (American Lifelines Alliance, 2001) for 

soil foundations. The pipe is modeled as a simple beam supported and loaded by elastic springs 

resisting deformation of the pipe. Spring stiffness is calibrated to match the stiffness of the soil. 

While useful as a simple model, beam on spring analysis is not very accurate and may result in 
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overestimation or underestimation of soil loads. This is especially true for normal fault scenarios 

(Ni et al., 2014) where loading conditions are asymmetrical. A weakness in this model is that 

contact between the pipe and the springs is assumed to be constant, whereas this may not be 

reflected by reality where stiffer pipes may lose contact with the soil creating voids at the invert 

reducing uplift forces acting on the pipe. Simplified analytical methods have been developed and 

refined by Karamitrios (2007, 2011). These models allow analysis and prediction of stress and 

strain that develop along the pipe length without the use of complicated finite element models. 

These methods have been refined further by Wang to account for the elastic moduli of the pipe 

and to predict the exact location of potential rupture (Wang et al., 2011).  

Experimental research has looked at the effect of transverse and vertical faults on a variety of 

pipe materials. Centrifuge studies have been performed as a cost effective way to examine the 

parameters involved in soil/pipe interaction (Ha et al., 2008; Ha et al., 2010; Rofooei et al., 

2015). It has been confirmed that 90° transverse faults result in symmetrical pipe stresses while 

normal faults result in asymmetrical stresses concentrated on the footwall side of the fault. This 

stress usually results in compression failure of the pipe invert in the case of steel (Jalali et al., 

2016). Centrifuge models specifically examining the behaviour of flexible pipes (Bryden et al., 

2014; Saiyar et al., 2016; Abdoun et al., 2009) have found that prediction models were less 

accurate for flexible material than for stiff material, overestimating the stresses experienced. This 

finding is supported by a study reviewing the response of flexible HDPE to earthquakes 

(O’Rourke et al., 2014) finding that the flexible material was virtually undamaged by ground 

movement that damaged stiffer pipe materials. Centrifuge studies also found that burial depth 

and the ratio between the thickness and diameter of the pipe influences pipe segment behaviour.  
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Full scale testing of ground deformation is not as common due to the high cost and difficulty of 

setting up an experiment, but a number have been performed, primarily examining transverse 

ground deformation. Permanent ground deformation studies have mostly focused on continuous 

steel pipes but have also investigated vitrified clay pipes with bell and spigot joints (Poon, 2015), 

and continuous PVC pipes (Ni et al., 2018) and jointed concrete pipelines (Kim et al., 2012) 

finding damage primarily occurring at the pipe joints for clay and concrete studies. The clay pipe 

and PVC pipe tests were conducted in the same split-box test facility as the present study. The 

PVC pipe test also featured the use of optical fibres adhered directly to the pipe surface to record 

strain along the length of the sample, along the crown (top) and invert (bottom) of the pipe, 

allowing a full strain distribution to be obtained without the use of many strain gauges. The 

sensors operate using inherent imperfections within the glass fibres and has been successfully 

used for other studies at the Queen’s research facility (e.g. Ni, 2016; Simpson, 2013).  

 A full-scale vertical fault test was conducted on 6” steel pipe 8 m long by Jalali et al. (2016) 

accompanied by finite element analysis. The scale of this study is similar to the subject study of 

this thesis with a similar pipe diameter and vertical fault offset. The failure mechanism was Euler 

beam buckling or compressive wrinkling along the pipe length at the plane of movement at the 

invert of the footwall side. Trifonov and Cherniy, (2016) tested a steel pipe subject to a 

transverse fault wrapped in FRP sheets and found that FRP improved the resistance of the steel 

shell to buckling in high stress zones on the footwall, redistributing it to the end of the GFRP 

wrap. This suggests that GFRP may be more resilient to ground movement than steel due to its 

flexibility. 
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1.1.3 Glass Fibre Reinforced Polymer Pipe 

The corrosion resistant properties of composite materials have led to an increase in utilization of 

GFRP, making them a valuable research topic. GFRP pipes are primarily used in the oil and gas 

industry (Almahakeri et al., 2013) spanning long distances to transport these products. However, 

they are also used in cooling networks for nuclear power plants as well as traditional municipal 

systems where corrosion is a concern. GFRP pipes are generally produced by centrifugal casting 

or filament winding. Centrifugal casting involves mixing pieces of glass fibre and polymer resin 

in a rotating mould. With filament wound production, pipe can be continuously wound 

producing pipe where the fibre angle is close to 90°/0° relative to the neutral axis. This method 

allows for variable pipe lengths that are strong in the axial direction. Another production method 

for the filament wound method is reciprocally wound pipe. Fibre bands are soaked in resin and 

then wrapped around a rotating mandrel in alternating angles (Rafiee, 2016). The angle produced 

can vary from pipe to pipe based on production methodology and produce varying properties. 

Reciprocally wound or Angle-ply composites tend to be less stiff than continuous wound or 

cross-ply when subject to ground movement. They tend to fail in a very ductile manner, with a 

yield-like plateau similar to steel on the stress/strain curve. ±55°reciprocal wounding is generally 

accepted to be the optimal configuration for pipe subject to internal pressure and lateral loading 

(Rousseau et al., 1999; Soden et al., 1989) as it distributes internal pressure circumferentially and 

axially at a 2 :1 ratio. This winding angle is becoming the standard for testing and comparing 

composite material for pipelines. Fam and Rizkalla (2002) tested angle-ply GFRP pipe of a 

similar scale to the subject of the present study. The samples were filled with concrete and 

displayed the properties of GFRP explained above. The failure mechanism is shown to be 

preceded by discolouration followed by cracking and separation of fibre bands. A similar study 
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(Zakaib & Fam, 2012) also reported ductile behaviour from angle-ply pipe and a bilinear trend 

for strain in response to loading. Both studies focused on concrete-filled GFRP as a rapid 

construction material rather than buried pipelines. 

GFRP structural properties change when stressed biaxially. It is strengthened when stressed 

simultaneously in tension or compression in both directions but weakened when stressed in 

tension in one direction and compression in the other. This produces a failure envelope that 

resembles the one shown in Figure 1.2 where the material may exceed its uniaxial strength in one 

direction when loaded biaxially. Buried pipes experience many loading combinations and it is 

useful to know when a section will be subject to combined tension and compression. Full-scale 

buried testing on buried ± 55° GFRP pipe has been conducted (Almahakeri et al., 2014) 

exhibiting the flexibility of GFRP and non-linear behaviour. To the author’s knowledge, full-

scale tests have not examined GFRP response to vertical ground motion, nor have they been used 

to examine serviceability failure in the form of leakage.  

1.2 Purpose of Study 
 

The purpose of this study will be to examine the response and failure mechanisms of GFRP pipe 

when subject to differential ground movement. This study, the first of its kind to the author’s 

knowledge, will examine large scale testing of pressurized and buried GFRP pipes subjected to 

permanent ground deformation simulated by an imposed vertical fault. The primary objective of 

this study is to study the behaviour of GFRP pipe segments subject to ground movement. Three 

tests are carried out on 5.6 m GFRP pipe segments using a unique split-box apparatus with one 

vertically movable half, simulating a normal fault line. The segments are instrumented such that 

strain distribution and curvature along the entire length of the samples can be observed. Secondly, 
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the study will examine the effect that confining soil pressure due to burial has on buried specimens. 

A series of above-ground, four-point bending tests will be used to examine the unburied behaviour 

of the material which will be compared with the results from the first buried test. The relationship 

between curvature and moment derived from the unburied flexural tests will be used to estimate 

the bending moment distribution of the buried samples using recorded curvature. Thirdly, the study 

will examine the effect of internal pressure on GFRP pipe behaviour. The three buried samples 

will be pressurized to 0 kPa, 300 kPa, and 1000 kPa after burial to consider differences in sample 

behaviour. Finally, the failure mechanisms of the GFRP samples will be discussed highlighting 

failure modes observed during testing. 

 

1.3 Thesis Format 

This thesis follows the manuscript format outlined by the School of Graduate Studies at Queen’s 

University. Chapter 1 is an introduction to the research topic as well as a review of relevant 

literature. Chapters 2 and 3 are the manuscripts that constitute the body of the thesis. Chapter 4 

includes the summary and conclusions.  

Chapter 2 presents a full-scale study examining the effect of permanent ground deformation on a 

buried GFRP pipe segment. A 141 mm diameter segment was buried in dense olivine sand and 

subject to 120 mm of vertical ground motion. The results of this test were compared to those of 

traditional four-point flexural tests.  

Chapter 3 explores the behaviour of GFRP pipe subject to ground deformation further. Three 

GFRP pipe segments were buried in dense olivine sand and subject to 120 mm of vertical ground 
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motion. These segments were pressurized to 0, 300, and 1000 kPa used a combination of water 

and air pressure in order to examine the effect of internal pressure on pipe behaviour. 
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1.5 Tables and Figures 

 

Figure 1.1: Normal Fault 

 

 

Figure 1.2: GFRP Bi-Axial Failure Envelope 
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Chapter 2  

Response of GFRP Pipe under Permanent Ground 

Deformations and Comparisons to Behaviour in Four-point 

Bending 
 

2.1 Introduction 
 

The increased use of glass fibre reinforced polymer (GFRP) pipe in civil engineering 

applications has motivated research into the structural behaviour of this material when buried. As 

pipeline material, GFRP represents a light-weight alternative to widely used steel that does not 

corrode, reducing the lifetime cost of its use. However, the industry is slow to incorporate the 

material due to a relatively small data set from which to estimate strength capabilities. This study 

aims to increase the data set for this material by studying the response of GFRP to flexural stress 

caused by non-uniform ground movements. 

 

Corrosion of pipelines and damage caused by ground movements are concerns affecting 

underground infrastructure like oil and gas pressure pipelines. Together, these account for almost 

50% of pipeline incidents in Canada (CEPA, 2016). GFRP pipe does not corrode and so can be a 

viable alternative to steel in many applications. It can be centrifugally cast, or filament wound 

using continuous or reciprocal methods. Reciprocally wound pipe with a ± 55° winding angle is 

commonly used for pressure applications because the fibre configuration supports 

circumferential and axial stress at a 2:1 ratio for internal pressures (Soden, Kitching, & Tse, 

1989). Previous flexural testing has been undertaken on GFRP tubes with a ± 55° angle, (Zakaib 

& Fam, 2012) and with a similar diameter (100, 162 mm), (Fam & Rizkalla, 2002) as the pipes 

used in this study. However, these studies focused on the structural capabilities of filling the 

tubes with concrete, not its behavior as a tube in longitudinal bending. It was found that angle-

ply tubes have reduced overall strength, but behave in a somewhat ductile manner, with a near 

yield plateau similar to ductile metals; this is true for buried GFRP pipes as well (Almahakeri, et 

al. 2013). GFRP material properties change when stressed biaxially. GFRP is strengthened when 
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stressed biaxially in tension or compression but weakened when stressed in a combination of 

tension and compression (Soden et al., 2004). This property may be of note for buried pipes as 

they experience many combinations of tensile and compressive stresses when subject to ground 

motion. 

 

Much of the research on pipe response to permanent ground deformations has concerned 

strike/slip faults due to the importance of this deformation type for pipes subject to earthquake 

effects (Ha et al., 2010; O’Rourke & Liu, 1999; Vazouras et al., 2012) and the availability of 

beam on spring analyses (Karamitros et al., 2007; Wang et al., 2011) . The study of buried 

pipelines subject to permanent ground deformations in the vertical plane caused by settlements 

or normal ground faults has not included much experimental testing. Centrifuge tests have been 

conducted to observe the behaviour of flexible pipes (Bryden et al., 2014 Saiyar et al., 2016), and 

these showed that analysis models were less accurate for flexible pipe materials like GFRP than 

for stiffer pipe materials like steel.  A full-scale vertical fault test was conducted on a 6” steel 

pipe 8 m long by Jalali et al. (2016), accompanied by finite element analysis. Full-scale testing 

on buried ± 55° GFRP pipe has also been conducted to examine response when dragged 

horizontally through the soil (Almahakeri et al., 2014), exhibiting the flexibility of GFRP and its 

non-linear behaviour. To the author’s knowledge, full-scale tests have not examined GFRP 

response to vertical ground motion. In particular, a flexible pipe like those fabricated from GFRP 

may have their strength influenced by the soil surrounding the pipe (responding as an elastic or 

inelastic solid). 

Four different bending tests are reported here for GRFP pipe, using biaxial strain gauges and 

fibre optic sensors to measure longitudinal bending strain, hoop strain, and changes in curvature. 

The primary aim of the present study is to evaluate the flexural response of buried GFRP pipe 

subject to differential ground deformations where the pipe crosses a normal ground fault, and to 

understand the longitudinal strains, and therefore the longitudinal bending moment distributions 

that occur. The secondary objective is to evaluate how the flexural responses of the buried pipe 

compare to pipe behaviour assessed using conventional four-point bending tests (considering 

flexural stiffness and strength), taking into account how soil confinement changes the response 

of the buried pipe. Thirdly, comparisons will be made of flexural stiffness reductions associated 

with material softening for the buried versus four-point bending test conditions, to assess to what 
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extent response under four-point bending can be considered a proxy to buried pipe response. 

Finally, since moment distribution cannot be inferred using simple statics for the pipe when 

buried (since the buried pipe loading configuration is statically indeterminate), relationships 

between moment and curvature obtained from the four-point bending tests will be applied to the 

curvatures recorded during the buried test, to estimate how moment varies along the GFRP pipe 

under differential ground motion. Also, the advantages and disadvantages of using fibre optic 

sensors to record strain distribution will be discussed. 

 

2.2 Experimental program 
 

2.2.1 Introduction to the Four Pipe Tests 

 

Four tests were conducted on GFRP pipe samples. A full scale buried pipe test was conducted 

and three flexural tests were performed on unburied samples where longitudinal bending 

moments were applied using the four-point bending test configuration similar to ASTM E855-08 

(2013). The full scale buried pipe test was conducted in test (B1), detailed in Table 2.1. The 

buried pipe was subjected to the differential ground movements associated with a normal ground 

fault, as detailed further in a subsequent subsection. 

 

2.2.2 Pipe Material 

 

The GFRP pipe samples featured outside diameter of 141 mm (5.55 in.) and wall thickness of 4.1 

mm (0.16 in.). This readily available pipe is wound with a ± 55° angle to provide a 

circumferential strength that is twice the longitudinal one. The pipe is light in weight, and able to 

be held easily by one or two people (Figure 2.1). Material properties derived from coupon tests 

are shown in Table 2. The samples for the flexural tests, denoted F1, F2, and F3 (Table 1), had 

1.8 m length, while the sample used for buried pipe testing, B1, was 5.6 m in length. This 5.6 m 

length was determined to be sufficient to provide adequate anchor length to observe all flexural 

effects in the sample on either side of the normal ground fault. The anchor length needed to 

investigate the effect of a normal ground fault on the axial forces would require a much longer 

sample, because the high axial stiffness of the cylindrical tube (pipe) leads to propagation of 



15 

 

axial strains a long way from the normal fault. However, the dominant demands placed on the 

pipe are flexural, so strains associated with axial forces are neglected (Ni et al. 2014). The pipe 

being used is a commercially available NOV-Ameron product, Bondstrand 2000m, designed for 

high corrosion applications. 

 

2.2.3 Buried Pipe Test 

 

The experiment was conducted in a test box (referred to as the split-box) composed of concrete 

walls with plywood lining detailed in Figure 2.2. The split-box is 7.3 m long, 1.8 m wide, and 

1.8 m deep and has half of the box floor supported on screw jacks, that can retract and drop the 

floor up to 120 mm. This induces differential ground motions like those associated with a normal 

ground fault. Further details of the test box are provided by Poon (2015) and Ni (2016).  

 

The central boundary between the moving and stationary sections of the floor is referred to as the 

fault line subsequently in this paper. A 5.6 m segment of the GFRP pipe material was buried 1.2 

m (3.9 ft) deep measured from the surface to the springline of the pipe, which is similar to depths 

used for field pipes. The sample was buried in dense Olivine sand (properties shown in Table 

2.33, Ni, 2016). The axial midpoint of the pipe was aligned with the fault line of the split-box.  

 

Pipe B1 was instrumented with optical fibres to obtain a lengthwise strain profile, and further 

instrumentation was added at the two zones of maximum expected curvature. These peak 

negative and positive curvature locations were predicted using an analytical model developed by 

Ni (2016), which indicated  peak negative curvature at a point 0.27 m north of the fault line, and 

peak positive curvature located 1.4 m south of the fault line. Biaxial strain gauges were installed 

at these locations at the crown (top of the pipe), east springline, and invert (bottom of the pipe) 

along the pipe wall, and longitudinal gauges were installed at the shoulder (45° down from the 

top) and haunch (45° up from the bottom).  

 

Optical fibres with nylon casing were installed longitudinally along the crown and the invert of 

the pipe. Fibre optics allows the measurement of a continuous lengthwise strain profile without 

the need to install a large number of strain gauges (for comparison, Jalali et al., 2016 used 50 
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strain gauges). The optical fibres were offset 30 mm from the crown and invert to give 

precedence to strain measurement using gauges (so the conventional gauges could be fixed right 

at the extreme fibres of the pipe). The difference in distance from the neutral axis resulted in less 

than 1% offset from the maximum values, negligible for this test and is not considered in the 

figures. The optical fibres extended from 2.5 m north to 2.5 m south from the centerline. The 

instrumentation layout is detailed in Figure 2.3. 

 

Friction between the soil and the split-box walls was a potential concern so the walls were 

prepared to reduce the friction angle. Previous tests have shown that proper preparation can 

reduce the friction angle to as low as 5° (Tognon et al., 1999). Two thin 0.1 mm polyethylene 

sheets with a layer of high temperature lubricant grease in between are attached to the pit wall. 

The two sheets are free to slide relative to each other, reducing frictional boundary effects (see 

Poon, 2015 and Ni, 2016 for additional details). 

 

The pipe segment was buried in the split-box facility Dense olivine sand was poured into the pit 

over several lifts, each lift being approximately 130 mm (5.1 in.) thick. The sand for each lift 

was leveled and then compacted in a consistent manner. Once the sand reached a height of 0.53 

m (20.8 in.), the pipe was placed perpendicular to the fault line with the midpoint of the pipe in 

line with the fault line and the springline at a height 0.6 m above the floor. The pipe was then 

sequentially buried to a depth of 1.2 m relative to the springline.  Prisms were placed on the sand 

surface to monitor soil displacement. The test was conducted by slowly lowering the moveable 

half of the split box at 0.0625 mm/s. At 10 mm intervals the box was stopped to acquire fibre 

optic and total station readings which required a static period of 5-10 minutes per interval. The 

final offset reached was 120 mm representing the deformation limit of the moveable part of the 

pit floor.  

 

2.2.4 Instrumentation of the samples used for the Flexural Tests 

 

Sample F1 was instrumented with fibre optic sensors to measure longitudinal strain between 

loading points at the crown and invert. Fibre optics extended 150 mm away from the midpoint on 

either side. Biaxial strain gauges were used at the midpoint to record strain around the 
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circumference (Figure 2.3). Samples F2 and F3 were instrumented with longitudinal strain 

gauges at the crown and the invert at the midpoint section as shown in Figure 2.3. Brackets were 

fixed to the springlines on both sides of the sample to allow string potentiometers to be attached. 

The applied force was measured by a load cell mounted below the actuator. Midspan deflection 

of samples was measured using string potentiometers attached at the midpoint on both sides (i.e. 

to each springline of the pipe). 

 

2.2.5 Hollow Flexural Test Samples (F1 and F2) 

 

A four-point bending test (F1, Figure 2.4) was performed on the first 1.8 m long sample of GFRP 

pipe to determine the flexural capacity and failure mechanisms of the pipe. The sample was 

tested using a traditional roller/pin set-up with loading points 300 mm on each side of the 

midpoint. As noted in Figure 2.3, F1 was instrumented with optical fibres along the crown and 

invert providing strain data along the length of the sample. A drawback of the use of optical fibre 

is that they require the test to be held at constant deflection intervals while readings are made. To 

address this issue a second hollow sample (F2) was tested using only strain gauges allowing the 

test to be completed without pausing. This test had a slightly different load scheme with loading 

points 170 cm away from the centre of the sample on either side. The shorter load span halved 

the moment gradient for a given load. In both cases, load was applied by maintaining the actuator 

stroke rate at 2 mm/min. Due to the large angle of deflection observed during F1, the set-up was 

altered to address the lateral loads that can develop at high deflections at the supports. Rollers 

were replaced by two lubricated aluminum sheets inserted between the sample and the supports, 

facilitating sliding of the sample relative to the supports. 

 

2.2.6 Restricted Diameter Specimen (F3) 

 

A third flexural test (F3) was performed with a sample modified to reduce ovalization 

(reductions in vertical diameter midspan as a result of the longitudinal bending, due to the 

Brazier effect, Brazier, 1927). The sample was filled with 40 MPa concrete (10 mm aggregate 

size) but leaving a 30 mm (1 in.) long ‘gap’ at the midspan position to avoid any concrete 

contribution in the longitudinal direction. The gap between the two concrete filled sections was 
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achieved using a 30 mm long solid cylinder of soft Styrofoam inserted during the pouring 

process. The concrete restrains radial deformations in towards the pipe axis and so prevents 

ovalization. The styrofoam’s modulus was 207 kPa, negligible compared to the pipe modulus of 

7 GPa, so it was assumed that the foam would not interfere with the GFRP pipe behaviour. The 

same four-point bending configuration was used to test F3 as that used for F2. Therefore, it was 

possible to compare the two flexural test responses and draw conclusions regarding the restricted 

diameter.  

 

2.3 Results 
 

2.3.1 Buried Pipe Test 

 

Figure 2.5 shows strains plotted along the pipe, reported as a function of distance from the fault 

line, at 20 mm, 40 mm, 60 mm, and 80 mm fault offset (floor deformation) values. Fibre optic 

sensors provide a continuous snapshot of the strains along the crown and the invert at each given 

value of fault displacement. Similarly, Figure  shows the lengthwise curvature of B1 for a given 

fault offset of 80 mm. Nominal curvature is calculated using the difference between the invert 

and crown strains divided by the nominal outside diameter of the pipe (i.e. the vertical distance 

between these ‘extreme fibres’). This “engineering” curvature is used since the diameter change 

due the Brazier effect or earth loading was not measured. It is expected however that Brazier 

effect in a buried pipe would be less than the case of unburied pipe due to the restraints by the 

soil.  The strain limit of the optical fibre strain measurement system was reached once maximum 

fault offset recorded exceeded 80 mm, with some regions along the fibre experiencing loss of 

signal quality. Those regions are shown in Figure 2.5 and subsequent figures using grey, dotted 

lines. This is caused, not by a break in the glass fibre, but by separation of the fibre optic wire 

from the nylon casing, causing a local issue with strain interpretation but not affecting data 

quality after that zone. Markers in Figures 2.5 and 2.6 denote data from conventional strain 

gauges that are used to verify the accuracy of the fibre optic strain results. The relationship 

between peak curvatures and fault offset as recorded by strain gauges and fibre optics are shown 

in Figure 2.7, together with an illustration of where those peaks were recorded. 
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Figure 2. 5 and 2.6 reveal that peak strain and curvature occur at a location about 0.15 m from 

the fault line on the stationary side. A secondary peak can be found on the moving side 0.8 m 

from the fault line. These locations differ from the peak curvature location prediction. The 

northern strain gauge location was consistent with the curvature peak (Figure 2.7), whereas the 

position of the southern gauges was significantly different from the location of peak curvature 

(37% further from the fault line than the peak recorded with the optical fibres). The strain values 

from the conventional gauges were the same as the fibre optic strain data at those specific 

locations, but since the gauges on the southern side were not located at the point of peak 

curvature, the peaks recorded with the fibre optic data will be used to represent the peak strains 

experience by sample B1 instead. Curvature is found to be 93% higher on the moving side than 

the stationary side (steel and PVC pipes exhibit curvatures 25% (Ma, 2018) and 8% (Ni, 2016) 

higher respectively).  

 

Upon excavation, material damage could be observed on the pipe in the form of yellow 

discolouration and cracking (Figures 2.8 and 2.9) found near the crown. This failure was not seen 

at the invert. Unlike experiments involving steel pipes, failure occurred on the tensile side of the 

pipe over the footwall (stationary side). The combination of radial compression (restraint) 

provided by the soil and compressive longitudinal bending stresses along the invert may have 

strengthened the GFRP at the invert and weakened the material at the crown, forcing failure at 

the top of the sample. Following excavation, the sample retained an S- shape for some time (a 

much reduced version of the pipe shapes shown at the top of Figures 2.5 to 2.7), but it eventually 

reverted to a straight shape. This suggests that damage outside the elastic range was minimal and 

localized, not affecting the overall condition of the pipe. 

 

2.3.2 Flexural Tests 

 

A series of three four-point bending tests were conducted to provide comparison between the 

unburied and the buried condition. F1 featured similar instrumentation to B1 and will be used to 

compare longitudinal strain and circumferential strain profiles. Figure 2.10 shows the 

longitudinal strain profiles for F1 recorded at different load levels. The fibre optics reveal that 

strain is not constant along the constant moment zone, suggesting possible shear effects or other 
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factors such as slight variation in cross-section or stiffness of the pipe, resulting in 

nonuniformity. There is no tensile data for 16 kN loading because the fibre optics on the invert 

stopped producing readable data. Additionally, the difference in strain patterns between the 

tensile side and the compressive side may be due to the fact that the neutral axis is not at the 

springline, as indicated in Figure 2.15. Figure 2.11 shows the load vs deflection curves for F1, 

F2, and F3. Two of the curves (those for F1 and F2) end with an “X”, to indicate when the string 

potentiometer ceased to operate. For F3, the string potentiometer ceased to operate before 

reaching peak load, so the maximum recorded load is represented on the figure as a dashed line. 

F3 had a higher failure load and a steeper load/deflection curve than F2. In all cases, the final 

deflection was around 100 mm as recorded by the actuator, but this measurement was made at 

the loading points and for various reasons is not expected to be as precise a measurement as the 

string potentiometer readings. Comparisons between a traditional four-point test (F1) and the 

aluminum sheet set-up (F2) are within 5% when adjusted for the different loading conditions as 

seen by the strain data in Figure 2.12, suggesting that the aluminum sheets did not induce 

significant axial strain. 

 

As explained above, concrete was installed within test sample F3 in an attempt to provide an 

upper bound capacity where ovalization is prevented during the four-point flexural test (F2). This 

however is believed to have caused local stress concentrations that resulted in necking and 

warping at the midspan position, which could have changed the local material behaviour. In 

particular, concentrating the curvature in a short length implies behaviour more like a deep beam 

having short length to depth ratio, instead of the slender beam response expected when bending 

is free to develop along the whole test sample. Those local effects produced higher strains, as 

presented in Figure 2.12. Despite F3 exhibiting higher strength (ultimate maximum capacity), the 

strains at higher moment levels were enhanced relative to those seen in F1 and F2.  

 

Figure 2.13 shows the curvature recorded at the midspan for F1 and F2. Curvatures for F1 and 

F2 were calculated by taking the difference between the crown and invert strains and dividing by 

the nominal diameter of the pipe (using the same procedure as used earlier for B1). Curvature for 

F3 is not included in this figure, but is discussed in Appendix E. 
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Samples F1 and F2 failed in tension along the invert (Figure 2.14a) with their glass fibre bands 

separating along the 55° winding angle. Despite the significant necking observed on the tensile 

stressed invert during the test on F3 (Figure 2.8), the sample experienced compression failure at 

the crown shown in Figure 2.8. Crushing was observed that did not conform to the glass fibre 

winding angle, unlike the tensile failure observed for F2. In both cases the glass fibre bands 

started to discolour when stressed towards their strength limits, becoming lighter than the 

surrounding material. While F1 did not reach its failure state, this discoloration was also 

observed (similar to sample B1 discussed above).  

 

2.3.3 Comparison of the Pipe Responses when Buried and when Tested under Four-point 

Bending 

 

Because strain and deflection patterns along the pipes are very different in Test B1 and Tests F1 

to F3, it is not satisfactory to simply add data from B1 to plots like Figures 2.11 to 2.13. 

Therefore, Figures 2.15 and 2.16 have been prepared to compare cross-sectional strain 

distributions in two different ways.  The strain increases with maximum curvature seen in Figure 

2.7 show reasonably linear behaviour. The dotted line was used to indicate where a gauge likely 

failed and produced an outlier (inaccurate data) point.  

Conventional beam theory assumes that axial strain distributions vary linearly with depth, and to 

investigate the relevance of that approximately, Figures 2.16a and 2.16b present the axial strain 

data at the point of peak curvature, where strain is plotted with height above the springline (i.e. 

strain plots with depth from the crown to the invert of the circular ‘beam’ cross-section). Data 

has been selected for plotting at four different levels of curvature in Figure 2.15a, and three 

different curvature values in Figure 2.15b, with choices made so that three of those curvature 

magnitudes are similar for B1 and F1. For both for the buried (Figure 2.15a) and four-point 

bending (Figure 2.15b) conditions, the strain distributions appear to be nonlinear with depth. 

This is true even at the smallest amounts of maximum pipe curvature. Therefore, it appears that 

the GFRP pipe does not obey the underlying tenets of simple beam theory, since under flexure, 

plane sections do not remain plane. This may be caused by the low shear modulus between 

GFRP layers. Extreme fibres at the crown and invert which are subject to higher shear forces slip 

against inner fibres resulting in less strain observed by sensors at extreme fibres. Furthermore, 
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the loading conditions when buried (B1) and in four-point bending (F1) do not produce the same 

kinds of nonlinearity. Strain is enhanced towards the extreme fibre under tension when the pipe 

is in four-point bending (Figure 2.15b), but it is attenuated (it reduces below the ‘linear’ 

distribution) on the tensile extreme fibre for the buried pipe (Figure 2.15a). Compressive 

behaviour of extreme fibres were similar for both testing conditions.  

 

Another significant difference exists between these two distributions – the magnitude of axial 

strain at the neutral axis (reflective of the level of axial force acting at that position along the 

beam). This is close to zero for four-point bending (Figure 2.16), but significantly tensile for the 

buried pipe. Tensile axial force develops in the buried pipe because the pipe is being stretched as 

the magnitude of normal fault offset increases, whereas the pipe is not restrained at the supports 

used in four-point bending. Radial confinement of the pipe within the soil induces tensile axial 

forces in the pipe, as a result of shear stresses mobilized at the soil-pipe interface as the ends of 

the pipe are pulled in towards the normal fault during settlement (the relative axial movements 

that develop between the pipe and the surrounding soil mobilize axial shear stresses acting out 

towards the pipe ends from the fault line).  

 

Figures 2.16a and 2.16b present patterns of axial and circumferential (hoop) strain around the 

pipe cross-section for B1 and F1, respectively. These present, for B1 and F1 respectively, the 

different strain profiles from crown to invert around the pipe cross-section at the location of 

maximum curvature for these two test pipes. Strains are provided at fault offsets of 20, 50, and 

100 mm for B1, and load levels of 6 kN, 12 kN, and 16 kN for F1. These choices are made to 

provide values at similar levels of peak curvature recorded on the sample. Longitudinal strains 

show similar patterns, though with peak tension at the crown of the buried pipe and the invert of 

the pipe under four-point bending (due to hogging of the buried pipe at the point of peak 

curvature and sagging under four-point bending). 

 

However, the hoop strain distributions are markedly different in the two flexural conditions. For 

B1, hoop strains are all compressive, with strain at the invert remaining close to zero as ground 

deformation increases. In contrast, the hoop strains for F1 are symmetrical about the springlines 

(tensile in the upper half, and compressive in the lower half). Neither of these patterns of hoop 



23 

 

strain are similar to those produced by the geostatic earth pressures (circumferential strains 

associated with conventional ovaling deflections (Moore 2001), and they both grow with the 

magnitude of fault offset (geostatic earth pressures would be approximately constant). 

Consideration has been given to whether they result from phenomena like the Brazier effect that 

increases with longitudinal curvature, or the Poisson effect, where hoop strain increases in 

proportion to the axial strain if the pipe is in uniaxial tension. For F1, hoop strains are 

approximately equal to -0.3 times the axial strains, suggesting that the Poisson effect is 

responsible. For the buried pipe, the hoop strains are not some simple function of the axial 

strains, and there appears to be a more complex source for the hoop strains.  

 

As discussed previously, the buried pipe is statically indeterminate, and it is not possible to know 

the longitudinal bending moment distribution using simple statics. Therefore, an approximate 

bending moment distribution has been calculated based on the assumption that the relationship 

between curvature and moment under four-point bending shown in Figure 2.13 is similar to the 

relationship for the buried pipe sample. The result is shown in Figure 2.17, with the peak 

moment occurring at the point of peak curvature on the footwall side of the buried pipe. 

 

2.4 Conclusions 

A full-scale test simulating the effects of vertical ground deformation on a buried 141 mm 

diameter GFRP pipe passing across a normal ground fault was conducted. A combination of 

strain gauges and optical fibres were used to measure the strain distribution along the length of 

the pipe and around the circumference at locations of peak curvature. The following conclusions 

are drawn from the test results and their interpretation: 

a. As seen in previous tests on steel and PVC pipelines, peak curvatures are found on either side of 

the fault line, with the highest peak occurring on the footwall (stationary) side near the fault line, 

and the secondary peak occurring further away from the fault line on the hanging (settling) side. 

For the GFRP pipe, curvature is 93% higher on the footwall side (steel and PVC pipes exhibit 

curvatures 25% and 8% higher). Early signs of tension failure (discolouration) were found at 

points of peak curvature. 
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b. The results from the buried pipe test were compared with data acquired from a series of 

conventional four-point bending tests to consider the effect that soil confinement has on the 

buried structure. Radial confinement of the pipe within the soil induces tensile axial forces in the 

pipe, because of shear stresses mobilized at the soil-pipe interface as the ends of the pipe are 

pulled in towards the normal fault during settlement (the relative axial movements that develop 

between the pipe and the surrounding soil mobilize axial shear stresses acting out from the fault 

line). The buried pipe exhibited a less distinct material failure despite reaching similar levels of 

curvature, perhaps as a result of the tensile axial forces generated in the buried pipe that do not 

develop during conventional four-point bending. 

c. Hoop strain distributions around the pipe circumference at the location of peak curvature for each 

of the two test pipes were markedly different, with hoop strains reflecting the Poisson effect for 

the pipe in four-point bending, and no such single, simple source for the buried pipe. It seems that 

soil causes overall hoop compression in the sample, reducing the symmetry observed about the 

springline.  

d. Nonlinear distributions of axial strains developed with depth across the circular pipe cross-

sections, implying that neither test pipe responded according to the ‘plane sections remain plane’ 

approximation associated with simple beam theory. The low shear modulus between layers of 

GFRP bands may result in slipping, changing cross-sectional behaviour. 

e. A relationship between moment and curvature was established for the pipe under four-point 

bending and used to estimate the moment distribution along the length of the buried pipe sample. 

Further testing is recommended to explore the relationship between material response of the pipe 

in flexure and leakage of the pressurized fluid within, through the pipe wall. 

 

2.5 References 
 

Almahakeri, M., Fam, A., & Moore, I. D. (2013). Longitudinal Bending and Failure of GFRP Pipes Buried in Dense Sand under 

Relative Ground Movement. Journal of Composites for Construction, 17(October), 121016202111008. 

https://doi.org/10.1061/(ASCE)CC.1943-5614.0000340 

Almahakeri, M., Fam, A., & Moore, I. D. (2014). Experimental Investigation of Longitudinal Bending of Buried Steel Pipes 

Pulled through Dense Sand. Journal of Pipeline Systems Engineering and Practice, 1–10. 

https://doi.org/10.1061/(ASCE)PS.1949-1204 

Brazier, L. G. (1927). On the Flexure of Thin Cylindrical Shells and Other “Thin” Sections. Proceedings of the Royal Society A: 

Mathematical, Physical and Engineering Sciences, 116(773), 104–114. https://doi.org/10.1098/rspa.1927.0125 

Bryden, P., El Naggar, H., & Valsangkar, A. (2014). Soil-Structure Interaction of Very Flexible Pipes: Centrifuge and Numerical 

Investigations. International Journal of Geomechanics, 15(2013), 04014091. https://doi.org/10.1061/(ASCE)GM.1943-



25 

 

5622.0000442 

CEPA. (2016). 2016 Pipeline Industry Performance Report. Retrieved from http://www.cepa.com/wp-

content/uploads/2016/06/16-CEPA-0010_PerformanceReport_2016_EN_low.pdf 

Fam, A. Z., & Rizkalla, S. H. (2002). Flexural Behavior of Concrete-Filled Fiber-Reinforced Polymer Circular Tubes. Journal of 

Composites for Construction, 6(2), 123–132. https://doi.org/10.1061/(ASCE)1090-0268(2002)6:2(123) 

Ha, D., Abdoun, T. H., O’Rourke, M. J., Symans, M. D., O’Rourke, T. D., Palmer, M. C., & Stewart, H. E. (2010). Earthquake 

Faulting Effects on Buried Pipelines – Case History and Centrifuge Study. Journal of Earthquake Engineering, 14(5), 

646–669. https://doi.org/10.1080/13632460903527955 

Jalali, H. H., Rofooei, F. R., Attari, N. K. A., & Samadian, M. (2016). Experimental and finite element study of the reverse 

faulting effects on buried continuous steel gas pipelines. Soil Dynamics and Earthquake Engineering, 86, 1–14. 

https://doi.org/10.1016/j.soildyn.2016.04.006 

Karamitros, D. K., Bouckovalas, G. D., & Kouretzis, G. P. (2007). Stress analysis of buried steel pipelines at strike-slip fault 

crossings. Soil Dynamics and Earthquake Engineering, 27(3), 200–211. https://doi.org/10.1016/j.soildyn.2006.08.001 

Moore, I. D. (2001). Buried Pipes and Culverts, Geotechnical and Geoenvironmental Handbook, Kluwer Academic Publishers, 

Norwell, Massachusetts, 541-568 

Ni, P. (2016). Nonlinear Soil-Structure Interaction for Buried Pressure Pipes Under Differential Ground Motion 

(Doctoral Dissertation). Queen’s University, Kingston, Ontario, Canada. 

Ni, P., Moore, I. D., & Take, W. A. (2014). Normal Fault Induced Ground Deformations and the Associated Bending Response 

of Buried Pipelines. In Second European Conference on Earthquake Engineering and Seismology (pp. 3–5). Istanbul. 

Ni, P., Moore, I. D., & Take, W. A. (2016). Numerical modeling of normal fault-pipeline interaction and comparison with 

centrifuge tests. Queen’s. https://doi.org/10.1017/CBO9781107415324.004 

O’Rourke, M. J., & Liu, X. (1999). Response of Buried Pipelines Subject to Earthquake Effects. 

Poon, E. (2015). Vitrified Clay Pipe Joint Behaviour Under Differential Ground Movement (Master's Thesis). Queen’s 

University. Kingston, Ontario, Canada 

Saiyar, M. Ã., Ni, P., Take, W. A., & Moore, I. D. (2016). Response of pipelines of differing flexural stiffness to normal faulting, 

Geotechnique 66  (4), 275–286. 

Soden, P. D., Hinton, M. J., & Kaddour, A. S. (2004). Biaxial test results for strength and deformation of a range of E-glass and 

carbon fibre reinforced composite laminates : Failure exercise benchmark data. Failure Criterion in Fibre Reinforced 

Polymers, 52-96 

Soden, P. D., Kitching, R., & Tse, P. C. (1989). Experimental failure stresses for ±55° filament wound glass fibre reinforced 

plastic tubes under biaxial loads. Composites, 20(2), 125–135. https://doi.org/10.1016/0010-4361(89)90640-X 

Tognon, A. R., Rowe, R. K., & Brachman, R. W. I. (1999). Evaluation of side wall friction for a buried pipe testing facility. 

Geotextiles and Geomembranes, 17(4), 193–212. https://doi.org/10.1016/S0266-1144(99)00004-7 

Vazouras, P., Karamanos, S. A., & Dakoulas, P. (2012). Mechanical behavior of buried steel pipes crossing active strike-slip 

faults. Soil Dynamics and Earthquake Engineering, 41, 164–180. https://doi.org/10.1016/j.soildyn.2012.05.012 

Wang, B., Li, X., & Zhou, J. (2011). Strain analysis of buried steel pipelines across strike-slip faults. Journal of Central South 

University of Technology, 18(5), 1654–1661. https://doi.org/10.1007/s11771-011-0885-1 

Zakaib, S., & Fam, A. (2012). Flexural Performance and Moment Connection of Concrete-Filled GFRP Tube–Encased Steel I-

Sections. Journal of Composites for Construction, 16(5), 604–613. https://doi.org/10.1061/(ASCE)CC.1943-

5614.0000288 

  



26 

 

2.6 Tables and Figures 
Table 2.1: Test Matrix 

Test ID Test  

Set-up 

Burial Depth 

(m) 

Sample 

Contents 

Sample Length 

(m) 

Loading Span 

(mm) 

F1 4-point - Hollow 1.82 620 

F2 4-point - Hollow 1.82 340 

F3 4-point - Concrete 

w/ gap 

1.82 340 

B1 Split-box 1.2 Hollow 5.6 - 

 

Table 2.2: GFRP Properties 

 

Test ID Test  

Standard 

Modulus 

Tensile coupons ASTM 

D3039 

7.0 GPa 

Compression 

coupons 

ASTM 

D3410 

6.2 GPa 

 

Table 2.3: Soil Parameters 

Soil Parameter Value 

Modulus of Elasticity 16 MPa 

Poisson Ratio 0.3 

Bulk Unit Weight 15.1 kN/m3 

Peak Friction Angle 53° 

Dilation Angle 16° 
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Figure 2.1: Sample B1 showing length and light weight 
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Figure 2.2: Test Schematics for B1 i) Side elevation, ii) Frontal elevation, iii) Split-box movement 
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Figure 2.3: Instrumentation Scheme for All Tests 

 

 

 

`                           

Figure 2.4: Flexural Test Set-up 
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Figure 2.5:B1 Continuous Lengthwise Crown and Invert Strain, Solid and Dashed Lines Represent Crown and Invert Strains 
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Figure 2.6: B1 Curvature Profile 

 

 

Figure 2.7: Peak curvature recorded for B1 
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Figure 2.8: Discoloration of B1 Fibres After Excavation 

 

Figure 2.9: Cross-Section and Failure modes of B1  
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Figure 2.10: Longitudinal Strain for F1 

 

Figure 2.11: Load Vs Deflection 
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Figure 2.12: Applied Moment vs Strain of F1, F2, and F3 

 

Figure 2.13: Applied Moment vs Curvature of F1 and F2 
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Figure 2.14: Failure of Flexural Tests a) Tension Failure of F2, b) Necking of F3 c) and d) Crushing failure of F3 

 

a) b) 

c) d) 
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Figure 2.15: Strain distributions with depth through the circular pipe cross-section of B1 (a) and F1 (b) 
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Figure 2.16: Circumferential Strains for B1 (A) and F1 (B) 
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Figure 2.17: Estimated Moment Distribution along B1 
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Chapter 3  

Response of Pressurized GFRP pipe Subject to Vertical 

Ground Deformation with Varied Internal Pressure 
 

3.1 Introduction 
 

Corrosion of pipe material is a major concern for steel pipeline systems, particularly for marine 

applications and when transporting corrosive materials. Corrosion, along with geotechnical events, 

accounted for 51% of pipeline incidents not related to construction across Canada in 2015 (CEPA, 

2016). Traditional steel is prone to corrosion causing metal loss and loss of hydraulic capacity. As 

such, the cost of maintenance and anti-corrosion measures such as sacrificial material or coatings 

must be factored into the lifetime cost. GFRP pipes are emerging as low maintenance alternatives 

that should lower life cycle cost compared to steel pipes, despite higher initial cost. On the other 

hand, the physical properties of GFRP pipes vary widely among products and production technique 

making comparison and standardization more difficult.  

 

Permanent ground deformation is the movement of soil that imposes a permanent shift in location 

for a portion of a buried pipeline. Permanent ground deformation can be caused by earthquake 

faults, landslides, liquefaction, or settlement of soil strata. While relevant to all buried pipelines, 

permanent ground deformation is of special concern for long distance pipelines since they are more 

likely to cross hazards in remote locations. Permanent ground deformation accounted for 11% of 

long distance pipeline incidents (CEPA, 2016) and is commonly associated with damage caused 

to buried pipe systems (T. D. O’Rourke et al., 2014). It has been found that the rate of pipeline 

damage (in breaks per 1000 ft) follows a bilinear trend (Figure 3.1) where the likelihood of pipeline 

damage increases rapidly in proportion to the magnitude of ground deformation up to ground 
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deformation of 5 in (130 mm). When ground deformation exceeds 130 mm, the rate of pipeline 

damage still increases with magnitude of ground movement, but at a lower rate (M. J. O’Rourke 

& Liu, 1999). Failure of pipe segments due to bending varies based on the magnitude of axial 

tensile strain versus bending strain. With high axial tension, the pipe will fail in tension at the 

convex face associated with the radius of curvature. With low axial tension, the pipe will fail in 

compression due to local buckling on the concave face associated with radius of curvature.  

 

The majority of empirical research investigating pipeline response to permanent ground 

deformation has focused on steel pipelines crossing transverse (strike-slip) faults (Karamitros et 

al., 2007, Wang et al., 2011, Bakaiyan et al. 2009, and Ha et al., 2008). Trifonov et al. (2014, 2016) 

examined the use of a composite wrap to repair a steel pipe. The flexibility of the wrap improved 

the resistance of the pipe to bending and suggests that composite pipes would respond favourably 

to ground movement. Jalali et al. (2016) performed a full-scale test on a steel pipeline achieving 

600 mm fault displacement across a 61° oblique fault (corresponding to 520 mm of vertical 

movement). The steel pipe failed due to local buckling (compression failure) at the invert (the 

bottom of the circular pipe cross-section). Furthermore, buckling occurred further away from the 

fault line for the stiffer, larger diameter sample. This experiment also suggests that vertical fault 

offset results in asymmetrical failure with respect to the fault line. Saiyar et al. (2016) examined 

various materials subject to permanent ground deformation in centrifuge models, and showed that 

the curvature due to fault offset is a function of the pipe bending stiffness (EpIp), where Ep and Ip 

are the Young’s modulus and moment of inertia of the pipe, respectively. 

 

Filament wound GFRP pipes could have a variety of designs, depending on the fibre orientations 

and number of layers. Common designs include a ‘near-cross ply’ where alternating layers are 
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oriented at small angles with respect to the orthogonal (0°/90°) reference, and an ‘angle-ply’ where 

layers are typically oriented at ±55o, which is widely used for pipelines and pressure vessels. Most 

of the experimentation on GFRP pipe has examined the physical properties of unburied samples 

(Faria and Guedes, 2010., and Soden et al., 1989). More recently, Almahakeri et al. (2013) tested 

the failure of a buried ±55o angle-ply GFRP pipe pulled horizontally through the soil while 

unpressurized. The pipe was demonstrated to be more substantially more flexible than steel and 

able to withstand greater curvatures. Angle-ply pipes also failed in a non-linear fashion whereas 

near-cross ply pipes exhibited a more linear response and more brittle failure.  

 

The present study is the first of its kind, to the author’s knowledge, to perform large scale testing 

of pressurized and buried GFRP pipes subjected to vertical ground deformation. The primary 

objective of this study is to study the behaviour of GFRP pipe segments subject to vertical ground 

displacement. Three tests are carried out on 5.6 m GFRP pipe segments using a unique split-box 

apparatus with one vertically movable half, simulating a normal fault line. The segments are 

instrumented such that strain distribution and curvature along the entire length of the samples can 

be observed. Secondly the study examines the effect of internal pressure on GFRP pipe behaviour. 

The three samples were pressurized to 0 kPa, 300 kPa, and 1000 kPa using compressed water and 

air, so comparisons can quantify the influence of that pressure on the longitudinal bending. Finally, 

the unique failure mechanisms of GFRP pipe will be observed and discussed. 

 

3.2 Experimental Program 
 

This section presents details of the experimental program including a description of the test 

specimens and the instrumentation used, the test apparatus, use of friction treatment on the 
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sidewalls of the test box to address boundary condition, the pipe pressurization process, the burial, 

and excavation procedures, and finally the procedure for activating the normal ground fault. 

 

3.2.1 Test Specimens and Parameters 

 

Three full-scale tests were performed on GFRP pipe samples with an outside diameter of 141 mm 

(5.55 in.) and a 4.1 mm wall thickness (0.16 in.). Samples were 5.65 m (18.5 ft) in length. The 

pipe being used is a commercially available NOV-Ameron product, Bondstrand 2000m, designed 

for high corrosion applications such as marine environments. The winding angle is (±55o). This 

pipe is rated for 250 psi (1720 kPa) internal pressure, specified by the manufacturer. In one test 

(B1), previously reported by Williams et al. (2018), the pipe was not pressurized while in the other 

two test pipes (B2 and B3), internal pressures of 300 and 1000 kPa were applied respectively 

(Table 1). The circumferential tensile strength and modulus reported by the manufacturer are 380 

MPa and 26.7 GPa, respectively, while the longitudinal values are 80 MPa and 15.5 GPa, 

respectively. The reported ultimate hoop stress at weeping is 280 MPa. 

 

The 5.6 m pipe segment was buried in dense olivine sand, a sand composed of mineral with high 

hardness that can to be reused for multiple tests (this material is discussed further subsequently). 

The pipes were buried 1.2 m (3.9 ft) deep measured from the surface to the springlines, the points 

on either side of the pipe at its mid-depth. This depth-to-diameter ratio (H/D) ratio of 8.5 falls 

within the range used for buried pipes in the field. Samples were buried such that the pipe midpoint 

aligned with the fault line imposed when the simulated normal fault is activated. 
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3.2.2 Test Facility and Setup 

 

The test was performed in a 7.3 m x 1.8 m pit called the Split Box that is 1.8 m deep (Figure 3.2). 

The walls are formed by concrete lined with plywood (Figure 3.2 (i, ii)). The Split Box consists of 

two equal length sections, one movable and one stationary. The floor of the stationary half is 

supported by compacted gravel that extends 1.2 m down to the concrete floor of the East test pit 

of the GeoEngineering Laboratory at Queen’s University. The moveable half has floor fabricated 

from wooden panels that rest on a steel frame. This steel frame is supported by four screw jacks 

that facilitate and control the downward movement of the floor (Figure 3.2 (iv, v)). These are 

equipped with string potentiometers to monitor the downward displacements during testing. The 

boundary between these halves is sealed with a series of geotextile flaps to allow sliding while 

preventing sand leakage out of the pit. This boundary is referred to as the fault line in this paper. 

A full description of the Split Box and its design can be found in the thesis of Poon ( 2015).  

 

To reduce boundary effects associated with the soil friction against the sides of the box, the walls 

were treated to allow sliding between the soil and the wall. A thin 0.1 mm polyethylene sheet is 

adhered to the pit wall, then a layer of high temperature lubricant grease is spread across this sheet. 

A second sheet of polyethylene is placed against the first sheet, with the grease providing sufficient 

adhesion to keep the second sheet in place during the backfill process. The grease allows the two 

sheets to slide one against the other, reducing the friction angle between the olivine sand the wall 

to 5° of lower (Tognon et al.,1999). 

 

3.2.3 Pressure System 

 

To pressurize the water in two of the test pipes, to 300 kPa and 1000 kPa, the pipes were first 
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sealed using a gasket and flange system. Two steel plates rated for 300 psi (2069 kPa) were bolted 

on either side of an attached stub end at either end of the sample (Fig. 2(a)). A pressure transducer 

was threaded into a drilled hole on one end of the pipe while the other end was threaded with the 

water/air input and an emergency release valve. A layer of rubber was used as the gasket material. 

The stub ends were attached using PSX-34 adhesive rated for 250 psi (1724 kPa). Desired 

pressures were achieved by first filling the sample with water and subsequently using a regulated 

compressed air source to pressurize the water in the sample to the desired levels. The samples were 

left unpressurized during the backfill procedure and were pressurized before the start of the 

‘ground fault’ experiment. 

 

3.2.4 Burial and Excavation Routine 

 

Dense olivine sand was poured into the pit over several lifts, each lift being approximately 130 

mm thick layer. The sand a synthetic material with high hardness that resists particle crushing 

during testing; properties are shown in Table 2 (Ni, 2016). The sand was spread out over the pit 

area using shovels and rakes and then compacted using a gas powered Wacker Neuson vibrating 

plate compactor. Six lengthwise passes were made with the compactor for each lift (i.e. layer of 

soil placed) to ensure consistency. Once the sand reached a height of 0.53 m, the pipe was placed 

horizontally perpendicular to the fault line with the midpoint of the pipe located at the fault line 

and the springline at an elevation 0.6 m above the base of the pit. A simple four-point bending test 

was conducted on site to test the instrumentation quality and to determine flexural stiffness (EI) of 

each pipe sample.  
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Samples B2 and B3 were pressurized before burial as described above and monitored for two hours 

to determine the magnitude of gradual pressure loss in the system and the strains resulting from 

internal pressure. Pressure loss was about 11 kPa over this 2-hour period, though over the 

approximately 100 minutes of the subsequent normal fault experiment, pressure gradually dropped 

by about 100 kPa (this higher pressure loss may be due to changes in pipe volume with flexure 

during the experiment). Longitudinal strains due to internal pressure reached 200 με and hoop 

strains reached 600 με during the 1000 kPa pre-test, negligible considering the strain magnitudes 

reached during testing. Samples were then buried 1.2 m with the final sand height reaching an 

elevation of 1.8 m above the base of the Split Box. Prisms were then placed on the sand surface to 

monitor soil displacement during testing, with layout shown in Fig. 2(iii). Following each test, the 

sand was removed and placed in a hopper using an excavator and craned out of the pit. The south 

(movable) floor was then raised back to the same level as the stationary side of the pit in 

preparation for the next experiment. 

 

3.2.5 Instrumentation 

 

Pipe samples were instrumented using a combination of optical fibres and conventional strain 

gauges. Optical fibres in nylon casing were adhered longitudinally onto the pipe surface near the 

crown (the extreme top fibre considering the pipe as a beam) and the invert (the extreme bottom 

fibre). Fibre optics were installed slightly away, 30 mm circumferentially, from the crown and 

invert to give precedence to strain gauges (so the fibres did not interfere with placement of the 

conventional gauges right at the crown and invert). The difference in distance from the neutral axis 

results in less than 1% offset from the peak values, negligible considering the accuracy of the strain 

measuring systems. These optical fibres spanned 2.5 m on either side of the centerline. Strain 
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gauges were installed at crown and invert at axial locations estimated to be the peak curvature 

points (the curvature distribution will be documented and discussed in detail in a later section). 

These locations were 0.27 m from the fault line on the stationary side and 1.4 m from the fault line 

on the movable side for test B1. These locations were adjusted for tests B2 and B3 to 0.15 m and 

1.25 m, respectively, based on peak strain locations shown by the fibre optic profiles in the first 

experiment (B1). Biaxial gauges were installed at the crown, springline, and invert along one side 

of the pipe. Longitudinal gauges were installed at the shoulder (45o below the crown) and haunch 

(45o above the invert). 

 

3.2.6 Test Procedure 

 

To start the test, the sample was pressurized to the desired level and the pressure valve turned off. 

Each test was conducted by slowly lowering the moveable half of the split box. This was performed 

by manually turning two gears simultaneously at 1 rev/sec. This resulted in a vertical displacement 

rate of 3.75 mm/minute. At 10 mm intervals, the revolutions were stopped to acquire fibre optic 

readings of strain along the pipe crown and invert, and total station readings to record positions of 

the surveying prisms. The test was terminated once the final offset of 120 mm was reached, which 

represents the limit of the apparatus, and which also covers almost all of the initial 130 mm linear 

section of the pipeline damage curve presented in Fig. 1. Pipes filled with water reached a 

serviceability (leakage) failure state during the test between 110 mm and 120 mm fault offsets (as 

discussed further below). 
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3.3 Experimental Results and Discussion 
 

3.3.1 Overview of results and discussion 

 

The test results are presented in the following figures: 

- Figure 3.3 shows the surface of the sand before and after testing.  

- Figures 3.4 to 3.8 present a variety of images concerning the failure modes of the pipes, 

including the discovery of wet sand and cracking found after excavation.  

- Figures 3.9 and 3.10 illustrate the longitudinal strain variations over the test time and at 

different levels of fault offset, respectively.  

- Figures 3.11 to 3.13 illustrate longitudinal and circumferential strain distributions provided 

by strain gauges around the perimeter of the pipe cross section. Fault offsets of 40 mm, 80 

mm, and 120 mm are used as a representative sample for the strain gauge data acquired.  

- Figure 3.14 illustrates the longitudinal strain distributions provided by fibre optic sensors 

along the length of the pipe at fault offsets of 40 mm, 60mm, and 80 mm. The fibre optic 

data is limited as strain readings higher than 7000 με start producing spikes in the data 

profiles. Grey dotted lines on the 80 mm profile represent sections where a curve of best 

fit has been used to replace the unreliable data. 80 mm represents the highest fault offset 

where the contour is readable.  

- Figure 3.15 compares the strain profiles of the three specimens at 80 mm offset value.  

- Figure 3.16 compares the curvature distributions along the length of the three specimens, 

calculated from the strain profiles in Figure 3.15.  

- Figure 3.17 presents estimates of moment distribution along each pipe, based on moment 

versus curvature relationships reported by Williams et al. (2018) for a sample of the same 

pipe tested under four point bending  
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- Figure 3.18 presents measurements of displacement at the ground surface during the three 

different experiments. 

 

3.3.2 Failure Modes 

 

Figure 3.3 shows the soil surface before and after achieving 120 mm fault offset. A shear zone 

develops in the soil to the ground surface from the discontinuity between the moveable and 

stationary sections of the floor. At the surface, that shear zone is seen by occurrence of a series of 

small scarps with sloping ground spanning approximately 1.5 m. On one side of that region, the 

ground surface remains essentially stationary (over the fixed section of the floor), whereas on the 

other side, the ground surface has dropped an almost uniform amount equal to the floor movement.  

During testing, failure of the pipe material was indicated between 110 mm and 120 mm fault offset 

by the crown and shoulder strain gauges on the stationary side of the pit which experienced the 

highest curvature values. Failure was also evidenced by a sudden loss of pressure during 

experiments B2 and B3, making it easier to confirm the failure mode and failure location than in 

B1. Leakage of the pressurized water in those tests also produced a zone of wet sand at the failure 

locations (Figure 3.4).  

 

Photographs from B1 reveal that it failed in tension, as indicated by exterior discoloration (Figure 

3.5) and internal cracking (Figure 3.5) at the crown at the point of peak curvature over the 

stationary side. The location of the crown line in these figures is indicated with a red line where 

discernible. Specimens B2 and B3 experienced tension failure modes on the crown near the same 

location as well (Figures 3.7 and 8) and B2 experienced additional compression failure on the 

crown location at the point of peak curvature on the moveable side. The splitting seen in Figure 
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3.8 was not present for samples B1 and B3. Almahakeri et al. (2013) showed that this type of tube 

with a ±55o laminate behaves in a nonlinear fashion. All the way to glass fibre crack, the strain 

increments occurring during each 10 mm increment of fault offset increased in magnitude 

gradually throughout all three tests, accelerating before the cracking of extreme fibres (Figure 3.9). 

Upon excavation, the mechanism of failure of the samples were clearer. Wet sand formation at the 

location of the strain gauges on the stationary side, 0.155 m from the fault (Figure 3.4) indicated 

the localization of weeping around the area of maximum curvature. Cracking of fibres (indicated 

by white lines and markings) was also discovered at this location (Figure 3.6). Following 

excavation, specimens B2 and B3 were re-pressurized to confirm the extent of the leakage. At the 

same location that the mud was found, water was found to be leaking once the sample was re-

pressurized. This leaking pattern matched the 55° winding angle of the fibreglass material. 

Williams et al. (2018) reported that tensile failure in this material ran parallel to the fibre winding 

angle, and this was also confirmed by cracking on the internal wall of the pipe at the locations of 

failure. Weeping in B2 occurred at the crown on both the stationary and the moving sides, 

suggesting tension and compression (possibly buckling) failures, respectively. Figure 3.7(b) shows 

the compression failure of B2. Evidence of cracking along the fibres and visual marks suggest the 

occurrence of tension failure for B1 on the stationary side. 

 

3.3.3 Strain Variations with Time and Fault Offset 

 

Generally, the strains on the stationary side were consistently higher than those on the moving 

side, consistent with observations for other studies examining pipes crossing normal ground faults 

(Ni, 2016; Saiyar et al., 2016). Figure 3.9 shows the strain gauge data variation with time at the 

crown, shoulder, and invert of the three specimens, respectively, on the stationary side. The curves 
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in Figure 3.9 have a ‘step’ pattern that reflects loading through increments of 10 mm fault offset, 

with pauses in between to perform fibre optic readings. Figure 3.9 shows that the shoulder gauge 

of B3 captured the failure event visually observed in Figure 3.8. 

 

Figure 3.10 shows the peak values of strain measured along the pipe using the optical fibres as a 

function of fault offset, at both the crown and invert. These are almost identical at the crown for 

each of the three experiments. Measurements of invert strains are noticeably lower for the third 

test, involving the most highly pressurized pipe. This may be due to increased stiffness caused by 

high internal pressure, reducing curvature experienced by the pipe. The stiffer pipe segments result 

in increased uplift of the pipe causing loss of contact with the sand bedding as the pipe “bridges” 

the fault line, resulting in lower strains induced at the invert. 

 

3.3.4 Strain Distributions around the Pipe Perimeters  

 

Figures 3.11 to 3.13 present polar graph distributions of longitudinal strains (right side of the plot) 

and circumferential strains (left side of the plot) around the circumference of each of the three 

specimens, at three fault offset intervals (40, 80 and 120 mm) on the stationary side. The markers 

indicate the strains recorded with interpolated lines connecting them. There are no markers for B1 

at the crown and shoulder as well as for B3 at the crown at 120 mm offset, because the gauges 

stopped reading before that fault offset was reached. This was likely due to the gauge adhesion 

failure, so the gauge separated from the pipe, perhaps due to high curvature values and/or pipe 

material failures under the gauge. 
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These three distributions reveal how internal pressure induces additional hoop tensions. The 

impact of the ring tension on the longitudinal bending strains is not as clear, with no consistent 

trends seen here. This is likely because the strain gauge locations were different on each of the 

pipes. The impact of internal pressure becomes clearer in a subsequent section, when longitudinal 

distributions of curvature are compared. 

 

3.3.5 Strain Distributions along the Pipe Lengths 

 

Figure 3.14 shows the longitudinal strain distributions along the pipe lengths on both sides of the 

fault, for the crown and invert of the three specimens, using the fibre optic data, at three fault offset 

intervals (40, 60 and 80 mm). Markers indicate strain gauge data used to verify the accuracy of the 

fibre optic data. As noted above, 80 mm is the maximum fault offset where fibre optics could 

record strain data. At around 7000 με the glass fibres start to separate from their nylon coating 

causing excessive spikes in the data that do not reflect accurate readings. These data points have 

been omitted and replaced with a dotted grey trendline. The strain profiles reflect an asymmetrical 

double curvature pattern along the pipe with an inflection point occurring approximately at 0.2 to 

0.3 m from the fault on the moving side. It can be seen that maximum peak strains occur on the 

stationary side, only about 0.15 to 0.3 m from the fault. On the moving side, lower peak strains 

occur at a position from 0.7 to 1.0 m from the fault. At the 80 mm fault offset, the peak tensile 

strain ratio of the moving-to-stationary sides varies from 0.5 to 0.65, while the peak compressive 

strain ratio varies from 0.76 to 1.13. The tensile crown strains are also consistently higher than the 

compressive strains at the invert, especially for higher internal pressure. It is also very interesting 

to note that the section of pipe that experiences strain is only about 2.85 m long (1.0 m on the 
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stationary side and 1.85 m on the moving side), whereas the total length of the pipe is 6 m. Noting 

this ‘effective length’ on Figure 3.8, it appears to be independent of fault offset.  

Figure 3.15 presents the strain profiles for the three different experiments at one particular 

magnitude of fault offset, 80 mm. These show clear evidence of the effect of internal pressure on 

the flexural response of the pipeline – with distinctly lower strain minimum (peak negative) and 

maximum (peak positive) strains for the pipe under internal pressure of 1000 kPa. The differences 

between the pipes at zero and 300 kPa pressure are less clear. 

 

3.3.6 Curvature Distributions along the Pipe Length 

 

Figure 3.16 shows the distribution of longitudinal curvature along the length of each pipe. The 

curvatures are calculated as recorded crown strain minus the recorded invert strain divided by the 

nominal outside diameter of the pipe. It should be noted that since diameter change due to bending 

(the Brazier (1927) effect) could not be recorded during these buried pipe experiments, the 

curvature displayed is not a true curvature, but an “engineering” curvature based on the initial 

distance between extreme fibres (the diameter) of the sample. The curvature profiles are consistent 

with the strain profiles seen in Figure 3.15 and earlier. This confirms that the length of the pipe 

experiencing longitudinal bending is about 2.85 m for all three tests.  

 

3.3.7 Effect of Internal Pressure 

 

Though figures 3.14 and 3.15 indicate that the internal pressure had no obvious effect on the length 

of the pipe experiencing bending, internal pressure had a notable influence on the peak curvature 

on both the stationary and moving sides, with internal pressure of 1000 kPa reducing these by 25 

and 35% on each side respectively, at 80 mm offset. Furthermore, the peak curvature points on 
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both sides seem to shift by about 0.25 m towards the stationary side as the pressure increased to 

1000 kPa. This shows the effect of internal pressure reducing ovalization experienced by the 

sample due to bending. Ovality induced by bending along the unpressurized pipe B1 acts to reduce 

the second moment of area, with the greatest reduction occurring at the point of maximum 

curvature (the short axis of the ellipse is in the vertical plane). Reductions in ovality due to internal 

pressure within the pipe (since uniform internal pressure in an ellipse will act to inflate and deform 

the pipe to become more circular i.e. reducing the ovality), therefore enhancing the second moment 

of area and consequently the bending stiffness across the regions of longitudinal bending. This 

increase in longitudinal bending stiffness due to internal pressure then shifts the point of peak 

curvature on the stationary side further away from the fault line. consistent with the findings of 

Saiyar et al. (2016) regarding the effect of pipe stiffness on flexure. 

 

While bending moment was not directly measured in this test, Williams et al. (2018) discuss the 

use of four point bending tests to examine moment versus curvature response for samples of the 

same GFRP pipe tested without internal pressure. That data is used to estimate the moment 

distributions along all three samples, Figure 3.17. This infers that bending moment is significantly 

less for the pressurized samples, though data is not available to quantify how longitudinal bending 

stiffness increases under internal pressure.  

 

Figure 3.18 presents results for settlements recorded at the ground surface for each experiment. 

This figure presents measurements made on the surface directly over the pipe (Prism 5), and over 

the soil beside the pipe (Prism 4). In each case, movements recorded by Prism 4 exceed those for 

Prism 5. The movements over the pipe (Prism 5) increase progressively as internal pressure was 
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increased, likely because the point of peak hogging curvature is moving steadily away from the 

fault line (as discussed earlier). Movements at the ground surface beside the pipe do not increase 

monotonically with internal pressure – B2 is lower than B1, which is lower than B3. This might 

be associated with the somewhat random development of the small scarps seen earlier in Figure 

3.3, or some other complexity in the ground motion. 

 

 

3.4 Summary and Conclusions 
 

Three full scale tests simulating a vertical (normal) fault condition were performed on 6 m long, 

141 mm diameter (D) ±55° angle-ply GFRP pipes with 4.1 mm wall thickness (t), buried in dense 

olivine sand. The internal pipe pressures in the three tests were zero, 300 and 1000 kPa, 

respectively. The test pit simulated 120 mm of vertical offset for each test. The samples were 

buried at a depth (H) of 1.2 m, representing a common pipe burial to diameter ratio H/D of 8.5.  

 

The following conclusions are drawn: 

1. The ±55° angle-ply GFRP pipes used with (D/t) ratio of 35 are remarkably flexible. They 

withstood fault offsets of 110 mm (0.8D) before failure in the form of pressure loss due 

pipe weeping resulting from GFRP matrix cracking.  

2. The pipe experiences asymmetrical longitudinal deformations that produce bending 

involving two curvature peaks. The total lengths of the pipes subjected to noticeable strains 

and curvatures, and hence bending, were only 2.85 m (20D). This length appears to be 

independent of fault offset or the internal water pressure level applied. 
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3. Maximum curvatures and moments occurred on the stationary side, at a distance between 

1.4D to 2D from the fault line. This curvature is 43 to 70% higher than the peak curvature 

on the moving side, which occurred between 5.3D and 7D from the fault line. 

4. The internal pressure of 1000 kPa resulted in 25% and 35% reductions in peak curvatures 

at the stationary and moving sides, respectively. Due to the nonlinear behaviour of this 

material, these reductions in curvatures would correspond to much lower reductions in 

moments at the ultimate limit state. The location of peak curvature on the stationary side 

shifts further away from the fault line for samples subject to higher internal pressure. 

Internal pressure restricting ovalization increases the second moment of area, thereby 

increasing stiffness of the pipe segment. 

5. The failure mode was predominantly tension failure seen on the stationary side at the 

position experiencing the peak curvature. Weeping occurred at this location and upon 

excavation GFRP discoloration was also observed. Samples were repressurized to confirm 

weeping behaviour. On the pipe subjected to intermediate pressure (300 kPa), there were 

signs of compression failure at the point of peak curvature on the moving side, where 

weeping was also observed after pipe exhumation. 
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3.6 Tables and Figures 
 

Table 3.1: Test Matrix 

Test 

ID 

H/D Internal 

Pressure 

(kPa) 

Sample 

Contents 

B1 8.5 0 Air only 

B2 8.5 300 Water and Air 

B3 8.5 1000 Water and Air 
 

Table 3.2: Soil Parameters 

Soil Parameter Value 

Modulus of Elasticity 16 MPa 

Poisson Ratio 0.3 

Density 1650 g/cm3 

Peak Friction Angle 53° 

Dilation Angle 16° 

 

Figure 3.1: Pipeline Damage Rate in Response to Permanent Ground Deformation (O’Rourke and Liu, 1999 
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Figure 3.2: Test Setup: i) Pipe Sample Located for the Pre-Test Pressure Check with Friction Treatment Seen in the Background, 

ii)) Plan View, iii) Elevation View, iv) Deformed Shape 

ii) 

Downward Displacement δ 

Stationary Side 

iv) 

iii) 
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Figure 3.3: Pit surface: Before (left, flat) and After Test B3 (right, see wrinkles at fault line) 

 

 

 

Figure 3.4: Wet Sand in the Vicinity of Failure of Pressurized Pipe B3 
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Figure 3.5: Failure of B1 at Stationary Side a) Exterior Discolouration b) Interior Cracking Parallel to Winding Angle 

 

 

    

Figure 3.6: Tension Failure of B2 at Stationary Side a) Exterior Discolouration b) Interior Cracking 
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Figure 3.7: Compression Failure in B2 at Crown on Movable Side: (a) Weeping, (b) Damaged Fibres c) and d) Damaged 

Interior 

                             

Figure 3.8: Tension Failure of B3 on Stationary Side: a) Exterior Weeping b) Interior Cracking 
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Figure 3.9: Strain gauge Data at Crown, Shoulder, and Invert Versus Time on the Stationary Side 
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Figure 3.10: Peak Strain vs Fault Offset for Crown, and Invert on the Stationary Side 
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Figure 3.11: Hoop and Longitudinal Strains in B1 Near the Location of Maximum Peak Curvature 
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Figure 3.12: Hoop and Longitudinal Strains in B2 Near the Location of Maximum Peak Curvature 
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Figure 3.13: Hoop and Longitudinal Strains in B3 Near the Location of Maximum Peak Curvature 
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Figure 3.14: Strain Profiles for: a) B1, b) B2, and c) B3 Derived from Fibre Optic and Strain Gauge Data at the Crown and 

Invert 
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Figure 3.15: Comparison of Strain Profiles at 80 mm Fault Offset 
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Figure 3.16: Comparison of Curvature at 80 mm Fault Offset 

 

 

Figure 3.17: Estimated Moment Distribution of B1, B2 and B3 at 80 mm Fault Offset 
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Figure 3.18: Pit surface Movement for Survey Points 4 and 5 
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Chapter 4  

Conclusion 
 

4.1  Summary 

A series of experiments were performed on GFRP pipes 141 mm in diameter. Three full-scale 

tests (B1, B2, and B3) were conducted on specimens about 5.6 m in length buried 1.2 m below 

the ground surface. These tests were conducted in the Split Box at Queen’s University, that is 

used to simulate a normal fault to examine the effects of permanent ground deformation on 

buried pipes. Screw jacks support one half of the box capable of moving downward up to 120 

mm, and the nonuniform ground settlements that result along the pipeline cause it to experience 

longitudinal bending.  

The pipe samples in these tests were subject to internal pressures of 0 kPa (B1), 300 kPa (B2), 

and 1000 kPa (B3) respectively, to assess the changes in system response caused by internal 

pressure. Internal pressures were induced during Tests B2 and B3 by filling each sample with 

water and then pressurizing it with air, noting the commencement of leakage and the associated 

reductions in internal pressure. Upon excavation these pipe segments exhibited early signs of 

material damage in the form of discolouration and cracking inside the pipe and on the outside 

surface. 
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Unburied flexural testing was completed to compare unburied properties with the results of the 

buried tests. Three tests (F1, F2, and F3) were four-point bending experiments performed on 

samples 1.8 m in length to assess the unburied characteristics of the pipe. Tests F1 and F2 

featured hollow samples while the pipe sample for Test F3 was partially filled with concrete 

leaving a 3 cm gap at the midspan to restrict ovalization of the sample. The pipe segments for all 

three tests sustained loads of around 20 kN and midspan deflections up to 100 mm before glass 

fibre bands began to crack. These flexural tests were conducted in a screw driven actuator and 

were compared with the results of buried samples.  

All buried test samples and one flexural test sample (F1) were instrumented with a combination 

of fibre optic sensors and strain gauges to produce a continuous longitudinal strain profile along 

the length of the sample at the crown and the invert, as well as providing data points at the 

shoulder, springline, and haunch. This data was used to estimate curvature and moment 

distribution along the pipe samples. 

4.2  Conclusions 

In each of the buried pipe tests, the samples were subject to 120 mm of fault offset without 

resulting in an ultimate limit state being reached. Serviceability limit states in the form of 

weeping and pressure loss in samples B2 and B3 were reached at fault offset of 110 mm as 

discussed below.  

The longitudinal bending response was therefore monitored using fibre optic sensors to provide 

continuous strain data along the crown and invert for all buried tests, revealing a strain profile 

that is asymmetrical about the fault line. Two points of peak curvature were observed, the larger 

peak located on the footwall side was about 0.15 m from the fault line produced the highest 
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tensile strains recorded along the crown of the pipe. A smaller peak occurred on the hanging 

side, at a location about 1.2 m from the fault line. This peak involved compressive strain. GFRP 

samples showed peak strains and material cracking and discolouration occurring in tension on 

the crown of the pipe. Cracking of the GFRP material and fluid leakage was also located at this 

location. This may be due to strengthening of the invert due to biaxial compression loading from 

the confining soil pressure and the flexural bending. Conversely the crown may have been 

weakened here by a combination of tensile strain from bending and compression from 

overburden pressure. The biaxial strength characteristics of GFRP material may warrant further 

study.  

The value of peak strains recorded at high curvature locations did not change with internal 

pressure, with the exception of strains recorded at the invert of B3 on the footwall side where 

recorded strain was 48% lower than strains observed for B1 and B2. At this location the pipe 

may have lost contact over the soil moving downward and a loss of direct contact with the soil 

under the pipe. Nominal curvature was 25% and 35% lower at the hanging side and footwall 

peaks respectively for the 1000 kPa test B3. On the footwall side the location of the curvature 

peak shifted further away from the fault line with the inflection point of zero curvature also 

occurring closer to the fault line. Increasing internal pressure of the samples did not change the 

length of the stressed portion of the pipe.  

Failure of this GFRP material is characterized by discolouration of the glass fibre bands as the 

black colouring turns yellow. When failing in tension such as in F2 the failure occurs parallel to 

the ±55° winding angle of the GFRP pipe. The fibre bands separate from each other transversely 

and then separate outwards from the pipe resulting in pressure loss and weeping. Compression 
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failure does not follow the winding angle but instead crushes individual fibres at the point of 

maximum stress. The full failure mode of this material was observed for the flexural test samples 

F2 (tension) and F3 (compression). The testing of F1 was terminated before reaching an ultimate 

limit state. A similar level of curvature was observed for the buried samples however they did 

not reach an ultimate limit state. Upon excavation early signs of failure including discolouration 

and cracking were observed at peak curvature zones. Buried samples mostly exhibited tensile 

failure parallel to pipe winding angle. One location of compression failure was discovered for 

sample B2 at the crown of the hanging side peak, where the inner pipe wall had split. Buried 

samples also leaked water into the surrounding soil resulting in sections of caked wet sand 

representing a serviceability limit state that has been reached. Weeping locations corresponded 

with signs of material failure noted above. This failure occurred between 110 mm and 120 mm 

of fault offset for all samples as indicated by a significant reduction in pressure and spikes in 

strain data. Re-pressurizing the samples after excavation confirmed the location of weeping to be 

at the crown of the footwall (tension) side. 

Strain data shows that soil confinement may have altered the behaviour of the buried samples. 

Flexural test samples show a non-linear curvature/deflection relationship eventually reaching a 

plateau. Curvature for the buried sample (B1) showed a linear relationship with deflection. It did 

not start to plateau when it reached a similar curvature magnitude as F2 and F3. Hoop strain 

behaviour was also different for the buried samples than for the unburied samples. The unburied 

sample showed symmetrical hoop strain distribution about the spring line. The buried sample 

showed asymmetrical distribution with a compressive bias, indicative of the effects of confining 

soil pressure. 
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The four-point bending tests featured a non-traditional test set-up using lubricated aluminum 

sheets in place of rollers. The aluminum sheets allowed sliding and horizontal movement not 

inducing strain the specimen during testing. The results from this test compared favourably 

(within 5% strain values) with the results of a traditional pin and roller set up, confirming the 

effectiveness of this method. Further testing continued with the aluminum sheet set-up. Test F3 

was partially filled with concrete to reduce ovalization of the sample at the midspan. This did not 

prove to be an effective method as local effects at the concrete gap made strain gauges erratic 

and unreliable. The sudden change in stiffness of the cross-section interfered with the normal 

bending behaviour of the material resulting in the section behaving as a plastic hinge instead of a 

thick beam. Warping and necking induced by the concrete is believed to have interfered with the 

material properties of the pipe making test F3 incomparable with F1 and F2. In the future, other 

methods must be used to control for ovalization of the specimens so that true curvature can be 

calculated. Test F2 was used to establish a relationship between calculated curvature and 

moment, subsequently used to estimate moment distributions of the buried samples. Large 

moment peaks are observed at locations of maximum curvature with more contrast between high 

moment points than was seen in the curvature profiles. The high pressure sample B3 is shown to 

experience the least amount of bending moment. 
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Appendix A: Backfill Data for Buried Tests B1, B2, and B3 
 

During the backfill process density cups were used to monitor the density of the olivine sand and 

ensure that a consistent density was maintained. Density cup data is displayed in this appendix 

(Figures A1, A3, and A5) for all three buried tests displaying density measurements for each 14 

cm lift. Though there are some outliers, sand density is found to be around 1700 g/cm3 for all 

tests. Density cup 2 was placed at the center of the split box layout with density cups 1 and 3 

placed in the southern and northern halves respectively half way between the fault line and the 

wall. Raw data recorded during burial is shown in figures A2, A4, and A6. 

 

Figure A1: Density Measurements Taken During B1 Backfill 
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Figure A2: Raw Backfill Data for B1 
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Empty cup weight (g)

Density cup weight Density (g/cm3)

0 1.567 3.415
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1690Sand weight
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1685Sand weight

6 1.568
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Figure A3: Density Measurements Taken During B2 Backfill 
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Figure A4: Raw B2 Backfill Data 
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Figure A5: Density Measurements Taken During B3 Backfill 
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Figure A6: Raw B3 Backfill Data 
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Appendix B: Pressure Test Data 
 

 Pre-burial Pressure Test 
 

The pressurizing system for samples B2 and B3 required testing to ensure that the pressure 

system was functional and that induced internal pressure did not overly affect longitudinal strains 

of the samples. Figure B1 shows strains responding to 300 kPa pressure (black line) with time 

during preliminary unburied testing. Figure B2 shows the same strain response with pressure on 

the horizontal axis. Figures B3 and B4 show the same data but for the preliminary test of the 

high pressure B3 test pipe. Figure B5 shows the strains induced by 150 kPa pressure while 

sample B2 was buried. Figure B7 shows the pressure readings taken during testing. For both tests 

the pressure drop observed occurred after the 110 mm fault offset interval, indicating a breach in 

the pipe and subsequent pressure loss. 

 

Figure B1: Pre-burial Pressure Test for B2, Strain and Pressure vs Time 
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Figure B2: Pre-burial Pressure Test for B2, Strain vs Pressure 

 

 

 

 

Figure B3: Pre-burial Pressure Test for B3, Strains vs Time 
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Figure B4: Pre-burial Pressure Test for B3, Strains vs Pressure 

 

 

Buried Pressure Test 

 

Figure B5: Strains Induced by 150 kPa Internal Pressure while Buried for Sample B2 0.15 m North of the Fault Line 
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Figure B6: Strains vs 150 kPa Pressure While Buried for Sample B2 1.25 m and 0.15 m South and North of the Fault Line 

Respectively 

 

 

Figure B7: Pressure Measurements during B2 and B3 Testing, Indicating Failure Where Slope Changes 
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Appendix C: Miscellaneous Test Data 
 

The following figures represent miscellaneous data recorded and analyzed during testing that 

was not included in the thesis. Figure C1 shows typical unfiltered deflection data recorded by 

string potentiometers during testing. All three tests exhibited the same step-like behaviour, with 

the north pipe potentiometer ensuring that the stationary pipe end stayed stationary. Figure C2 

shows strain data at the crown, shoulder, and invert during the buried tests. The failure of B3 at 

the shoulder can be seen in the sharp drop near 120 minutes of testing. Figure C3 and C4 show 

unfiltered fibre optic data for B1 and B3 respectively. C3 shows the entire fibre length from the 

sensor to the analyzer while C4 is magnified to show unfiltered fibre optic data at the pipe 

location. Figure C5 shows the effect of strain softening for sample B1. As fault offset increased 

the difference in added strain between subsequent loading intervals increased, suggesting minor 

failure of pipe material. This occurred mainly at the strain peak to the north of the fault line, 

about 0.15 m from the fault line as can be seen in the direct comparison in Figure C6.  

 

 

Figure C1: Typical Unfiltered String Potentiometer Data (B3) 
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Figure C2: Unfiltered Crown, Shoulder, and Invert Data for Buried Tests 
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Figure C3: Typical Unfiltered Fibre Data (B1) for 20 mm (dotted) 50 mm (black) 80 mm (dashed) and 110 mm (grey) Fault 

Offset 

 

 

 

Figure C4: Typical Unfiltered Fibre Data (B3) for 20 mm (dotted) 50 mm (black) 80 mm (dashed) and 110 mm (grey) Fault 

Offset 
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Figure C5: Strain Softening of B1 Shown for 20 mm, 40mm, 60 mm, and 80 mm Fault Offset 

 

 

Figure C6: Strain Softening Analysis for B1 
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Appendix D: Coupon Test Data 
 

The following charts represent data acquired from coupon samples of the GFRP pipe used in this 

study and used to calculate Young’s Modulus for the Material. Each set of tests featured three 

samples whose results were averaged for calculation. Figures D1, D2, and D3 depict data 

obtained from the compression coupon tests (ASTM D3410). D1 shows load versus deflection 

for the coupons, while D2 and D3 show the relationship of stress vs strain. D3 focuses on the 

portion dictated by the ASTM regulation where Young’s Modulus is calculated. Similarly, the 

tension coupon data is presented in Figures D4, D5, and D6. 

 

Compression tests (ASTM D3410) 

 

Figure D1: Applied Load vs Stroke for Compression Coupon Tests 

 

Figure D2: Stress vs Strain for Compression Coupon Tests 
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Figure D3: Sample of Stress/Strain Curve Used to Calculate Young's Modulus for Compression Coupon Tests, Equations Refer 

to Slop Calculations 

 

Tension Tests (ASTM D3039) 

 

Figure D4: Load vs Stroke for Tension Coupon Tests 
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Figure D5: Stress vs Strain for Tension Coupon Tests 

 

 

Figure D6: Sample of Stress/Strain Curve Used to Calculate Young's Modulus for Tension Coupon Tests, Equations Refer to 

Slop Calculations 
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Appendix E: Curvature Calculation for F3 
 

Figure E1a shows the relationship between curvature and applied moment for all three flexural 

tests F1, F2, and F3. Curvature data based on strain gage readings is omitted for F3 for Figure 

2.13, because the deep beam conditions are believed to have produced spurious results (i.e. 

possible non-linear strain distribution). Instead, the curvature for F3 was determined 

geometrically assuming the concrete kept the two “arms” of the tube straight (i.e. it is assumed 

that the high flexural rigidity of the concrete prevented curvature changes within the concrete 

supported sections) and that all curvature is concentrated in the middle (Figure E1b). The 

equation used to find curvature under four-point bending as a function of midpoint deflection is 

as follows (Equation 1): 

 

𝜅 =
(𝛿∗8)

(2∗𝐿− 𝛥)
= 2.53 ∗ 𝛿  

where κ = curvature, Δ = 0.03 m (the initial gap distance between the concrete), L = 1.62 m 

(length between outer supports), and δ = midspan deflection. 
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Figure E1: a) Applied Moment vs Curvature of F1, F2, and F3 (*Curvature Calculated from Deflection Depicted in b)) 
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