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Abstract 

This thesis explores the effects of rehabilitation on the structural performance of corrugated steel culverts. 

A full-scale laboratory experiment investigated the effects of grouted slip-liners on the performance of 

two buried circular corrugated steel culverts. One culvert was slip-lined and grouted using low strength 

grout, while the other was slip-lined and grouted using high strength grout. The performances of the 

culverts were measured before and after rehabilitation under service loads using single wheel pair loading 

at 0.45m of cover. Then, the rehabilitated culverts were loaded to their ultimate limit states. Results 

showed that the low and high strength grouted slip-liners provided strength well beyond requirements, 

with the low strength specimen failing at a load 2.4 times the fully factored service load, while the high 

strength specimen did not reach an ultimate limit state before bearing failure of the soil stopped testing. 

Results also showed that the low strength specimen behaved rigidly under service loads and flexibly 

under higher loads, while the high strength specimen behaved rigidly under all loads. A second full-scale 

experiment investigated the effect of a paved invert rehabilitation procedure on the performance of a 

deteriorated horizontal ellipse culvert. The performance of the culvert before and after rehabilitation was 

examined under service loads using tandem axle loading at 0.45m of cover. The rehabilitated culvert was 

then loaded up to its ultimate limit state. The culvert failed due to the formation of a plastic hinge at the 

West shoulder, while the paved invert cracked at the invert. Results showed that the rehabilitation 

increased the structural performance of the culvert, increasing the system stiffness and reducing average 

strains and local bending at critical locations in the culvert under service loads. A sustainability rating tool 

specifically for the evaluation of deteriorated culvert replacement or rehabilitation projects was also 

developed. A module for an existing tool, called GoldSET, was created and tested using two case studies, 

each comparing the replacement of a culvert using a traditional open-cut method with two trenchless 

rehabilitation techniques. In each case, the analyses showed that the trenchless techniques were the better 

alternatives in terms of sustainability. 
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Chapter 1 

Introduction 

1.1 Description of the Problem 

Many infrastructure assets built in North America during the infrastructure booms of the 1950s and 1960s 

are now reaching the end of their intended service lives, and as such the need for efficient management of 

these assets is growing. A significant portion of these assets is made up of buried infrastructure, such as 

corrugated steel culverts. To avoid potentially catastrophic failures, many of these culverts now require 

replacement or rehabilitation (Matthews et al., 2012). The traditional open-cut method of replacing 

culverts is becoming less desirable, as these methods are expensive and cause disruptions to roadways, 

while trenchless rehabilitation techniques are becoming more popular due to their ability to reduce 

roadway disruptions (Jung and Sinha, 2007). 

While these rehabilitation techniques are now being widely used throughout North America (Syachrani et 

al., 2010), established design methods for these techniques are lacking. ASTM F1216 is the only standard 

for a trenchless rehabilitation technique (specifically for cured in place pipe lining, or CIPP), however it 

has been applied to other trenchless rehabilitation techniques such as grouted slip-lining – a highly 

questionable practice given the significant differences between CIPP and other lining procedures. No 

codified design standard exists in North America for any other trenchless rehabilitation technique and so 

engineers need to over-rely on previous experience when undertaking certain trenchless culvert 

rehabilitation projects. This thesis aims to study the effect that slip-lining and paved invert rehabilitation 

procedures have on the performance of steel culverts, and to provide experimental data from full-scale 

laboratory tests for the development of further analyses and design models to capture the behaviour of 

these repaired structures. 
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At the same time, as the need to address the issue of deteriorating infrastructure increases, so too does the 

demand for public agencies to incorporate the idea of sustainable development into these infrastructure 

projects (Maher et al., 2015). This can be a challenge however, mainly due to the difficulty associated 

with assessing sustainability within this context. To help with this challenge, several sustainability rating 

systems have been developed to evaluate infrastructure projects on the basis of environmental, societal 

and economic benefits, or the “triple bottom line” (Shen et al., 2010). However, currently there exists no 

sustainability rating system specifically for evaluating culvert replacement or rehabilitation projects and 

therefore, another goal of the thesis is to develop such a sustainability rating system. 

1.2 Background 

1.2.1 Culvert Rehabilitation Using Grouted Slip-Lining  

Previous laboratory studies have been conducted to investigate the effect of a grouted slip-liner on culvert 

performance. Simpson et al. (2015) conducted a full-scale laboratory study whereby a deteriorated 

corrugated steel pipe was buried and tested under service loads, then slip lined with an HDPE liner and 

grouted into place using a high strength grout. The rehabilitated culvert was then tested under service 

loads and up to its ultimate limit state. It was found that the rehabilitation procedure increased the 

stiffness of the culvert, with the grout annulus providing almost all of the increased stiffness. A limitation 

of this research however was that only one culvert was rehabilitated and tested, using only high strength 

grout. 

Smith et al. (2015) conducted a preliminary laboratory study to determine the effect of grout choice on 

slip lined structures. Five pipe specimens were tested in a D-load configuration (2-point loading in a non-

buried state) including four rehabilitated pipes slip lined with low and high strength grouts, and one non-

rehabilitated corrugated steel pipe. The results showed that both low and high strength grout specimens 

had increased strength and stiffness compared to the non-rehabilitated pipe. However, the high strength 

grout specimens showed a greater increase compared to low strength grout. The results also showed that 
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the pipe slip lined using low strength grout behaved as a flexible pipe, while the high strength grout 

specimen behaved as a rigid pipe. One important limitation of that study however was that the pipes were 

not buried. 

As such, the current investigation is believed to be the first full-scale experimental study offering a 

comparison of the performance of buried culverts slip lined using 1) a low strength grout and 2) a high 

strength grout. 

1.2.2 Paved Invert Culvert Rehabilitation 

Several field studies have been performed to assess the performance of large-scale horizontal ellipse 

culverts assembled from corrugated steel plates, during both backfilling and live load testing (i.e. McVay 

and Selig, 1982; Webb et al., 1999; Sezen et al., 2008). However little experimental work has been 

performed to examine the ultimate limit states of these structures. Regier (2015) conducted the first 

laboratory experiment reported to study the strength limits of an intact horizontal ellipse culvert. The 

study found that the load carrying mechanism of the culvert changed depending on the cover depth and 

that current design methods for these structures may be considering the wrong failure mechanisms (thrust 

at the springlines instead of bending moments across the crown).  

In terms of deteriorated corrugated steel culverts (circular or ellipse), there have been several studies on 

the relationship between invert corrosion and performance of steel culverts (i.e. El-Taher and Moore 

2008, Mai et al., 2013); however, none have been conducted with horizontal ellipse culverts.  

1.2.3 Sustainability Assessments 

As previously mentioned, several sustainability rating systems have been developed to evaluate 

infrastructure projects. Some of these rating systems include certification programs such as LEED 

(CGBC, 2016) and GreenPAVE (Maher et al., 2015) and self-evaluation tools such as GoldSET (Golder, 

2016). GoldSET is a web-based tool that evaluates projects based on qualitative and quantitative 
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indicators from economic, social, environmental and technical dimensions. GoldSET has been adapted for 

a multitude of different types of engineering projects, however it hasn’t been extended to include 

deteriorated culvert replacement or rehabilitation projects. As such, this study aims to develop a module 

of GoldSET specifically for the evaluation of these projects. 

1.3 Objectives of Research 

The overall objective of the study is to measure the impact of rehabilitation on the performance of 

corrugated steel culverts, and to develop a sustainability assessment tool to measure the sustainability of 

culvert installation or rehabilitation projects. The specific objectives of this thesis are: 

 Compare the behaviour of slip-lined circular corrugated steel culverts using low strength grout 

and high strength grout, 

 Measure the effect of slip-lining rehabilitation procedures on the performance of circular 

corrugated steel culverts, 

 Measure the impact of deterioration on the performance of a horizontal ellipse culvert, 

 Measure the behaviour of a deteriorated horizontal ellipse culvert before and after rehabilitation 

using a paved invert procedure, 

 Provide experimental data to permit the future development of analyses and design models to 

capture the behaviour of these structures, and 

 Develop a sustainability rating system specifically for assessing alternatives for deteriorated 

culvert projects. 

1.4 Thesis Format 

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

Queen’s University. The first chapter is a general introduction. Chapters 2, 3 and 4 are the manuscripts. 

The summary and conclusions are given in Chapter 5. 
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Chapter 2 describes a full-scale laboratory study examining the effect of grout choice on culvert slip-

lining. Two corrugated steel culverts were buried in well compacted soil, tested under service loads, then 

rehabilitated using slip-lining procedures. One specimen was slip-lined using a low strength grout, while 

the other used a high strength grout. The rehabilitated specimens were then tested under service loads and 

up to their ultimate limit states. 

Chapter 3 discusses a full-scale laboratory study examining the behaviour of a deteriorated horizontal 

ellipse culvert before and after rehabilitation. The deteriorated culvert was buried in well compacted soil 

and tested under service loads, then rehabilitated using a paved invert procedure and tested again under 

service loads and up to its ultimate limit state. The results from this study were also compared to a 

previous full-scale laboratory study of an intact horizontal ellipse culvert. 

Chapter 4 presents the development of a sustainability rating system specifically designed for culvert 

installation or rehabilitation projects. Golder Associates Ltd. was consulted and a culvert module of their 

existing sustainability rating system, called GoldSET, was created. Chapter 4 also presents the use of the 

GoldSET culvert module on two case studies. 

1.5 References 
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Chapter 2 

Laboratory Study Examining the Effect of Grout Choice on Culvert 

Rehabilitation Using Slip-Lining 

2.1 Introduction 

In North America, many of the infrastructure assets built in the 1950s and 1960s are now reaching the end 

of their intended service lives, and the estimated costs of replacing or maintaining this infrastructure are 

in the trillions and billions of dollars in the United States and Canada, respectively (ASCE, 2013; CIRC 

2016). As such, there is a growing need for efficient management of this deteriorating infrastructure. A 

significant portion of these assets is made up of buried infrastructure, such as the hundreds of thousands 

of corrugated metal pipe culverts in service under North American roadways. Based on typical corrosion 

rates (50 – 100 µm/year), many of these culverts installed in the 1950s and 1960s are at the end of their 

service lives and currently require replacement or rehabilitation (Matthews et al., 2012). If deterioration in 

culverts reaches a critical level, both the structural and hydraulic performance can be compromised, 

potentially leading to catastrophic failures (Meegoda et al., 2009). Culverts can be replaced using 

traditional open-cut trench methods, however these methods are expensive and cause unwanted 

disruptions to roadways. As such trenchless rehabilitation techniques are becoming more popular (Jung 

and Sinha, 2007). 

There are several common trenchless rehabilitation techniques currently being used to repair corrugated 

steel culverts including: slip lining, cured in place pipe lining (CIPP), invert paving, spirally-wound 

liners, and spray on liners. To determine the popularity of culvert rehabilitation techniques, Syachrani et 

al. (2010) surveyed twenty Departments of Transportation in the United States regarding which methods 

were being used most often, and found that slip-lining was the most popular. Slip lining consists of 

inserting a new pipe (liner) of smaller diameter into the existing culvert. Slip lining is advantageous due 
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its relatively low cost, its ability to be used in pipes with large radius bends, its ability to be implemented 

under live flow conditions (no stream diversion required), and its applicability to a wide range of 

materials (Hollingshead and Tullis, 2009). Any pipe material can be used as the liner pipe, such as 

corrugated metal pipe, reinforced concrete pipe, fibreglass reinforced pipe (FRP), and plastic pipes such 

as polyvinyl chloride (PVC) and high density polyethylene (HDPE). HDPE liners are commonly used in 

slip lining projects because of their high strength to weight ratio, good abrasion resistance and their 

smooth surfaces which maintain proper hydraulic performance of the culvert as well as allow for easy 

insertion into the host pipe (Mitchell et al., 2005). Usually, the outside diameter of the liner is at least 

10% smaller than the inside diameter of the culvert, creating an annulus between the two pipes which may 

or not be grouted (Zhao and Daigle, 2003). Typically, however, the annular space is grouted to prevent 

leaks and provide additional structural support. If the annulus is not grouted, the liner is not considered to 

be a structural liner (EPA, 1999).  

Currently there exist no design methods specifically for the rehabilitation of flexible culverts using 

grouted slip lining. There are two popular design approaches used for grouted slip lining, the first based 

on ASTM F1216 and the second from the Water Research Centre (WRc) Sewerage Rehabilitation Manual 

(WRc, 2001). ASTM F1216 is a standard specifically used for the rehabilitation of pipelines using cured 

in place pipe lining, and although not intended for it, it has been applied to grouted slip lining. It consists 

of a visual inspection and subsequent classification of the existing culvert based on the state of 

deterioration as either partially or fully deteriorated. If it is classified as partially deteriorated, the liner is 

designed to support only external hydraulic loads (in the case of a slip-lining procedure, the external 

hydraulic loads on the liner would be the fluid pressure of the grout) and improve the hydraulic 

performance of the culvert, while the existing structure is assumed to be capable of supporting the 

existing earth and live loads. If the culvert is classified as fully deteriorated, the liner is designed to 

support earth and live loads as well as improve the hydraulic performance. The WRc design approach 

classifies rehabilitations into two categories, based on the interaction between the existing structure, 
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grout, and liner. A Type 1 rehabilitation involves a structure which is fully composite, meaning the 

culvert, grout, and liner are fully bonded, and is designed to be a rigid structure that can carry all earth 

and live loads. The liner does however have to be designed for short-term buckling resistance, which may 

be required during the grouting process. A Type 2 rehabilitation involves a structure which is fully non-

composite, meaning the liner does not bond to the grout or existing structure, resulting in the liner acting 

as an independent structure. A Type 2 design therefore assumes that the existing structure can resist earth 

and live loads, and that the liner does not contribute to the structural capacity of the system. Therefore, 

the purpose of the liner is to restore the hydraulic performance of the culvert and needs to be designed 

only to resist hydraulic pressures.  

Previous research has investigated the effect of rehabilitation provided by grouted slip lining on a 

deteriorated corrugated steel culvert, as well as the roles that the liner and grout play within the structural 

system (Simpson et al., 2015a).  A deteriorated corrugated steel pipe with a diameter of 1.80 m was 

buried and tested under service loads, then slip lined with an HDPE liner of diameter 1.69 m and grouted 

in place using a high strength neat grout. The rehabilitated system was tested under service loads and then 

loaded up to its ultimate limit state. It was found that the rehabilitation increased the stiffness of the pipe, 

with the grout annulus providing much of the stiffness, indicating that the liner did not play a significant 

structural role in the system. A limitation of this research was that only one rehabilitated pipe was tested, 

which was slip lined with only high strength grout. Little research has been done to determine the effect 

of grout choice on slip lined structures. Smith et al. (2015) conducted a preliminary study to determine the 

effect of grout strength as well as the presence of a liner on the performance of slip lined corrugated steel 

pipes. Five pipe specimens were tested in a D-load configuration (2-point loading in a non-buried state) 

including rehabilitated pipes slip lined using low and high strength grouts, as well as a non-rehabilitated 

corrugated steel pipe. Results showed that both the low and high strength grout specimens increased in 

strength and stiffness as compared to the corrugated steel pipe alone, with the high strength grout 

specimen showing a greater increase compared to the low strength grout. The results also suggested that 
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the pipe slip lined using the low strength grout behaved like a flexible pipe, whereas the pipe slip lined 

with the high strength behaved more rigidly. However, a limitation of this research was that the pipes 

were not buried.  

The current investigation continues this line of research and involves the testing of two buried slip lined 

corrugated steel culverts, one using a low strength grout and the other using a high strength grout. The 

culverts were instrumented, buried and tested under service loads at a cover depth of 0.45 m. While 

buried, the culverts were slip lined with HDPE liners and grouted. The rehabilitated culverts were then 

tested under a single wheel pair loading configuration to service loads and ultimate limit states. The 

objectives of this research study were to i) measure the effect of rehabilitation on culvert performance, ii) 

compare the behaviour of rehabilitated culverts using low strength grout and high strength grout, iii) 

determine the role of the liner, corrugated steel pipe, and grout annulus in each structural system, and 

their influence on the ultimate limit states, and iv) provide experimental data to permit future 

development of analyses and design models that capture the behaviour of these systems. The first section 

of this chapter details the experimental methods used in the tests, including test descriptions and 

configurations, experimental specimens, backfill procedure, instrumentation used, the rehabilitation 

procedure, and the loading configuration. The results of the experiments will then be presented and 

discussed, followed by the key conclusions drawn from the research.  

2.2 Experimental Methods 

2.2.1 Test Descriptions 

Two corrugated steel culverts were tested under simulated live loads using a single wheel pad at a burial 

depth of 0.45 m, then rehabilitated using a grouted slip lining procedure, and tested again under identical 

simulated live loads. One of the corrugated steel culverts was artificially corroded to a small degree (as 

discussed later), while the other was intact. Both of the corrugated steel culverts were specimens used in a 

previous laboratory experiment conducted by Regier (2015) and were buried in well compacted granular 
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soil in the 8 m long, 8 m wide and 3 m deep test pit described by Moore (2012). The corrugated steel 

culverts were slip lined with the same type of high density polyethylene liners, which were then grouted 

in place. The first corrugated steel culvert tested was slip lined using a low strength foam grout while the 

second was slip lined using a high strength grout. The rehabilitated specimens were loaded to their 

prescribed serviceability limits as well as their ultimate limits using a 2000 kN actuator. Given that both 

corrugated steel culvert specimens were not in an identical condition prior to rehabilitation (one intact and 

one deteriorated), this may impact the relative performance of the culvert specimens. For each service 

load test, load was applied in three cycles to simulate first loading and repeating loading conditions. Table 

2.1 gives the testing regime. 

2.2.2 Test Configuration 

To facilitate slip lining, the volume of the test pit was reduced to dimensions of 4.42 m long, 8 m wide 

and 3 m deep by placing precast concrete blocks into the pit, as shown in Figure 2.1. This left sufficient 

space for the liner to be lowered into the test pit and slid into the host pipe, as well as ensuring proper 

placement of the actuator over the centre of the culvert specimens. Each culvert was placed in a North-

South oriented trench centred within the test pit. The trench sidewalls and reinforced concrete test pit 

walls were located 1.43 m and 3.55 m, respectively, from the sidewalls of each culvert. Extension culverts 

were placed at either end of each culvert specimen to ensure proper positioning of the culvert within the 

test pit, and to ensure that constant soil cover extended past the culvert test specimens. The extension 

culverts also minimized the end effects of the embankment walls on each culvert specimen. Each 

extension culvert had a diameter of 0.9 m, with the North extension culvert having a length of 0.68 m and 

the South 0.9 m. The extension culverts were not mechanically connected to the culvert test specimens, 

but the joints were covered with geogrid and geotextile to prevent soil from entering the culvert during 

backfilling. The load was applied to the soil using a 2000 kN hydraulic actuator attached to a reaction 

frame above the test pit, centred over each culvert specimen. The load was transferred from the actuator 
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to a steel wheel pair pad through a steel column, as seen in pictures included in Appendix A. The steel 

pad measured 250 mm by 600 mm, to simulate the Canadian standard wheel pair (CSA, 2014).  

2.2.3 Experimental Specimens 

Each helically-wound corrugated steel culvert specimen had a diameter of 0.9 m and a length of 3 m. The 

corrugation profile of each culvert had an amplitude of 12.7 mm and period of 67.7 mm, while the intact 

wall thickness of each culvert was 1.6 mm. As specified in the Handbook of Steel Drainage & Highway 

Construction Products (CSPI, 2009), the sectional properties of the intact corrugated steel culverts tested 

are as follows: area of 1.51 mm2/mm, second moment of area, I, of 28.37 mm4/mm and section modulus, 

S, of 4.02 mm3/mm. As per ASTM A796 (2015), the steel used in the culvert test specimens had a 

minimum yield strength (fy) of 230 MPa, a minimum tensile strength (fu) of 310 MPa and a Young’s 

modulus of 200,000 MPa. The yield strain for the steel was calculated by dividing the minimum yield 

strength by the Young’s modulus and was equal to 1150 µɛ. The corrugated steel culvert used in the low 

strength grout rehabilitation was an intact culvert, and was the same culvert used in a previous laboratory 

experiment conducted by Regier (2015). As such, experimental data from Regier (2015) will be presented 

in later sections. The corrugated steel culvert used in the high strength grout rehabilitation was lightly 

deteriorated using an accelerated corrosion process, as outlined in Regier (2015), which removed the 

galvanising and a portion of the steel from haunch to haunch, across the invert. After the corrosion 

process, the average remaining wall thicknesses in terms of percentage of intact wall thickness were as 

follows: 24% on the West and 33% on the East side of the invert within the North half of the culvert 

specimen, and 42% on both the West and East sides of the invert within the South half of the culvert 

specimen, as outlined in Regier (2015). Full perforations were produced in the corrugation crests as 

viewed from the inside of the pipe.  

The HDPE liner specimens used were a commercially available product with the trade name “Weholite”. 

The outer diameter of the liner was 772 mm with a wall thickness of 43 mm. As per the manufacturer, the 
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liner specimens had a minimum tensile strength of 15 MPa, a short term Young’s modulus of at least 800 

MPa, density of 940 kg/m3, and a Poisson’s ratio of 0.45 (Uponor, 2014). 

2.2.4 Backfill Procedure 

Each specimen was backfilled with a poorly-graded sandy gravel classified as A1 by AASHTO (2014) or 

“GP-SP” using the unified soil classification system. Each culvert was underlain by 600 mm of 

compacted soil followed by 75 mm of loosely compacted soil in accordance with AASHTO (2014). The 

bedding material was compacted to 95% Standard Proctor using a vibrating plate tamper (Wacker 

wp1550AW), as measured by a model MC1DR-P nuclear densometer. During backfilling, soil was placed 

in 300 mm lifts and compacted to 90% Standard Proctor from the invert to the crown using the vibrating 

plate tamper. At the haunches of each culvert, soil was compacted using foot tamping in an attempt to 

provide adequate soil support to the haunches because the plate tamper did not reach under the haunches. 

From the crown to the top of cover, soil was compacted to 95% Standard Proctor, once again in lifts of 

300 mm. However, at backfill depths above 1200 mm (i.e. 300 mm above the crown), the soil directly 

above the crown was not compacted using the vibrating plate tamper, instead hand tamping was used to 

protect the culvert specimens from damage. The cover depth of 0.45 m exceeded the minimum height of 

cover of 0.30 m for this culvert geometry as specified by AASHTO (2014). Once each lift was 

compacted, the dry density, water content, Standard Proctor compaction level and the soil height were 

recorded. The summary of the soil property measurements is included in Table 2.2, and the full soil 

property measurements for each lift can be found in Appendix A. 

2.2.5 Instrumentation 

2.2.5.1 Strain Gauges 

Each corrugated steel culvert test specimen was instrumented with 14 uniaxial electrical resistance strain 

gauges installed circumferentially around one corrugation centred under the loading pad at the crown, 

shoulders, springlines, and invert of the specimens as seen in Figure 2.2 (a). The gauges were installed in 
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pairs at each location, on the corrugation crest and valley, so that experimental values of average axial 

strain and curvature could be calculated. Strain gauges on each steel culvert specimen were installed in 

accordance with the manufacturer’s recommended procedure. 

Each HDPE liner test specimen was instrumented with 6 uniaxial electrical resistance strain gauges 

installed circumferentially around the ring centred under the loading pad. The gauges were installed on 

the exterior face of the liner, at the crown, shoulders, springlines, and invert as seen in Figure 2.2 (b). The 

strain gauges on each HDPE liner specimen were installed in accordance with Vishay Instruction Bulletin 

B-129-8 (2010b) for polyethylene materials, as outlined by Simpson (2014).  

All the strain gauges were manufactured by Showa and had the following properties: gauge length of 5 

mm, resistance of 120 Ω ± 0.3%, gauge factor of 2.11 ± 1%, temperature compensation for steel thermal 

expansion of 11 PPM/ °C and a thermal output of ± 2 με/ °C.  

2.2.5.2 Fibre Optic Sensors 

Each corrugated steel culvert specimen was instrumented with four fibre optic sensor cables, as seen in 

Figure 2.2 (a), to measure distributed strain around the circumference (using the methods described by 

Simpson et al., 2015b). Both nylon and polyimide coated fibres were installed along the valley and crest 

of one corrugation adjacent to the strain gauges, and centred under the loading pad. Prior to fibre 

attachment, the steel surfaces were ground using coarse sand paper, and cleaned of debris using 99% 

Isopropyl alcohol. The fibres were then attached to the steel surfaces using Loctite 4851. Each HDPE 

liner test specimen was instrumented with four fibre optic sensor cables, as seen in Figure 2.2 (b). Both 

nylon and polyimide fibres were installed on the exterior and interior faces of the liner adjacent to the 

strain gauges, and centred under the loading pad. Installation details for the nylon and polyimide fibres on 

both steel and HDPE are outlined by Simpson et al. (2015b). Prior to fibre attachment, the surfaces of the 

liners were lightly ground using coarse sand paper, and cleaned of debris using 99% Isopropyl alcohol. 
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The fibres were then attached to the liner surfaces using Loctite 401. The nylon and polyimide fibres were 

chosen based on their reliability in similar applications, as concluded by Simpson et al. (2015b). Two 

free-hanging nylon fibres were attached around the exterior face of each HDPE liner in an attempt to 

measure strain readings in the grout annulus. The fibres were attached to the exterior face of the liner 

using tape spaced approximately 800 mm apart around the circumference leaving the rest of the fibre free 

to bond to the grout.  

2.2.5.3 String Potentiometers 

Vertical and horizontal diameter changes of each rehabilitated culvert were measured using string 

potentiometers. Two string potentiometers were installed on the interior of the HDPE liners adjacent to 

the fibre optic sensors, centred under the loading pad to measure vertical and horizontal diameter changes 

at that location. String potentiometer locations are shown in Figure 2.2 (b).  

2.2.6 Rehabilitation Procedure 

Following the service load tests on each unlined corrugated steel culvert, a thin layer of grout was poured 

across the invert to provide a smooth and level surface for each liner to be placed on in the culvert. The 

liners were then slid into the steel culvert on three plexiglass skids to protect the instrumentation on the 

culvert and the liner. Each liner was positioned inside the steel culvert such that the crowns of both pipes 

were aligned. Each liner was braced with three pairs of wooden blocks along its shoulders to prevent 

rotational shifting of the liner as well as to prevent uplift resulting from buoyancy during grouting. The 

wooden blocks were attached to the East and West shoulders at the South, middle, and North locations of 

the liner. To pour the grout into the annulus between the culvert and liner, a drop tube was installed. A 

small hole was dug at the North end of the test pit to uncover the crown of the steel culvert, then a 25 mm 

(6 in.) diameter hole was drilled into the steel culvert and a 1.83 m (6 ft.) long PVC pipe was attached to 

the hole. Bulkhead walls were constructed at either end of the culvert to seal the annulus as the grouting 

process proceeded. Ventilation tubes were installed at both the North and South bulkhead walls to ensure 
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no air pockets formed within the grout annulus as well as to act as indicators to signal when the annulus 

was completely filled with grout. The grouting process was completed in two lifts to mitigate the buoyant 

forces of the grout, with the first reaching past the springlines and the second filling the rest of the 

annulus. Upon placement of the grout lifts, the specimens were left for 7 days each for the grout annulus 

to set. Refer to Appendix A for photographs of the rehabilitation process. 

The low strength grout used in the first test was a low density cellular grout (density of 703 kg/m3, and 7-

day unconfined compressive strength of 2.0 MPa) consisting of the following constituents: 369 kg/m3 

Type III Portland cement, and 221 kg/m3 water accounting for 30% of the mix by volume, while the other 

70% of volume was taken up by a foaming agent provided by Euclid Chemical. The high strength grout 

used in the second test (density of 2135 kg/m3, and 7-day unconfined compressive strength of 14 MPa) 

was a grout consisting of the following constituents: 578 kg/m3 Type III Portland cement, 1077 kg/m3 

water and 407 kg/m3 fine aggregate. Appendix A details further information regarding the grout mixes 

used in each test.  

2.2.7 Loading 

The effect of vehicle loading on the surface was provided by a 2000 kN actuator and a servo-controlled 

testing system. The vertical loading was applied through a single wheel pair pad in each test. A wheel pad 

that was 600 mm long by 250 mm wide, the wheel pair geometry for the CL-625-(ONT) design truck 

(CSA, 2014), was used in the serviceability limit tests. A larger wheel pad that was 950 mm by 370 mm 

(as seen in pictures in Appendix A) was used in the ultimate limit tests to prevent early bearing failure at 

the soil surface. The surface loading was applied to the wheel pad directly above the transverse and 

longitudinal centre of the culvert specimens at a rate of 25 kN/min. Service and factored loads were 

calculated in accordance with both the CL-625-(ONT) (CSA, 2014) and the AASHTO (2014) design 

truck loading and are shown in Table 2.3. 
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2.3 Experimental results 

2.3.1 Overview 

This section will introduce the experimental results including the discussion of i) the effect of 

rehabilitation on culvert performance, ii) a comparison of culvert rehabilitation performance using low 

strength grout and high strength grout, iii) the role of the liner, corrugated steel pipe, and grout annulus in 

the structural system of the rehabilitated culverts, and iv) the impact of grouting on both the corrugated 

steel pipe and HDPE liner. 

2.3.2 Load vs. Deflection Behaviour 

Figure 2.3 shows the vertical and horizontal diameter change of the rehabilitated specimens using low 

strength grout and high strength grout during the fully factored service load tests. The specimen repaired 

using low strength grout experienced a maximum vertical diameter change of approximately -1.65 mm, 

corresponding to a -0.21% percent diameter change, while the specimen repaired using high strength 

grout experienced a maximum vertical diameter change of approximately -0.82 mm, corresponding to a 

percent diameter change of -0.11%. Increases in horizontal diameter were too small to record in the 

culvert repaired using high strength grout, while the low strength grout specimen had an increase of 1.74 

mm or 0.2%. These results suggest that the high strength grouted system is stiffer than the low strength 

grouted system. Both rehabilitated specimens were, however, much stiffer than the normal requirements 

for corrugated steel culverts of 5-7.5% percent diameter decrease. 

Figure 2.4 shows the vertical and horizontal diameter change in both rehabilitated specimens during the 

ultimate limit state tests. The specimen repaired using low strength grout experienced a maximum vertical 

diameter change of approximately -62 mm, corresponding to a percent diameter change of -8.03%, while 

the specimen repaired using high strength grout had a maximum vertical diameter change of 

approximately -13.5 mm, or a percent diameter change of -1.75%. At the very high applied loads involved 

(approximately 2.4 times greater than the fully factored AASHTO and CHBDC vehicle loads), the 
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deflections in the structure grouted with low strength material exceeded the normal maximum allowed for 

a polymer pipe, suggesting that the liner is experiencing substantial deformations and so is demonstrating 

behaviour similar to a flexible pipe, while deflections in the structure repaired using high strength grout 

were substantially smaller, more like those for rigid pipes. The latter did not exceed the maximum 

allowable deflections for thermoplastic pipes, even at a load approximately 2.6 times greater than the 

fully factored service loads. The significance of these deformations in relation to the damage found in the 

low and high strength grouts after exhumation will be discussed in more detail later in the chapter. 

Figure 2.4 also indicates the crushing and/or cracking of the grout annuli during both tests. At applied 

loads of 200 kN and 250 kN, deflections in the low strength and high strength grout repaired culverts, 

respectively, began to increase significantly, indicating a significant reduction in specimen stiffness.  The 

nature of the grout failures will be discussed in more detail subsequently. However, the low strength grout 

likely started experiencing shear failure or crushing, while the high strength grout experienced tensile 

cracking (audible crushing and/or cracking sounds were heard at these load stages during both tests). 

2.3.3 Resultant Strains and Curvatures 

Strains in the corrugated steel pipes were measured on the exterior corrugation valley, ε1, and crest, ε2. 

These strains were then used to calculate the average strains, εave, and curvatures, κ, around the 

circumference of the pipes. Because the measured strains at the corrugation valley were located on the 

exterior surface of the pipe and not the interior surface (i.e. the true extreme fibre of the pipe), the strains 

at the interior valley were estimated using linear interpolation. Given the known strains at the exterior 

corrugation crest, valley and the intact wall thickness of the pipe, the average strain was calculated using 

Equation 2-1 
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εave  = average strain 

ε1  = strain on exterior corrugation valley 

ε2  = strain on exterior corrugation crest 

t = intact wall thickness (mm) 

h = radial distance between gauges (mm) 

Strains in the HDPE Liners were measured on the interior, ε1, and exterior, ε2, faces of the pipe, both of 

which being extreme fibres of the liner. Therefore, the average strain in the liner was calculated using 

Equation 2-2 
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ave                             (2-2) 

where: 

εave  = average strain 

ε1  = strain on interior face 

ε2  = strain on exterior face 

Curvatures for both the corrugated steel pipes and HDPE liners were calculated using Equation 2-3. A 

positive curvature produces tensile strains on the exterior face and compressive strains on the interior 

face.  

h


 12 
                 (2-3) 

2.3.4 Responses During Grouting 

2.3.4.1 Corrugated Steel Pipe 

Figure 2.5 shows the calculated average strains in both steel culverts after the grouting processes. Figure 

2.5 (a) shows that six days (144 hours) after the grouting process was completed, the steel culvert repaired 

with low strength grout experienced small strains around its circumference, suggesting small residual 

strains from the grouting process (less than 50 microstrain, or 5% of the yield strength). Figure 2.5 (b) 
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shows that six days (144 hours) after the grouting was completed, the steel culvert repaired with high 

strength grout experienced incremental compressive strains in the bottom half of the structure (from 

shoulder to shoulder) and tensile strains across the crown. The magnitude of strain was greatest in 

compression, reaching 150 microstrain at the haunches, which represents approximately 15% of the yield 

strength of the material. There are two possible reasons for the much higher residual strains for the culvert 

repaired with high strength grout. First, the high strength grout has three times the density, and peak 

strains were about three times larger. However, since patterns of compressive and tensile force increments 

around the circumference are very different, it seems unlikely that grout mass is the primary or only cause 

of these differences. The other disparity between the two cases relates to the ability of the grout to bond to 

the steel culvert. Subsequent examination of the test specimens after exhumation and comparisons of 

strain distributions in the grout and steel indicate that the high strength grout was able to bond to the 

corrugated steel, while the low strength grout could not. Furthermore, Figure 2.5 (b) shows that strains 

peaked at the haunches on either side of the invert, which correspond to the areas of the steel culvert 

where grout has penetrated through the walls of the deteriorated culvert.  

Refer to Appendix A for a complete record of average strain measurements in the steel culverts during the 

grouting processes. 

2.3.4.2 HDPE Liner 

Figure 2.6 shows the calculated average strains in both liners after the grouting processes. Figure 2.6 (a) 

shows that six days (144 hours) after grout placement, the liner in the low strength grout experienced 

significant compressive strain around the top half of the pipe with a peak at the crown, while smaller 

tensile strains developed at the haunches and negligible strains developed at the invert. Figure 2.6 (b) 

shows that six days after grouting was completed, the liner in the high strength grout also experienced 

significant compressive strain throughout the circumference of the pipe with the exception of the invert. 

The maximum average strains are more than 50% higher for the liner surrounded by high strength grout. 
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However, the chief difference in behaviour between the two liners relates to the location of the peak 

compressions (at the crown of the liner in low strength grout, and at the springlines for the liner in high 

strength grout). The hoop strains in the former also become positive (tensile) near the haunches. It may be 

possible to explain these readings by analysing the liner under 1. fluid pressure to investigate the role of 

fluid loads and forces at the wooden blocks at the shoulders to resist buoyancy, and 2. imposed radial 

contractions to investigate the contraction of the liners due to grout shrinkage.  

Figure 2.7 shows the calculated curvatures in the liners after the grouting processes. Figure 2.7 (a) shows 

that the liner in the low strength grout experienced vertical ovaling six days after the grouting was 

complete, with positive curvatures at the crown and invert and negative curvatures at the springlines. The 

small positive curvature peaks that are observed at the springlines may be due to the interface of the first 

and second lift of grout, which is near the springlines. Figure 2.7 (b) shows that six days after grouting, 

the liner in the high strength grout experienced more complex patterns of bending at the crown, shoulder 

and springline regions, and lower levels of curvature change around the haunches and invert.  

Future analytical work can also be used to investigate the potential impact of the two-staged grouting 

process, where grout pressures initially act on the lower half of the structure, and subsequently act on the 

upper half.  The pattern of bending seen around the liner with the high strength grout implies that an 

effective bond developed between the outer surface of the HDPE liner and the high strength grout, which 

was not released during the second grouting stage. The moment distributions with zones of outward 

bending at the crown and springlines, and inward bending at the shoulders may have developed during the 

second grout lift, while inward bending at the haunches likely developed during the first lift. The simpler 

bending distribution for the low strength grout may have resulted because the grout-liner bond around the 

lower half was broken during the second lift, so that full fluid pressure developed outside the liner from 

crown to invert.  The curvatures may have been modified by contractions around the bottom half of the 
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liner from the earlier grout lift, and an additional invert reaction may also have developed as a result of 

the weight of grout placed on top of the liner during the second lift. 

Refer to Appendix A for a complete record of average strain and curvature measurements in the liner 

specimens during the grouting processes. 

2.3.5 Live Load Response during SLS Test 

2.3.5.1 Corrugated Steel Pipe 

Figure 2.8 shows the calculated average strains in both steel culverts before and after rehabilitation at the 

71.2 kN load stage. Figure 2.8 (a) shows that the culvert repaired with low strength grout experienced 

large compressive strains at both shoulders and the crown prior to rehabilitation, and smaller strains 

below the springlines, suggesting the culvert was carrying load in ring compression. After rehabilitation, 

strains at the crown were reduced however small tensile strains developed during loading along both the 

East and West sidewalls, between the haunches, springlines and shoulders. This strain behaviour suggests 

that the steel culvert is part of a system after rehabilitation carrying load in flexure, with the steel acting as 

the exterior face of the system, experiencing compression at the top of the culvert and tension at the 

springlines under load. As seen in Figure 2.8 (b), prior to rehabilitation, the culvert to be repaired with 

high strength grout experienced significant compressive strain at the crown, as well as smaller 

compressive strains throughout the top half of the pipe, indicating the culvert was carrying load in ring 

compression. After rehabilitation, these strains at the crown and top half of the pipe were reduced 

significantly. Similar post rehabilitation strain behaviour observed in the culvert repaired with low 

strength grout is seen in the culvert repaired with high strength grout as well, with the crown in 

compression and springlines under tension. This once again can be explained by the fact that the steel 

culvert acts as part of a system carrying load in flexure after rehabilitation. However, smaller strains are 

measured in the steel culvert repaired with high strength grout, which may be due to the stiffer grout 

attracting a larger portion of the load than that of the low strength less stiff grout. 
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Figure 2.9 shows the calculated curvatures in both steel culverts before and after rehabilitation at the 71.2 

kN load stage. Both experienced large curvatures (and thus bending) at the crown and shoulder regions 

prior to rehabilitation, and both were reduced to essentially zero following rehabilitation. The local 

bending occurring in the culvert repaired with low strength grout at the crown indicates that the stiffness 

or strength of the low strength grout is not high enough to suppress all curvatures (and bending) in the 

steel culvert under this service load. This bending behaviour is not seen in the culvert repaired with high 

strength grout, suggesting the stiffness or strength of the high strength grout was high enough to suppress 

curvatures (and bending) in the culvert under this service load.  

Both Figures 2.8 and 2.9 indicate that the rehabilitations of each specimen significantly reduced stresses 

in both culverts and changed their behaviour. These results also suggest that the non-rehabilitated 

structures carried load through ring compression with localized bending at the crown and shoulder 

regions, while the culverts acted as part of a system which carried load primarily through bending after 

rehabilitation. 

2.3.5.2 Grout 

Figures 2.10 (a) and (b) show the measured strains from the North loose fibres within the low strength 

grout annulus and high strength grout annulus, respectively, at the 71.2 kN load stage. Since only one 

extreme fibre strain in the grout annuli was measured (at the grout/liner interface), the average strains in 

the grout could not be calculated. The most notable difference between the strains in the grout annuli is 

the large strain fluctuations seen in the low strength grout. This can be explained by the presence of air 

bubbles within the low strength foam grout, which leads to a material with highly variable local stiffness 

resulting in similarly variable strain profiles. Figure 2.10 (b) shows that at the liner interface, the high 

strength grout annulus experiences tension at the crown and invert regions and compression along the 

sidewalls under this load. These measurements are in agreement with the measurements seen in the HDPE 
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liner (discussed next), suggesting that the HDPE liner is bonded to the inner surface of the grout, and that 

the two are deforming in concert. 

2.3.5.3 HDPE Liner 

Figure 2.11 (a) shows the calculated average strains in both liners at the 71.2 kN load stage. The liner 

within the low strength grout experiences consistent compressive strains around its circumference, with 

peaks at the springlines. In contrast, the liner within the high strength grout experiences tensile strains at 

the crown and invert, and compressive strains at the springlines. This behaviour is consistent with the 

behaviour of the matching high strength grout annulus and steel culvert, once again suggesting the steel 

culvert-grout-liner system is carrying load in bending. There appears to be bond between the high strength 

grout, steel culvert, and HDPE liner, which means that bending into the cavity at the crown and invert 

lead to tensile forces in the liner (which is at the inner, tensile face of the composite structure), and 

bending out into the surrounding soil at the springlines produces compression in the liner. In contrast, it is 

apparent that either the low strength grout does not bond to the pipes that contain it (the steel culvert 

outside and the liner within), or that the grout does not remain intact even at these relatively low loads. 

Instead, the liner behaviour is more like a polymer pipe buried directly within a ring of soil, where high 

compressive strains develop at the springlines, and lower levels of strains develop at the crown and invert. 

Figure 2.11 (b) shows the calculated curvatures of both liners at the 71.2 kN load stage. The liner within 

the low strength grout experienced greater bending at the crown, springlines and invert relative to the 

liner within the high strength grout (two to three times higher). The smaller response from the liner within 

the high strength grout is expected given the much higher stiffness of the high strength grout. These 

results begin to suggest that the role of the liner within each rehabilitated system is different. The liner 

within low strength grout may be acting as an important part of the structural system, while the response 

of the liner in the high strength grout is simply dictated by the strains that develop on the inner surface of 

the grout ring.  
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2.3.6 Live Load Responses During ULS Test 

2.3.6.1 Corrugated Steel Pipe 

Figure 2.12 shows the average strains in both steel culverts at the 195 kN, 300 kN and 350 kN load stages 

of the ultimate limit states test of the rehabilitated specimens. Figure 2.12 (a) shows that the culvert 

repaired with low strength grout experienced similar strain patterns to those seen during the service load 

test. The sidewalls experienced tension, while the crown experienced significant compressive strain. 

Furthermore, significant increases in strain develop past the 195 kN load stage, coinciding with when the 

stiffness of the repaired system is seen to decrease significantly in the load versus deflection plot reported 

earlier in Figure 2.4. An approximately 70% increase in tensile strain at the West springline and 

approximately 84% increase at the East springline was seen between the 195 kN and 300 kN load stages. 

Further increases in tensile strain of approximately 25% at the West springline and 35% at the East 

springline were measured between the 300 kN and 350 kN load stages. Figure 2.12 (b) shows the steel 

culvert repaired with high strength grout also experienced strain increases compared to the service load 

test. The sidewalls experienced tension, and the crown and invert both experienced compression. Once 

again, the culvert began to experience significant increases in strain past the 195 kN load stage, again 

coinciding with the system’s stiffness decrease observed in Figure 2.4. Increases in tensile strain of 

approximately 194% at the West springline and 197% at the East springline were measured between the 

195 kN load stage and 300 kN load stage, while further increases of approximately 28% at the West 

springline and 27% at the East springline were measured between the 300 kN and 350 kN load stages. 

Furthermore, the culvert repaired using high strength grout experienced greater strains at higher loads 

relative to the strains experienced by the culvert repaired using low strength grout, most notably at the 

springlines, haunches, crown and invert. These higher values of hoop strain for the steel pipe repaired 

using high strength grout may occur as the high strength grout annulus experiences cracking under 

moment at the crown, invert and springlines, so that the cracked annulus of high strength grout forms a 

‘four hinge’ mechanism like that described by Law and Moore (2007), resulting in point loads at the 
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springlines forcing them into tension, and pulling the crown and invert into compression. Figure 2.12 (b) 

also shows that much higher forces develop in the bottom half of the corrugated steel pipe at these higher 

load levels, with peak tensile values developing at the haunches. Further discussion of this phenomenon is 

included later in the chapter. 

Figure 2.13 shows the curvatures in both steel culverts at the 195 kN, 300 kN and 350 kN load stages of 

the ultimate limit states testing of the rehabilitated specimens. Figure 2.13 (a) shows that the culvert 

repaired with low strength grout experienced little curvature along its circumference at the 195 kN load 

stage, suggesting it is undergoing very little local bending, similar to the behaviour seen under service 

loads. At higher loads however, inward bending develops at the crown, invert, and above and below the 

springlines, and outward bending develops at shoulders, springlines and haunches. This bending indicates 

that the culvert is carrying more of the load, suggesting the low strength grout has failed. Furthermore, the 

bending occurring at the shoulders of the culvert is similar to the bending it experienced before 

rehabilitation, as seen in Figure 2.9 (a). Figure 2.13 (b) shows that the culvert repaired using high strength 

grout experienced much less curvature around most of the circumference, but with the crown, invert and 

East haunch experiencing significant curvatures at higher loads (-30 x 10-6/mm, -130 x 10-6/mm and 140 x 

10-6/mm respectively at the 350 kN load stage). This behaviour was expected since the flexural capacity 

of the high strength grout is much higher than that of the low strength grout, therefore it experiences less 

bending at the same loads, and continues to act as a rigid pipe to much higher loads. Furthermore, the 

curvatures experienced at the crown and invert suggest that the high strength grout annulus had cracked at 

those locations causing the culvert to take the moment. The large curvature spike measured at the East 

haunch may be attributable to the deterioration and/or perforation at that region of the culvert, and is 

discussed further later in the chapter. 

Figures 2.12 and 2.13 indicate that both culverts initially carry load through bending, however as loads 

increase beyond 195 kN, the low strength grout becomes damaged and can no longer suppress the 
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localized bending around the circumference of the steel culvert. In contrast, damage in the high strength 

grout is more localized, and thus the intact segments of grout between fractures continue to restrain the 

steel culvert. 

2.3.6.2 HDPE Liner 

Figure 2.14 (a) shows the average strains in both liners at the 300 kN load stage of the ultimate limit 

states testing of the rehabilitated specimens. Figure 2.14 (a) shows that both liners experienced significant 

compressive strains around their circumferences, with the exception of the crown, where the strain was 

close to zero. Figure 2.14 (b) shows the curvatures of the liners at the 300 kN load stage. The liner within 

the low strength grout experienced much larger curvatures (and thus bending) at the crown, shoulders and 

invert relative to the liner within the high strength grout. This behaviour is consistent with the higher 

changes in pipe diameter reported earlier in Figure 2.4, and the low strength grout’s lower stiffness.  

2.3.7 Composite Behaviour Analysis 

Figures 2.15 (a) and (b) show typical strain distributions of idealized fully composite systems and 

idealized fully non-composite systems respectively. A system exhibiting idealized fully composite 

behaviour consists of a single neutral axis, with all strain measurements lying on the same line, as seen in 

Figure 2.15 (a). Whereas for a system exhibiting idealized fully non-composite behaviour, strain 

measurements from all materials in the system have their own neutral axes and consequentially do not lie 

on the same line, as seen in Figure 2.15 (b). 

Figures 2.16 (a) and (b) show the strain distribution through the cross-section of the steel culvert-grout-

liner systems at the crown and East springline, respectively, of the structure repaired with low strength 

grout at the 71.2 kN load stage of the service load test. It should be noted that only one strain reading was 

measured in the grout annulus, at the interface between the grout and liner. Figure 2.16 (a) shows that at 

the crown, the low strength grout structure is acting as a fully non-composite section. Both the steel 

culvert and liner of the low strength grout repaired system experience similar curvatures (slopes) upon 
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loading, but each material has its own neutral axis indicating they are acting as independent sections. 

Figure 2.16 (b) shows that at the East springline, the low strength grout system experiences partially 

composite behaviour: the steel culvert is acting entirely in tension, while the liner acts entirely in 

compression, however, the strain measurements do not lie along the same line as would be expected for 

fully composite behaviour (i.e. plane sections remain plane). It is worth noting that though the grout strain 

measurements have been plotted for the sake of completeness, the grout strain measurements for the low 

strength grout are highly variable (see Figure 2.10 (a)) and cannot be relied upon. Figures 2.17 (a) and (b) 

show the strain distributions at the crown and East springline, respectively, of the structure repaired with 

low strength grout at the 300 kN load stage of the ultimate limit states test. Figure 2.17 shows that the 

structure exhibited very similar behaviour during the service load tests and ultimate limit tests. The 

structure once again acted as a fully non-composite section at the crown, and acted as a partially-

composite section at the East springline. The non-composite behaviour exhibited by the structure repaired 

with low strength grout is consistent with observations from the grouting process, where it appeared that 

the bond between grout and liner of the first lift was broken by the placement of the second lift. As loads 

were increased, the grout began to crush and break down, further advancing the non-composite action. 

Figures 2.18 (a) and (b) show the strain distributions through the cross-section at the crown and East 

springline, respectively, of the structure repaired with high strength grout at the 71.2 kN load stage of the 

service load test. In the case of this structure, the strain measurements taken from the high strength grout 

annulus are more reliable since the readings were not subject to large fluctuations. Figure 2.18 (a) shows 

composite behaviour at the crown with all the strain readings lying on the same line (i.e. plane sections 

remain plane). This behaviour is consistent with the observations during the second stage of grouting, 

where it appeared that an effective bond developed between the liner and the high strength grout from the 

first lift. Figure 2.18 (b) shows that, at the East springline, the steel culvert acts entirely in tension, while 

the liner mostly acts in compression. The grout strain appears to align with the strain distribution of the 

culvert suggesting that the grout and the steel may be acting compositely, however the strain in the grout 
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at the grout/liner interface does not align with the strain on the liner at the same interface. This indicates 

that there is possible bond between the steel culvert and the grout annulus, but slip is occurring at the 

grout/liner interface at the East springline. Figures 2.19 (a) and (b) show the strain distributions through 

the section at the crown and East springline, respectively, of the structure repaired with high strength 

grout at the 300 kN load stage of the ultimate limit state test. Figure 2.19 (a) shows that fully composite 

behaviour at the crown has been lost. The strain in the culvert and in the grout still appear to be on 

approximately the same line suggesting that they may still be bonded. However, the neutral axis is now 

right in the middle of the liner suggesting that the bond between the grout and the liner has been 

completely broken. Figure 2.19 (b) shows that the behaviour at the East springline remains unchanged 

from the service load test and that partial composite behaviour is still present.  

2.3.8 Ultimate Limit State Behaviour 

2.3.8.1 Failure Modes of Repaired Structures 

Figures 2.20, 2.21 and 2.22 show the failure of the low strength grout annulus at a cross section of the 

repaired structure directly under the loading pad. Extensive shear cracks are seen at the crown and 

shoulders, as well as smaller shear cracks at the springlines, haunches and invert. This shear failure 

suggests that the low strength grout behaved as a low modulus material (e.g. a soil) within the 

culvert/liner annulus. These cracks were developed at a load of 200 kN as previously discussed, re-

distributing the load through the system and causing a change in specimen stiffness. Load was increased 

to 475 kN until a significant decrease in system stiffness was observed, as seen in Figure 2.4, indicating 

the pipe system had failed. Furthermore, an empty cavity in the grout annulus is apparent at the crown, at 

the grout/culvert interface. This cavity may be the product of the grout crushing under load, explaining 

the non-composite behaviour observed at that location.  

Figures 2.23, 2.24 and 2.25 show the failure of the high strength grout annulus at a cross-section of the 

repaired structure directly under the loading pad. Tensile fractures developed at the crown, invert, 



 

30 

 

haunches and above the springlines (at the cold-joint between the first and second grout lifts). The 

development of tensile cracks at these locations is consistent with rigid pipe behaviour, with strength 

controlled by cracking at the tensile face where peak bending moments develop. These tensile cracks 

began to develop at a load of approximately 250 kN, causing the re-distribution of load throughout the 

system and changes in system stiffness, as seen in Figure 2.4. Loading was increased to 500 kN at which 

point bearing failure of the compacted soil under the loading pad prevented further testing. The system 

stiffness (shown in Figure 2.4) however had not yet seen a significant decrease suggesting that an ultimate 

limit state had not yet developed in the repaired structure. However, as previously mentioned, the large 

tensile forces measured across the perforations at the East haunch (seen in Figure 2.12 (b)) were sufficient 

to exceed the tensile strength of the steel at that location, causing the fracture seen in Figure 2.26. The 

grout penetration may have contributed to the fracture itself, or it may simply be that the steel cross-

section was weakened by the high levels of deterioration at that location. 

2.4 Conclusions 

The responses of two corrugated steel pipes were measured under full service loads at a burial depth of 

0.45 m using single wheel pair pad loading. Both specimens were then rehabilitated with grouted HDPE 

slip-liners. One structure was grouted using a low strength foam grout, while a high strength grout was 

used for the other structure. Experiments were undertaken on the rehabilitated culverts, applying both 

service and fully factored design loads. The responses were then observed under even higher load levels, 

in an effort to establish the ultimate limit states. After testing, the samples were exhumed and sectioned, 

and observations made of damage to the grout at various locations. The following conclusions were 

drawn from this investigation: 

i) Both rehabilitations increased the culvert stiffness, and provided strength well beyond the 

required load carrying capacity. Both repaired structures experienced small deflections 

under fully factored service loads, with a decrease in vertical diameter of 0.21% and 
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0.11% for the culverts repaired with low strength grout and high strength grout, 

respectively. The behaviour of the culverts were greatly changed post-rehabilitation. Prior 

to rehabilitation, the corrugated steel pipes behaved flexibly, carrying load through ring 

compression with localized bending across the shoulders. After rehabilitation, the steel 

culverts acted as part of a system which carried load through bending, much like rigid 

pipe structures. Under service loads, strains at the crown of both culverts were reduced by 

approximately 65% each, while curvatures were reduced by approximately 90% and 

100% for the low and high strength grout cases, respectively. 

ii) The structure repaired with low strength grout behaved as a rigid pipe during the service 

load test, and began to behave more flexibly at higher loads of the ultimate limit state 

test. The addition of the low strength grout annulus resulted in essentially zero deflections 

under service loads, as the bending stiffness of the system was greatly increased. As loads 

increased in the ultimate limit state test past 195 kN, the low strength grout began to fail, 

acting as a low modulus material (such as a soil), and significant deflections commenced. 

Extensive shear failure and crushing was observed at the crown and shoulders, and the 

reduced stiffness and erratic strain distributions seen in the fibre optic sensor passing 

through the grout indicated that shear failure was already well developed at the 195 kN 

load stage. The system exhibited a marked decrease in stiffness as the load reached 475 

kN, indicating that the repaired structure had reached an ultimate limit state. While the 

maximum vertical diameter change of the liner exceeded the maximum allowable 

deflection normally permitted for flexible HDPE pipes, it did so at a load 2.4 times the 

fully factored design load. Significant curvatures were measured along the circumference 

of the steel culvert as well as at the crown, shoulders and invert of the liner as loads 

increased past 195 kN, suggesting those structural components carried more of the load 

as the low strength grout failed. 
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iii) The structure repaired with high strength grout behaved as a rigid pipe during both the 

service load test and ultimate limit state test. Negligible deflections were measured under 

service loads, as the addition of the high strength grout annulus greatly increased the 

bending stiffness of the system. At a load of 250 kN applied during the ultimate limit 

state test, larger deflections developed as the grout experienced tensile cracking at points 

of maximum moment. Loading increased to 500 kN before bearing failure of the soil 

under the loading pad was observed, however the structure did not show a significant 

change in system stiffness, suggesting it had not yet reached an ultimate limit state. The 

maximum vertical diameter change of the liner did not exceed the maximum allowable 

deflection limits for flexible HDPE pipes. Slight curvatures were measured around most 

of the circumference of the steel culvert at loads up to 195 kN, though higher values 

developed at the crown, invert and haunches once the load reached 300 kN. This 

indicates that until those high load levels, most of the surface loading reaching the 

repaired structure was carried by the high strength grout annulus. 

iv) The structure repaired with low strength grout displayed fully non-composite behaviour 

during service load and ultimate limit state tests, while the structure repaired with high 

strength grout demonstrated composite behaviour at service loads and began to lose 

composite action under higher loads. Measurements of strain in the grout adjacent to the 

liner at full service loads indicated that the low strength grout was extensively cracked 

and that the bond was lost between liner and grout, whereas the high strength grout 

remained intact, and that the liner was bonded to the grout. However, as loads on the 

structure repaired with high strength grout increased in the ultimate limit test, slip 

occurred at the liner/grout interface, and a partial slip at the steel/grout interface may 

have also occurred. 
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It is believed that the measurements reported here for the surface load response of slip-lined culverts 

constructed using low strength and high strength grout are the first to be reported in the literature. Future 

research is envisaged analysing these results, and explaining the observed strains, curvatures, and 

interactions in further detail. 
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Table 2.1: Testing regime for surface loading with maximum applied load. 

Test Description Maximum Load 

(kN)  

A1 Single wheel pair loading at 0.45 m cover – Intact culvert 76.5  

A2 Single wheel pair loading at 0.45 m cover – Intact culvert rehabilitated 

with low strength grout 

115  

A3 Single wheel pair loading at 0.45 m cover – Intact culvert rehabilitated 

with low strength grout 

195  

A4 Single wheel pair loading at 0.45 m cover – Intact culvert rehabilitated 

with low strength grout 

475  

B1 Single wheel pair loading at 0.45 m cover – Corroded culvert 71.2  

B2 Single wheel pair loading at 0.45 m cover – Corroded culvert 

rehabilitated with high strength grout  

115  

B3 Single wheel pair loading at 0.45 m cover – Corroded culvert 

rehabilitated with high strength grout 

195  

B4 Single wheel pair loading at 0.45 m cover – Corroded culvert 

rehabilitated with high strength grout 

500  

 

Table 2.2: Summary of backfill properties for each specimen. 

 Dry Density 

(g/cm3) 

Water Content 

(%) 

Standard Proctor 

(%) 

CSP1 + 

RCSP1 

Bedding 2.2 4.4 97.0 

Invert to crown 2.1 4.1 93.4 

Crown to top of 0.45 m cover 2.2 2.5 94.3 

CSP2 + 

RCSP2 

Bedding 2.2 4.4 97.0 

Invert to crown 2.1 2.6 90.5 

Crown to top of 0.45 m cover 2.2 3.8 95.8 
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Table 2.3: Calculated CHBDC (2014) and AASHTO (2010) single wheel pair loading. 

CAN/CSA-S6-14 Canadian Highway Bridge Design Code 2014, (CL-625-ONT) 

 3.8.3.2 Table 3.5  Table 

3.1 

  

Burial 

Depth (m) 

Unfactored 

Design 

Vehicle Load 

(LL in kN) 

(Half of Single 

Axle) 

Multiple 

Lane 

Loading 

Factor Mf 

(1 Loaded 

Lane) 

Dynamic Load 

Allowance 

If=(1+IM) 

IM=0.4*(1-

0.5*DE) 

DE = Depth in m 

Load 

Factor 

(φ) 

Maximum 

Service 

Load 

LL*Mf*If 

(kN) 

Fully 

Factored 

Load 

φ*LL*Mf*If 

(kN) 

0.45 87.5 1 1.31 1.7 115 195 

AASHTO LRFD Bridge Design Specification 2010 

Burial 

Depth (m) 

Unfactored 

Design 

Vehicle Load 

(LL in kN) 

(Half of 

Single Axle) 

Multiple 

Lane 

Loading 

Factor Mf 

(1 Loaded 

Lane) 

Dynamic Load 

Allowance 

If=(1+IM/100) 

IM=33*(1-4.1x10-

4*DE) 

DE = Depth in m 

Load 

Factor 

(φ) 

Maximum 

Service 

Load 

LL*Mf*If 

(kN) 

Fully 

Factored 

Load 

φ*LL*Mf*If 

(kN) 

0.45 71.2 1.2 1.27 1.75 109 195 
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(a) Plan View. Note: All dimensions in m. 

 
(b) West Profile, section view AA in (a). 

 

(c) North Profile, section view BB in (a). 

Figure 2.1: Experimental configuration of test pit. 
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(a) 

 
(b) 

Figure 2.2: Instrumentation layout of (a) corrugated steel culvert and (b) HDPE test specimens. 

Note: instrumentation installed on corrugated steel culverts in (a) is in line with the helically-wound 

corrugations of the specimen. 
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Figure 2.3: Vertical and horizontal diameter change in culverts repaired with low strength and high 

strength grouts during fully factored service load tests. 

 

Figure 2.4: Vertical and horizontal diameter change in culverts repaired with low strength and high 

strength grouts during ultimate limit state tests. 
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Figure 2.5: Average strains 144 hours after grouting process in steel culvert of (a) low strength and 

(b) high strength grout. CR = Crown, INV = Invert, WSP = West Springline, ESP = East 

Springline. 

 

Figure 2.6: Average strains 144 hours after grouting process in liners of (a) low strength and (b) 

high strength grout. CR = Crown, INV = Invert, WSP = West Springline, ESP = East Springline. 
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Figure 2.7: Curvatures 144 hours after grouting process in liners of (a) low strength and (b) high 

strength grout. CR = Crown, INV = Invert, WSP = West Springline, ESP = East Springline. 

 

 

Figure 2.8: Average strains in the steel culvert rehabilitated with (a) low strength, and (b) high 

strength grout at 71.2 kN load stage of service load tests pre and post rehabilitation. CR = Crown, 

INV = Invert, WSP = West Springline, ESP = East Springline. 
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Figure 2.9: Curvatures in steel culvert rehabilitated with (a) low strength, and (b) high strength 

grout at 71.2 kN load stage of service load tests pre and post rehabilitation. CR = Crown, INV = 

Invert, WSP = West Springline, ESP = East Springline. 

 

Figure 2.10: Strain measurements at grout/liner interface in the (a) low strength, and (b) high 

strength grout annulus at the 71.2 kN load stage of the service load tests. CR = Crown, INV = 

Invert, WSP = West Springline, ESP = East Springline. 
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Figure 2.11: (a) Average strains and (b) curvatures of the liners at 71.2 kN load stage of service load 

tests. CR = Crown, INV = Invert, WSP = West Springline, ESP = East Springline. 

 

Figure 2.12: Average strains in steel culvert rehabilitated with (a) low strength and (b) high 

strength grout during ultimate limit state tests. CR = Crown, INV = Invert, WSP = West 

Springline, ESP = East Springline. 



 

44 

 

 

Figure 2.13: Curvatures in steel culvert rehabilitated with (a) low strength and (b) high strength 

grout during ultimate limit state tests. CR = Crown, INV = Invert, WSP = West Springline, ESP = 

East Springline. 

 

Figure 2.14: (a) Average strains and (b) curvatures of the liners during ultimate limit state tests. 

CR = Crown, INV = Invert, WSP = West Springline, ESP = East Springline. 
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Figure 2.15: Idealized strain distributions of (a) fully composite and (b) fully non-composite 

materials. 

 

 

Figure 2.16: Strain distribution across the liner-grout-steel culvert system at the (a) crown and (b) 

East springline of the culvert rehabilitated with low strength grout at the 71.2 kN load stage of the 

service load test. 
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Figure 2.17: Strain distribution across the liner-grout-steel culvert system at the (a) crown and (b) 

East springline of the culvert rehabilitated with low strength grout at the 300 kN load stage of the 

ultimate limit state test. 

 

 

Figure 2.18: Strain distribution across the liner-grout-steel culvert system at the (a) crown and (b) 

East springline of the culvert rehabilitated with high strength grout at the 71.2 kN load stage of the 

service load test. 
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Figure 2.19: Strain distribution across the liner-grout-steel culvert system at the (a) crown and (b) 

East springline of the culvert rehabilitated with high strength grout at the 300 kN load stage of the 

ultimate limit state test. 
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(a) Crown 

 

 
(b) East Shoulder 

Figure 2.20: Cross-sectional views of exhumed samples of the low strength grouted system after test 

to failure; sections are those that were directly under loading pad. 
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(c) East Haunch 

Figure 2.21: Cross-sectional views of exhumed samples of the low strength grouted system after test 

to failure; sections are those that were directly under loading pad. 

 

(a) West Springline (b) East Springline 
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(a) West Haunch 

  
(b) West Shoulder 

Figure 2.22: Cross-sectional views of exhumed samples of the low strength grouted system after test 

to failure; sections are those that were directly under loading pad. 
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(a) Crown 

 
(b) West Shoulder 

Figure 2.23: Cross-sectional views of exhumed samples of the high strength grouted system after 

test to failure; sections are those that were directly under loading pad. 
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 (c) West Haunch 

Figure 2.24: Cross-sectional views of exhumed samples of the high strength grouted system after 

test to failure; sections are those that were directly under loading pad. 

(a) West Springline (b) East Springline 
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(a) Invert 

 
(b) East Haunch 

Figure 2.25: Cross-sectional views of exhumed samples of the high strength grouted system after 

test to failure; sections are those that were directly under loading pad. 
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Figure 2.26: Fractured section of invert of high strength grouted system.  
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Chapter 3 

Laboratory Study of the Pre and Post-Rehabilitation Behaviour of a 

Deteriorated Horizontal Ellipse Culvert 

3.1 Introduction 

In North America there exists a need for efficient management of deteriorating infrastructure, as many 

structures built in the infrastructure booms of the 1950s and 1960s are reaching the end of their intended 

service lives. The American Society of Civil Engineers gave an overall grade of D+ for United States’ 

infrastructure in their 2013 Infrastructure Report Card (ASCE, 2013). Furthermore, the 2016 Canadian 

Infrastructure Report Card states that the current reinvestment rate for stormwater infrastructure of 0.3% 

is below the recommended rates of 1 – 1.3% (CIRC, 2016). As such, a decline in the condition of 

stormwater infrastructure, including corrugated metal culverts, over time should be expected, and thus 

there is a need to understand better the influence of deterioration on these assets. If a culvert is deemed 

unfit, there are several methods of replacement or rehabilitation that can be implemented. Traditionally, 

open-cut trench methods were used to replace culverts however since these procedures are expensive and 

cause undesirable roadway disruptions, trenchless rehabilitation methods are becoming more popular 

(Jung and Sinha, 2007). 

Many studies have been conducted to assess the performance of circular steel culverts (Taleb & Moore, 

1999; El-Sawy, 2003; Moore, 2012; Mai et al., 2013), but the performance of horizontal ellipse culverts 

has not been studied as extensively. Ghobrial and Abdel-Sayed (1985) performed a numerical analysis of 

a horizontal ellipse to examine the failure mode of these structures, with the formation of plastic hinges 

being considered. They found two distinctive failure modes: a snap-through failure in conduits with large 

spans and/or shallow cover, and for short span conduits under deep cover, displacements with a higher 

rate of increase after each load step and no sudden buckling. Previous field studies have been conducted 
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to assess the performance of large-scale elliptical corrugated steel pipes during backfill and live load 

testing (Selig and Calabrese, 1975; Chang et al, 1980; Selig et al., 1980; McVay and Selig, 1982; Webb et 

al., 1999; Sezen et al., 2008). Regier (2015) conducted the first laboratory experiment reported to examine 

the performance of an intact horizontal ellipse under service loads and up to an ultimate limit state. It was 

found that the load carrying mechanism of the horizontal ellipse changed under different cover depths, 

and that current design methods may be considering incorrect failure modes for these ellipses.  

Studies have also been conducted on the relationship between invert corrosion and the performance of 

deteriorated circular steel culverts, although no reported studies have been conducted with horizontal 

ellipse culverts. El-Taher and Moore (2008), Mai et al., (2013) and Regier (2015), have studied corrosion 

of circular culverts, however all three studies showed that the level of deterioration may not have a 

significant impact on the performance of the culverts when the culvert is at shallow cover and the ultimate 

limit state develops in the upper half of the structure.  

To rehabilitate horizontal ellipse culverts, many of the same techniques used for circular culverts can be 

applied. Common trenchless rehabilitation techniques include: slip lining, cured in place pipe lining 

(CIPP), paved invert, spirally-wound liners, and spray on liners. While some of these techniques are more 

practical for rehabilitating circular pipes, they still can be used for horizontal ellipse culverts. The Federal 

Highway Administration, along with several United States Departments of Transportation, list invert 

paving as one of the most effective ways to rehabilitate corroded and severely deteriorated inverts of 

corrugated metal pipes (Ballinger and Drake, 1995). The Ohio Department of Transportation (ODOT) 

specifies an invert paving rehabilitation procedure in item 611.11 of their 2013 Construction and 

Materials Specifications (ODOT, 2013), which involves a specified width of the invert being paved with 

concrete. Light reinforcement is included in the concrete in the form of a small diameter welded wire 

mesh.  
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To the author’s knowledge, no research has been conducted to understand the effect of the paved invert 

on the behaviour of horizontal ellipse culverts. Furthermore, there have been no reported tests to 

investigate the strength limits of culverts (circular or not) that have been repaired with a paved invert, thus 

the current investigation aims to provide insight into this behaviour. The investigation involved the testing 

of a horizontal ellipse that was subjected to accelerated corrosion, loaded up to service loads, then 

repaired using the paved invert technique employed by ODOT, and finally tested under service loads and 

up to an ultimate limit state. This research continues the line of research of Regier (2015) (who studied 

performance of an intact elliptical culvert), providing comparisons between intact and corroded horizontal 

ellipse behaviour, as well as intact and repaired ellipses. The objectives of this research program are to 

examine i) the impact of corrosion on the performance of a horizontal ellipse culvert under service loads, 

ii) the impact of the paved invert rehabilitation technique on the performance of a corroded horizontal 

ellipse culvert under service loads, and iii) the impact of rehabilitation on the performance and failure 

mode of a horizontal ellipse culvert at an ultimate limit state. The first section of this chapter details the 

experimental methods used in the tests, including test descriptions and configurations, experimental 

specimens, backfill procedure, instrumentation used, the rehabilitation procedure, and the loading 

configuration. The results of the experiments will then be presented and discussed, followed by the key 

conclusions. 

3.2 Experimental Methods 

3.2.1 Test Overview 

A horizontal ellipse culvert was corroded using the accelerated corrosion method developed by Regier 

(2015). The culvert was buried in well compacted granular soil in the 8 m long, 8 m wide and 3 m deep 

test pit described by Moore (2012). The culvert was first tested at a burial depth of 0.45 m under service 

loads using a tandem axle wheel pad configuration and a 2000 kN actuator. The culvert was then 

rehabilitated using a paved invert procedure, and tested again under identical loads. Finally, the 

rehabilitated culvert was tested up to its ultimate limit state. The paved invert procedure used was based 
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on specifications included in the Ohio DOT’s 2013 Construction and Materials Specifications (ODOT, 

2013). For both service load tests, loading was applied in three load cycles to simulate first and repeated 

loading on the culvert. Table 3.1 shows the testing regime. An intact horizontal ellipse culvert was tested 

under service loads and up to an ultimate limit state in a previous laboratory experiment conducted by 

Regier (2015), and data from those tests are used to compare the intact response to the deteriorated and 

rehabilitated culvert responses. 

3.2.2 Test Configuration 

To facilitate the rehabilitation procedure, the volume of the test pit was reduced to dimensions of 6.4 m 

long, 8 m wide and 3 m deep by placing precast concrete blocks into the pit, as seen in Figure 3.1 (a). 

This also ensured proper placement of the actuator over the centre of the culvert specimen. The culvert 

was placed on loose bedding material in the North-South oriented trench such that the invert of the culvert 

rested on the base of the trench. The trench was centred within the test pit, with the sidewalls of the 

culvert specimen located 1.10 m and 3.20 m from the trench sidewalls and reinforced concrete sidewalls 

of the test pit respectively, as seen in Figure 3.1 (a). Load was applied to the soil surface using a hydraulic 

actuator attached to a stiff reaction frame above the test pit centred over the culvert specimen. The load 

was transferred from the actuator to four steel pads representing wheel pairs in a tandem axle 

configuration through a steel column and a spreader frame. The four steel pads measured 250 mm by 600 

mm, which is the geometry of the Canadian standard wheel pair (CSA, 2014a).  

3.2.3 Experimental Specimen 

The horizontal ellipse culvert had a span of 1.6 m, rise of 1.35 m and a length of 6.5 m. The culvert was a 

circumferentially-wound pipe (as opposed to helically-wound) and the corrugation amplitude was 25.4 

mm with a period of 76.2 mm and an intact wall thickness of 2.0 mm. As specified in the Handbook of 

Steel Drainage & Highway Construction Products (CSPI, 2009), the sectional properties of the corrugated 

plate used to fabricate the intact culvert are as follows: area of 2.26 mm2/mm, second moment of area, I, 
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of 170.40 mm4/mm and section modulus, S, of 12.52 mm3/mm. As per ASTM A796, the steel used in the 

culvert specimen had an assumed minimum yield strength (fy) of 230 MPa, minimum tensile strength (fu) 

of 310 MPa and a Young’s modulus of 200,000 MPa. The yield strain of 1150 µε for the steel was 

calculated by dividing the minimum yield strength by the Young’s modulus. The steel culvert was 

corroded using the accelerated process outlined by Regier (2015). The average remaining wall thickness 

at the Northeast, Northwest, Southeast and Southwest quadrants of the culvert’s invert were 91%, 93%, 

81% and 81% respectively. However, at the haunches near the South end of the culvert, full perforations 

were produced at the corrugation crests as viewed from inside the culvert. The purpose of the accelerated 

corrosion process was to put the culvert into a moderately corroded state. Appendix B further details the 

levels of remaining wall thickness in the culvert. The horizontal ellipse culvert used in Regier’s laboratory 

experiment had identical properties, however it was an intact pipe that had not been subjected to the 

accelerated corrosion process. 

3.2.4 Backfill Procedure 

The culvert was backfilled with a poorly-graded sandy gravel classified as “GP-SP” using the unified soil 

classification system and as A1 by AASHTO (2014). The specimen was underlain by 600 mm of 

compacted bedding soil followed by a 75 mm loose base in accordance with AASHTO (2014). The 

bedding material was compacted using a vibrating plate tamper (Wacker wp1550AW) to 95% Standard 

Proctor (i.e. 95% of the soil’s maximum dry density), as measured by a model MC1DR-P nuclear 

densometer. The specimen was then backfilled to the crown in 300 mm thick lifts that were compacted to 

90% Standard Proctor using the vibrating tamper. At the haunches of the culvert, soil was compacted 

using foot tamping in an effort to provide sufficient soil support to the haunches, as the plate tamper did 

not reach those locations. From the crown of the specimen to the top of the soil cover, one 450 mm thick 

lift was placed and compacted using the vibrating tamper to 95% Standard Proctor. The cover depth of 

0.45 m exceeded the minimum height of cover of 0.30 m for this culvert geometry as specified by 

AASHTO (2014). Once each lift was compacted, the dry density, water content, Standard Proctor 
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compaction level and the soil height were recorded. The summary of the measurements is included in 

Table 3.2, while full records for each lift are provided in Appendix B. The intact horizontal ellipse used in 

Regier’s laboratory experiment was backfilled using an identical procedure. A summary of the backfill 

measurements from Regier (2015) is also included in Table 3.2.  

3.2.5 Instrumentation 

3.2.5.1 Strain Gauges 

The culvert specimen was instrumented with a total of 24 uniaxial electrical resistance strain gauges 

installed circumferentially around two corrugations, one centred directly underneath the actuator (beneath 

the centre of the tandem axle test frame) and another offset by 0.9 m to the North of the actuator (beneath 

the North tandem axle wheel pads). Strain gauges were installed at the crown, West shoulder, West 

springline, West haunch, invert and East springline of each corrugation as seen in Figure 3.2. The gauges 

were installed at both the crest and valley of the corrugation at each location to allow for average axial 

strain and curvature to be calculated. For ease of installation, the strain gauges located at the crown and 

West shoulder were installed on the interior face of the culvert, while the gauges at all other locations 

were installed on the exterior face of the culvert. All strain gauges were manufactured by Showa and had 

the following properties: gauge length of 5 mm, resistance of 120 Ω ± 0.3%, gauge factor of 2.11 ± 1%, 

temperature compensation for steel thermal expansion of 11 PPM/ °C and a thermal output of ± 2 µε/ °C. 

Strain gauges were installed on the steel culvert specimen in accordance with the manufacturer’s 

recommended procedure. 

3.2.5.2 Fibre Optic Sensors 

The culvert specimen was instrumented with four fibre optic sensor cables to measure the distribution of 

strain around the circumference (using methods described by Simpson et al., 2015). Nylon coated fibres 

were installed on the interior face of the culvert, in the valley and crest of two corrugations (Centre and 
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North) adjacent to the corrugations instrumented with strain gauges, as seen in Figure 3.2. Installation 

details for nylon fibres on steel are outlined by Simpson et al. (2015). 

The wire mesh reinforcement of the paved invert was instrumented with one nylon coated fibre optic 

sensor cable to measure distributed strain. The fibre was installed at a location on the wire mesh directly 

underneath the actuator (in line with the Centre corrugation). The fibre was installed following a similar 

procedure used when installing fibres on the steel culvert. The concrete surface of the paved invert was 

instrumented with one nylon coated fibre optic sensor cable oriented in the circumferential direction. The 

fibre was installed at a location directly underneath the actuator (in line with the Centre corrugation). 

Prior to fibre attachment, the surface of the concrete was ground using coarse sand paper, and cleaned of 

debris using of 99% Isopropyl alcohol. The fibre was then attached to the surface using Loctite EA E-

20HP Epoxy Structural Adhesive. 

3.2.5.3 Linear Potentiometers 

Linear potentiometers were installed in the culvert to measure vertical and horizontal diameter changes. 

Two linear potentiometers were installed at both the centre and North corrugations adjacent to the fibre 

optic cables. The locations of the linear potentiometers are shown in Figure 3.2. 

3.2.6 Rehabilitation Procedure 

As previously mentioned, to rehabilitate the culvert, a paved invert procedure was used based on 

specifications outlined in the Ohio DOT’s 2013 Construction and Materials Specifications (ODOT, 

2013). The procedure involved the placement of a concrete layer that was 100 mm thick, along a specified 

width of 1.6 m on the invert of the corrugated steel pipe. For ease of installation, only 5 metres of the 

culvert’s length was paved, beginning at the South end of the pipe. This allowed for easier access inside 

the pipe during and after the concrete pouring process. Prior to concrete pouring, a sheet of 4 × 4 – W1.4 

× W1.4 galvanized welded wire mesh was placed along the invert of the culvert. Two steel L angles (of 

dimensions 4.9 m long, 70 mm wide and 5 mm thick and pictured in Appendix B) were spot welded onto 
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the East and West haunch, approximately 650 mm circumferentially from the invert, as seen in Figure 3.3. 

The contoured wire mesh was spot welded to the steel angles every 1200 mm along the longitudinal axis 

of the culvert. Sixteen rows of three rebar chairs were positioned underneath the wire mesh, with the rows 

being spaced approximately 400 mm from each other while the chairs were spaced approximately 300 

mm from each other within each row. The chairs were glued to the invert of the culvert and the wire mesh 

using a small amount of construction adhesive (PL Premium). Wooden boards were placed on either end 

of the culvert section designated for paving to contain the concrete during pouring, and were secured in 

place using silicone. To pour the concrete inside the culvert without damaging the welded wire mesh, a 

mobile plank system was created. Four wooden boards were placed transversely across the culvert, with 

their edges resting on the welded angles. The boards were spaced evenly along the length of the culvert, 

and additional wooden boards were placed longitudinally into the pipe, resting on the transverse boards. 

The concrete used was mixed on site and was poured manually using the plank system for access from the 

North end of the pipe to the South end, and was contoured to the invert using trowels. Once the pouring 

process was completed, the culvert was left for 8 days for the concrete to cure. The concrete had the 

following mix design: 356 kg/m3 Type III Portland cement, 164 kg/m3 water, 967 kg/m3 of coarse 

aggregate and 762 kg/m3 of fine aggregate. The average 7-day compressive strength of the concrete was 

31 MPa. Appendix B details further information regarding the concrete mix used. 

3.2.7 Loading 

As explained earlier, vehicle loading on the soil surface was simulated using a 2000 kN hydraulic actuator 

and a servo-controlled testing system to apply load through a tandem axle test frame to four wheel pair 

pads. Tandem axle loading was chosen as the most critical loading scenario in terms of culvert response 

when compared to single axle or single wheel pair loading configurations. The tandem axle test frame had 

a geometry of 1.2 m by 1.8 m centre to centre to match the tandem axle geometry for the CL-625-(ONT) 

design truck (CSA, 2014a). The steel wheel pads were 600 mm long by 250 mm wide for the service load 

tests while larger wooden wheel pads of 950 mm by 370 mm were used in the ultimate limit state test to 
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prevent early bearing failure of the soil. The tandem axle frame was centred underneath the actuator, at a 

distance of 2.57 m from the South end of the culvert and above the transverse centre of the culvert, as 

seen in Figure 3.1 (b). Applied loads were calculated in accordance with both the CL-625-(ONT) (CSA, 

2014a) and AASHTO (2014) design truck loading and are shown in Table 3.3. The loads were applied at 

a rate of 50 kN/min. Refer to Appendix B for pictures of the loading set-up. 

3.3 Experimental Results 

3.3.1 Overview 

This section will introduce the experimental results, including discussion of i) the impact of corrosion on 

the performance of a horizontal ellipse culvert under service loads, ii) the impact of the paved invert 

rehabilitation technique on the performance of a corroded horizontal ellipse culvert under service loads, 

and iii) the impact of rehabilitation on the performance and failure mode of a horizontal ellipse culvert 

under an ultimate limit state. 

3.3.2 Resultant Strains and Curvatures 

Strains in the specimens were measured with fibre optics on the interior corrugation valley, ε1, and crest, 

ε2. These strains were then used to calculate the average strains, εave, and curvatures, κ, around the 

circumference of the pipes. Because the measured strains at the corrugation valley were located on the 

interior surface of the pipe and not the exterior surface (i.e. the true extreme fibre of the pipe), the strains 

at the exterior valley were estimated using linear extrapolation. Given the measured strains at the interior 

corrugation crest, valley and the intact wall thickness of the pipe, the average strain was calculated using 

Equation 3-1. 
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ave                   (3-1) 

where: 

εave  = average strain 
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ε1  = measured strain on interior corrugation valley 

ε2  = measured strain on interior corrugation crest 

t = intact wall thickness (mm) 

h = radial distance between gauges (mm) 

Curvature for the corrugated steel pipes was calculated using Equation 3-2. This equation yields a positive 

curvature when tensile strains develop on the exterior face and compressive strains develop on the interior 

face.  

h

i 2



                 (3-2) 

where: 

κ = curvature 

εi  = extrapolated strain on exterior corrugation valley 

ε2  = measured strain on interior corrugation crest 

3.3.3 Impact of corrosion on the performance of horizontal ellipse culverts under service loads 

3.3.3.1 Intact versus Deteriorated Culvert Load Deflection Behaviour 

Figures 3.4 and 3.5 show the vertical rise and horizontal span changes, respectively, for the intact and 

corroded horizontal ellipse culverts during all three load cycles of the service load tests at the (a) centre 

and (b) North instrumentation locations. As seen in Figure 3.4 (a) and (b) the initial vertical change in rise 

during the first load cycle was significantly less for the intact culvert than the deteriorated one, suggesting 

a higher stiffness for the intact culvert. However, the first load cycle consists of the entire soil-pipe 

system being subjected to load for the first time resulting in additional soil compaction and thus larger 

deflections in the system that are not representative of repeated live loading conditions when in service. 

Furthermore, culverts that deteriorate in the field after burial will have experienced many vehicle load 

cycles before corrosion commences. For a more accurate representation of repeated live load conditions, 

the load deflection behaviour of the culvert during the third loading cycle will be examined. As seen in 
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Figure 3.4 (a) the centre of intact culvert has an incremental deflection (decrease in vertical distance 

between crown and invert) that is approximately 1.3 mm (-0.096% change in rise) over the third loading 

cycle, while the centre of the deteriorated culvert has an incremental deflection of approximately 1.0 mm 

(-0.074% change in rise). These results suggest that the deteriorated culvert has a stiffness similar to the 

intact culvert, indicating that the deterioration at the invert may have little effect on the culvert’s 

structural performance under service loads. Figure 3.4 (b) shows similar deflection behaviour at the North 

end of the culvert (directly under the North loading pads). Both the intact and deteriorated culverts deflect 

slightly more at the North end (1.3 mm and 1.1 mm, respectively) when compared to the centre (likely 

due to the North end being located directly underneath one pair of load pads). Once again, the North end 

of the intact culvert deflected only slightly more than the North end of the deteriorated culvert suggesting 

both culverts have similar stiffness.  

Figure 3.5 (a) and (b) shows the horizontal span changes in both the intact and deteriorated horizontal 

ellipse culverts throughout the service load tests. Similar deflection behaviour is exhibited compared to 

the vertical deflections, with the centre of the intact culvert deflecting slightly more than the deteriorated 

one, approximately 0.65 mm and 0.60 mm respectively. At the North end of the culvert, the deflections in 

the intact culvert are smaller than the deteriorated culvert with a deflection of 0.8 mm compared to 1.2 

mm, a trend only seen in the horizontal deflections at the North end of the culverts. This once again 

suggests that the stiffness of both intact and deteriorated culverts are similar under service loads. This 

similarity in stiffness likely occurs because deflections of buried flexible pipes (like the horizontal ellipse 

culvert) are largely controlled by soil stiffness (e.g. Moore, 2001), and efforts were made to duplicate the 

backfilling processes when constructing both test structures.  

3.3.3.2 Intact versus Deteriorated Culvert Average Strains 

Figure 3.6 shows the calculated average strains around both the intact and deteriorated horizontal ellipse 

culverts at the 367 kN load stage of the service load tests at (a) the centre and (b) North instrumentation 
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locations. As seen in Figure 3.6 (a) the centre of both the intact and deteriorated culverts do not 

experience significant strain around their circumferences. Both culverts experience essentially zero strain 

at the crown, while compressive strains begin to develop at the springlines and invert, behaviour 

consistent with pipes undergoing ring compression. The intact culvert experienced larger compressive 

strains (approximately 50 µε) at the springlines compared to the deteriorated culvert (approximately 20 

µε). However, these results still suggest that there is very little difference in the behaviour at the centres 

of the intact and deteriorated ellipse culverts under service loads, since the strain values were both small 

compared to the yield strain of the steel (4.35% and 1.74%, respectively). Figure 3.6 (b) shows that the 

North end of both culverts experienced significantly greater strains than the centre, most notably in the 

top halves of each culvert. The intact culvert experienced compressive strain peaks at the crown (200 µε) 

and below the shoulders and above the springlines (approximately 125 µε), while the bottom half of the 

culvert experienced essentially zero strain. The deteriorated culvert experienced similar compressive 

peaks below the shoulders and above the springlines, but it did not experience as high a compressive peak 

as the intact culvert at the crown (100 µε). The compressive strains were somewhat evenly distributed 

around the crown of the deteriorated culvert. Given that much smaller strains were measured along the 

bottom half of both intact and deteriorated culverts under service loads, it is reasonable to assume that the 

deterioration at the invert did not have a significant impact at the North end (i.e. directly under the applied 

load). Instead, the top half of the culverts seem to be carrying most of the load at those sections. 

3.3.3.3 Intact versus Deteriorated Culvert Curvatures 

Figure 3.7 shows the calculated curvatures for both the intact and deteriorated horizontal ellipse culverts 

at the 367 kN load stage of the service load tests at (a) the centre and (b) North instrumentation locations. 

The curvature that causes extreme fibre yield in the steel culvert was calculated to be approximately 

±84 × 10- 6/mm. Figure 3.7 (a) shows that both the intact and deteriorated culverts experienced nearly 

identical curvatures around their circumferences at the centre. Both culverts experienced little curvature at 

the crown, with positive peaks at both springlines (10 × 10-6/mm at the West springline of the intact 
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culvert and 5 x 10-6/mm at the West springline of the deteriorated culvert) and negative curvature peaks at 

the invert (-6 × 10-6/mm in the intact culvert and -9 × 10-6/mm in the deteriorated culvert), suggesting 

some local bending at these locations. The similarity between both intact and deteriorated culvert 

responses once again suggests that the deterioration may not have a significant effect on the culvert’s 

behaviour at the centre. Figure 3.7 (b) shows that the North end of both intact and deteriorated culverts 

experienced much greater curvatures along the top half of the culvert (-10 × 10-6/mm for the deteriorated 

culvert at the location underneath the load pads at the North versus -2 × 10-6/mm at the centre), with less 

on the bottom half (essentially zero across the invert). Both culverts exhibit similar curvature patterns 

around their circumferences, experiencing large negative peaks at the shoulders and positive peaks at the 

crown and springlines. This behaviour is likely due to the load being applied directly above the North end 

of the culvert coupled with the shallow cover resulting in a greater amount of load being transferred to the 

culvert at that location, as depicted in Figure 3.1 (c). The bottom half of the culverts on the other hand do 

not experience much curvature, suggesting that most of the load is being carried through local bending 

across the top half of the culverts. Furthermore, the intact culvert experienced larger curvatures than the 

deteriorated culvert, showing a difference in behaviour between the two structures. This difference may 

be caused by the deterioration of the steel culvert; however it would be reasonable to assume that the 

deteriorated culvert would experience larger curvatures than the intact culvert (since the deterioration 

would make the culvert less stiff), but rather the opposite behaviour is exhibited. However, the fact that 

the larger curvatures are seen at the top of the culverts suggests that the invert of the culverts do not carry 

as much load and therefore the deterioration may not have a significant effect on the performance of the 

structure under service loads. The difference in curvature behaviour across the top of the culverts may 

however be caused by different soil compaction around the culverts during backfilling (differences after 

construction are inevitable despite efforts to have identical soil densities).  
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3.3.4 Impact of rehabilitation on corroded horizontal ellipse culvert under service loads 

3.3.4.1 Deteriorated versus Rehabilitated Culvert Load Deflection Behaviour 

Figure 3.8 shows the vertical changes in rise of the deteriorated and rehabilitated ellipse culverts during 

all three loading cycles of the service load tests at (a) the centre and (b) North instrumentation locations. 

Figure 3.8 (a) shows that the rehabilitated culvert has a much higher stiffness than the deteriorated 

culvert, especially when comparing the first loading cycle. This greater stiffness upon first loading can be 

explained by the fact that the rehabilitated culvert system had already been loaded prior to repair (during 

the deteriorated culvert service load test) and therefore the initial stiffness of the system was already 

altered. However, the rehabilitated culvert still deflected much less compared to the deteriorated culvert 

during the third load cycle (0.35 mm and 1.0 mm, respectively), indicating that the incremental stiffness 

of the rehabilitated culvert was much higher. Similar patterns are exhibited at the North end of the culvert, 

as seen in Figure 3.8 (b) with much stiffer behaviour seen in the rehabilitated culvert. All of the vertical 

change in rise measured in the rehabilitated culvert occurred during the first loading cycle, and remained 

constant at 0.75 mm throughout the unloading and loading phases of the second and third load cycles. 

This could indicate that the linear potentiometers used to measure deflections malfunctioned, but it is still 

reasonable to assume a higher stiffness in the rehabilitated culvert at the North end based on the 

behaviour observed at the centre location. 

3.3.4.2 Deteriorated versus Rehabilitated Culvert Average Strains 

Figure 3.9 shows the calculated average strains in both the deteriorated and rehabilitated ellipse culverts 

at the 367 kN load stage of the service load tests at (a) the centre and (b) North instrumentation locations. 

Figure 3.9 (a) shows that the centre of both the deteriorated and rehabilitated culverts did not experience 

significant strains around their circumferences. Negligible strains were recorded at the crown and 

compressive strains of between 20 and 25 microstrain at the shoulders, springlines and invert, suggesting 

ring compression throughout the culvert, except for the crown region. Furthermore, each culvert exhibited 

nearly identical strain patterns with the exception of the inverts, where the compressive peaks on either 
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side of the deteriorated culvert’s invert were reduced following rehabilitation. Although these 

compressive strain peaks would seem to be created by the deterioration (as they occur at approximately 

the same locations as the highest level of deterioration along the invert), similar peaks are seen in the 

intact culvert, as previously discussed and shown in Figure 3.6 and so the deterioration is not likely the 

cause of this behaviour. The peaks are reduced following repair, as the paved invert creates a more even 

distribution of compressive strain along the invert of the rehabilitated culvert. This evenly distributed 

compressive strain along the bottom of the invert may suggest that the paved invert experienced bending 

during loading, with the culvert (bottom face of the concrete) in compression and the top face in tension. 

The strains along the top face of the paved invert will be investigated further in later sections.  

Figure 3.9 (b) shows that the North end of the culverts experienced significantly larger strains than the 

centre, most notably in the top half of the culverts. The fibre optic cable attached at the North end of the 

culvert was damaged during the rehabilitation process, and so only the region between the crown and east 

haunch of the rehabilitated culvert could be monitored. Since all the other measured strain distributions 

were approximately symmetric about the vertical plane through the pipe axis, the measurements around 

the Eastern half of the culvert should be sufficient to understand the nature of the effect of rehabilitation 

on incremental strains. The deteriorated culvert experienced compressive strains of between 100 and 75 

microstrain at the crown and approximately 50 microstrain at the springlines, with compressive strains 

diminishing below the springlines and across the invert. The rehabilitated culvert (between the crown and 

East haunch) showed similar strain patterns, however the strains were reduced by 23%, 31% and 93% at 

the crown, East shoulder and East haunch, respectively, after repair. This reduction in strain may be 

caused by the presence of the very stiff paved invert attracting load away from the steel culvert. Similar 

reductions in strains are not seen at the centre of the culvert, however that may be attributable to the fact 

that the centre receives very little load to begin with, since the centre location is outside the zone of 

influence of the load pads, as depicted in Figure 3.1 (b).  
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3.3.4.3 Deteriorated versus Rehabilitated Culvert Curvatures 

Figure 3.10 shows the calculated curvatures for both the deteriorated and rehabilitated ellipse culverts at 

the 367 kN load stage of the service load tests at (a) the centre and (b) the North instrumentation 

locations. As mentioned earlier, the curvature that causes extreme fibre yield in the steel culvert was 

calculated to be approximately ±84 × 10-6/mm. Prior to repair, the centre of the culvert experienced 

negative curvatures at the invert and corresponding positive peaks on either side of the invert, indicating 

some local bending. After repair, curvatures around the circumference of the culvert were reduced. At the 

invert, curvatures were reduced to essentially zero and the local bending experienced before repair did not 

occur. However, slight peaks are seen on either side of the invert at locations which correspond to the 

edges of the paving. This behaviour can be explained by the transition between the two different bending 

stiffness values of the paved invert and steel culvert, where the steel culvert begins to receive most of the 

bending. Curvatures at the crown and springlines were also reduced following repair, suggesting the 

repair may have had an impact on the behaviour of the entire culvert, and not just the invert. At the North 

end of the culvert, a similar curvature reduction occurred after rehabilitation. The deteriorated culvert 

experienced large peaks in curvature in the crown, shoulders, and springline regions with smaller 

curvatures at the haunches and invert. These curvatures indicate that local bending occurred in the culvert 

under load. After repair, local bending still occurred between the crown and East haunch, however it was 

significantly reduced, with reductions in curvature of 83% and 46% at the crown and East shoulder, 

respectively. These results further suggest that the paved invert did improve the structural performance of 

the deteriorated culvert.  

3.3.4.4 Paved Invert Strains 

Figure 3.11 shows the measured strain at both the top face of the concrete of the paved invert and bottom 

face of the culvert underneath the paved invert at the 100 kN, 200 kN and 367 kN load stages of the 

rehabilitated culvert’s service load test. A tensile peak strain occurred at the invert of the culvert at each 

load stage, increasing from 7 µε at 100 kN to 23 µε at 367 kN. The tensile peak at midspan of the paved 
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invert and the corresponding compressive peak of similar magnitude along the culvert at that approximate 

location suggests that bending moments developed in the concrete. Furthermore, the maximum tensile 

strain experienced is still well below the cracking strain of concrete, thus the gross section of the concrete 

is resisting the bending moment. This in turn reduces the stresses in the steel culvert at the invert, as 

previously discussed and shown in Figure 3.10 (a), where local bending was reduced by the addition of 

the paved invert. 

Strains in the welded wire mesh were measured, but it was found that the measurements were subject to 

large fluctuations and thus are not presented here. However, based on some of the measurements, the wire 

mesh did not experience significant strains throughout the service loads (a maximum of approximately 

5 µε of compression at the invert during the 367 kN load stage was measured), suggesting that the mesh at 

its particular location relative to the neutral axis of the concrete ‘slab’ only experienced a small amount of 

the total bending strains. 

3.3.5 Impact of rehabilitation on corroded ellipse culvert under ultimate limit states loading 

Two ultimate limit state tests were conducted on the rehabilitated culvert. During the first ultimate limit 

state test it was observed that at higher loads (above 1000 kN) the West wheel pads of the dual axle frame 

were experiencing significantly larger bearing failures than the East wheel pads. This uneven bearing 

failure indicated that there was rotation occurring in the actuator and dual axle frame, so the culvert was 

unloaded after reaching a load of 1400 kN. A depth of approximately 50 mm of the ground surface was 

then repaired and re-compacted, and a second ultimate limit state test was then conducted, where a 

maximum load of 1600 kN was reached, before excessive levels of bearing failure were once again 

observed. 

Previous laboratory tests were conducted by Regier et al. (2015), where an intact horizontal ellipse culvert 

was tested up to an ultimate limit state. Results from these tests will be discussed in the following section 
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to offer a comparison between the ultimate limit behaviour of intact and repaired horizontal ellipse 

culverts. 

3.3.5.1 Rehabilitated Culvert Load Deflection Behaviour 

Figure 3.12 shows the (a) vertical and (b) horizontal deflections in the rehabilitated culvert throughout the 

first ultimate limit state test at both the centre and North instrumentation locations. Both the centre and 

North locations of the culvert experience similar vertical deflections throughout loading, with a maximum 

change in rise of approximately 35 mm each (or -2.6% percent change). Significant deflections did not 

begin until the 400 kN load stage, at which point the stiffness of the soil-pipe system began to change, 

becoming non-linear and less stiff. There is a significant change in stiffness at approximately 1000 kN, 

which may be attributed to the cracking of the concrete invert, as cracking occurred at a load of 

approximately 950 kN (as observed in photographs taken during testing). Figure 3.12 (b) shows that the 

North location of the culvert (directly under the load pads) experienced larger maximum horizontal 

deflections than the centre location (38 mm compared to 31 mm) and deflected more throughout the 

ultimate limit state test. The maximum horizontal deflection of 38 mm at the North location slightly 

exceeded the maximum vertical deflection of 35 mm at that location indicating ovaling behaviour. This 

higher horizontal deflection at the North location compared to the centre is likely due to the positioning of 

the load pads directly above the North location, resulting in more load being resisted in that region of the 

culvert.  

Figure 3.13 shows the (a) vertical and (b) horizontal deflections in the rehabilitated culvert throughout the 

second ultimate limit state test at the centre and North instrumentation locations. Deflections were zeroed 

from the first ultimate limit state test for the sake of clarity. The culvert had a lower initial stiffness than 

the first ultimate limit state test, which was expected since the soil-pipe system previously entered the 

non-linear response range. The stiffness of the culvert seemingly did increase up until the 500 kN load 

stage, where it remained linear until approximately 1200 kN. The increase in stiffness of the culvert up 
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until the 500 kN load stage may be due to the presence of the repaired ground surface (which was 

repaired after the first ultimate limit state test and before the second one). This less stiff layer of soil 

underneath the applied load may well have caused reduced arching behaviour in the soil-structure system, 

resulting in the culvert resisting a greater portion of the load as the repaired soil layer was being subjected 

to load for the first time. Past the 1400 kN load stage, the stiffness of the culvert begins to decrease 

rapidly, with approximately 65% and 60% of the centre and North’s maximum vertical deflection 

occurring after the 1400 kN load stage, respectively. The horizontal deflections of the culvert were once 

again larger at the North end throughout loading, however maximum deflections were not measured as 

the maximum stroke of both displacement transducers was reached, indicated by the abrupt plateaus at 38 

mm and 48 mm of deflection in the centre and North locations, respectively, seen in Figure 3.13 (b). 

3.3.5.2 Rehabilitated versus Intact Culvert Average Strains 

Figure 3.14 shows the calculated average strains at the centre of the (a) rehabilitated culvert and (b) intact 

culvert at various load stages during the first ultimate limit state test conducted in this study and the 

second ultimate limit state test conducted by Regier (2015), respectively. The yield strain of the steel 

culvert is 1150 µε. Figure 3.14 (a) shows that at 367 kN, the centre of the rehabilitated culvert 

experienced slight compressive strains around the circumference. At a load of 800 kN, the compression 

around the circumference of the culvert began to increase, with the exception of the crown, where small 

tensile strains developed. The compression along the sidewalls at the centre of the culvert continued to 

increase at loads of 1200 and 1400 kN (a 210% and 395% increase in compressive strain from the 800 kN 

load stage respectively at the East springline) with strain peaks at both springlines, behaviour consistent 

with ring compression. The tensile strains at the crown increased to approximately 100 µε at the 1400 kN 

load stage, while a tensile peak developed at the invert as well. This tensile behaviour at the invert may be 

due to bending occurring in the culvert after the paved invert had cracked, as a similar tensile peak is 

recorded at the invert of the intact culvert. Figure 3.14 (b) shows that at both the 800 and 1200 kN load 

stages, the centre of the intact culvert experiences small tensile strains at the crown, similar to the 
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rehabilitated culvert, however to a lesser degree. The sidewalls experience compressive strains, indicating 

ring compression, while the invert experiences a small tensile peak, again similar to the rehabilitated 

culvert. At 1200 kN, the East springline of the intact culvert experiences approximately 140 µε while the 

rehabilitated culvert experiences roughly 300 µε in compression. However, at the West springline, the 

intact culvert experiences greater compressive strains than the rehabilitated culvert, with a strain of 

approximately 185 µε compared to 165 µε. 

Figure 3.15 shows the calculated average strains at the North location of the (a) rehabilitated culvert and 

(b) intact culvert at various load stages during the first ultimate limit state test conducted in this study and 

the second ultimate limit state test conducted by Regier (2015), respectively. The yield strain of the steel 

culvert is 1150 µε. As seen in Figure 3.15 (a) the North end of the rehabilitated culvert experienced larger 

compressive strains along the East shoulder compared to the centre location. This behaviour was seen 

earlier, with the responses under the surface load applied above the North instrumentation location being 

greater than those at the centre location. Furthermore, unlike the centre of the culvert, no tensile strains 

develop at the crown at the North end, instead, significant compressive strains are exhibited. There are 

slight tensile strains measured at the East haunch at the North end, however the fibre optic cables were 

damaged near that location, so the measurements may not be accurate. As seen in Figure 3.15 (b), at the 

North end of the intact culvert, the crown experienced a large compressive strain peak of approximately 

550 µε at the 1200 kN load stage, while the rehabilitated culvert experienced approximately 280 µε at the 

crown under the same load. The highest strains experienced by the intact culvert came between the 

shoulders and springlines, behaviour that is also exhibited by the rehabilitated culvert, although not as 

clearly because of the aforementioned damage to the fibre optic cables at that location.  

3.3.5.3 Rehabilitated versus Intact Culvert Curvatures 

Figure 3.16 shows the calculated curvatures at the centre of the (a) rehabilitated culvert and (b) intact 

culvert at various load stages of the first ultimate limit state test conducted in this study and the second 
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ultimate limit state test conducted by Regier (2015), respectively, as well as the curvature yield limits of 

the corrugated plate (±84 × 10-6/mm). However, these curvature yield limits were calculated based on an 

assumption of zero axial force (i.e. zero average strain) and any non-zero average strain value can alter 

these limits (for example, an average strain of 400 µε can change the yield limit to 46 × 10-6/mm). Figure 

3.16 (a) shows that at the centre of the rehabilitated culvert, approximately zero curvatures are 

experienced at the 367 kN load stage, and curvatures begin to develop at the 800 kN load stage, with 

small negative curvatures at the crown and invert (-5 × 10-6/mm and -2 × 10-6/mm respectively) and larger 

positive curvatures at the springlines (20 × 10-6/mm). At higher loads the curvatures are 

approximately  -50 × 10- 6/mm at the crown and shoulders, with a peak of -110 × 10-6/mm at the invert 

under 1400 kN of load. At the East springline positive curvatures of approximately 130 × 10-6/mm were 

measured along with approximately 115 × 10-6/mm of curvature at the West springline. The curvature 

peaks exhibited on either side of the crown are likely caused by the positioning of the load pads 

underneath the dual axle frame since that is the transverse location where the surface loading is applied. 

This behaviour is not seen at lower loads in the centre, but it is seen at the North end (to a lesser degree). 

As discussed earlier, this is likely due to the shallow cover above the culvert not being able to spread load 

to the centre, however as loads increase significantly, the centre of the culvert begins to receive more load 

and the curvatures begin to increase. At the invert, a significant negative peak was measured at loads of 

1200 and 1400 kN, suggesting local bending there. This behaviour was somewhat similar to that of the 

deteriorated culvert at service loads, however curvatures here were much larger since higher loads were 

being applied. This similar bending behaviour at the invert may be explained by the cracking of the 

concrete, as it cracked before the 1200 kN load stage, and thus the culvert would have to resist more of 

the load and be subjected to increased bending. The curvatures did not exceed the yield limit of the 

material until the applied load was past 1200 kN, where yielding occurred at the invert and springlines. 

Figure 3.16 (b) shows that at the centre, similar curvature patterns are exhibited in the intact culvert as the 

rehabilitated one, with large positive curvatures at the springlines and smaller negative curvatures at the 
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invert and crown. Small peaks in curvatures are shown on either side of the crown as well, corresponding 

to the locations of loading. Compared to the rehabilitated culvert, the intact one experienced larger 

curvatures, and thus bending. Curvatures exceeding the yield curvature were measured at both springlines 

(100 × 10-6/mm and 120 × 10-6/mm at the East and West springline, respectively) of the intact culvert at a 

load of 1200 kN, while the rehabilitated culvert did not exceed curvature yield limits at the springlines 

(78 × 10-6/mm and 67 × 10-6/mm at the East and West springline, respectively) at that load. It should be 

noted however that curvatures at the invert are greater in the rehabilitated culvert than in the intact one 

(-70 × 10-6/mm and -46 × 10-6/mm respectively). This difference in bending between the rehabilitated and 

intact culverts may be due to the cracking of the paved invert. Before the paved invert had cracked, it 

attracted load since it is stiffer than the steel, and at a load of 800 kN (before cracking) essentially zero 

curvatures were recorded at the invert of the rehabilitated culvert, whereas curvatures of 

approximately -20 × 10-6/mm were recorded at the invert of the intact culvert at the same load. After 

cracking of the paved invert (which occurred at around 1000 kN), some of the load in the concrete was 

redistributed to the steel culvert alone, resulting in the greater curvatures recorded in the rehabilitated 

culvert than the intact one. 

Figure 3.17 shows the calculated curvatures at the North location of the (a) rehabilitated culvert and (b) 

intact culvert at various load stages of the first ultimate limit state test conducted in this study and the 

second ultimate limit state test conducted by Regier (2015), respectively, as well as the curvature yield 

limits of the culvert. As seen in Figure 3.17 (a) at the North section of the rehabilitated culvert, much 

larger curvatures are exhibited at the location underneath the load pad. As mentioned earlier, the fibre 

optic cables attached to the North section of the culvert were damaged and therefore the measurements 

that were not compromised may not be accurate. Greater curvatures are shown at the East springline as 

well compared to the centre section of the culvert, however small positive curvatures are exhibited at the 

crown, unlike the centre section. This may be caused by the large local bending occurring underneath the 

load pads at the North section, as loads are more concentrated at that location compared to the centre 
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section. Curvatures exceeded the yield limit at the East springline during the 1200 kN load stage, however 

did not reach yield underneath the load pad until past 1200 kN. Figure 3.17 (b) shows that at the North 

end, similar patterns in curvature are shown in the intact culvert as the rehabilitated culvert, with large 

negative peaks on either side of the invert underneath the loading pads and corresponding positive peaks 

at the springlines. Curvatures exceeding the yield value are developed at the locations underneath the 

loading pads, as well as at both springlines. As for the rehabilitated culvert, curvatures did not exceed the 

yield limits underneath the loading pads, but did at the East springline.  

3.3.5.4 Paved Invert Strains 

Figure 3.18 shows the measured strain at the top face of the concrete of the paved invert and bottom face 

of the culvert underneath the paved invert at various load stages of the first ultimate limit state test. 

Tensile peaks occurred at the middle of the invert as expected, however average strains along the bottom 

face of the culvert’s invert were also tensile (with the exception of the 367 kN load stage). A tensile strain 

of approximately 105 µε was measured at the top face of the paved invert at the 950 kN load stage, which 

was the load stage where audible cracking sounds were heard, suggesting the concrete cracked at that 

time. Based on CSA A23.3-14, the expected cracking strain of the concrete is approximately 130 µε 

(CSA, 2014b). At 1000 kN, a large strain spike at the invert of approximately 250 µε is shown, further 

confirming that the concrete layer had cracked. Pictures of the tensile crack which formed along the invert 

are shown in Figures 3.19 and 3.20.  

3.3.6 Second ultimate limit state test on repaired horizontal ellipse 

Figures 3.21 and 3.22 show the calculated average strains and curvatures of the repaired culvert at various 

load stages of the second ultimate limit test at (a) the centre and (b) the North instrumentation locations. 

Both average strain and curvature patterns were very similar during the second ultimate limit state test 

compared to the first test. At the centre of the pipe, compressive strains were recorded along the 

sidewalls, with peaks of approximately -600 µε at the springlines, while tensile strains were once again 



 

78 

 

recorded at the crown. However, the tensile strains measured at the invert during the first ultimate limit 

state test were not measured during the second, instead compressive strains occurred. This may be caused 

by the fact that the paved invert was already cracked, changing the behaviour of the culvert at the invert. 

Curvatures at the centre of the pipe were once again positive at the springlines and negative at the crown 

and invert. At the North section of the pipe, slightly larger strains were recorded as compared to during 

the first ultimate limit state test and similar curvatures were measured with one exception. To the east of 

the crown, large positive curvatures were measured during the second ultimate limit state test, which may 

be explained by the positioning of the loading pads directly above that location.  

3.3.7 Failure mode of the repaired and intact horizontal ellipse culverts 

During the second ultimate limit state test performed on the repaired ellipse, bearing failure once again 

occurred on the West side of the tandem axle frame at high loads. Once a load of slightly over 1600 kN 

was reached, the test was ended to limit additional bearing failure and prevent any possible damage to the 

loading equipment.  Figure 3.23 shows the plastic hinge which formed at the top of the repaired ellipse, at 

a location underneath the Southwest load pad of the tandem axle frame which experienced bearing failure. 

Measurements of the movement of the loading pads into the soil are as follows: 1.53 cm, 2.2 cm, 8.08 cm 

and 5.1 cm at the Northwest, Northeast, Southwest and Southeast loading pads respectively. Pictures of 

the soil surfaces directly under each loading pads are shown in Appendix B. As previously discussed and 

shown in Figure 3.17 (a), curvatures were greatest directly underneath the loading pads, and these regions 

of the ellipse began to yield in bending at loads after 1200 kN. These observations are in accordance with 

the development of the plastic hinge, although the hinge formed underneath the South pads, and not the 

North pads where the fibre optics were located. It is still reasonable to assume that due to the mostly 

symmetric loading, both regions of the ellipse underneath the North and South loading pads experienced 

similar behaviour upon loading. At the centre of the pipe, between the North and South loading pads, 

yield in bending did occur at the springlines after the 1200 kN load stage as seen in Figure 3.16 (a). 
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Figure 3.24 shows sections of the East springline near the centre of the pipe that have experienced local 

buckling, a visual observation that corroborates the measured data from that location.  

The intact horizontal ellipse experienced a similar failure mechanism to the repaired culvert, albeit at a 

lower load of 1300 kN. As outlined in Regier (2015), a plastic hinge formed at the same location (below 

the Southwest load pad) and corresponding bearing failure was observed. At 1300 kN, the culvert had 

yielded in bending at both shoulders, springlines and crown directly under the North load pads, consistent 

with the data measured by Regier (2015). The fact that both intact and repaired culverts formed a plastic 

hinge at the same locations underneath the Southwest load pads could indicate that there is some 

deformation in the tandem axle frame, which causes some asymmetric loading at higher loads.  

Currently, the Handbook of Steel Drainage & Highway Construction Products (CSPI, 2009) calls for 

corrugated steel culverts to be designed for compression failures due to wall crushing or buckling. Local 

bending moments and the development of plastic hinges are usually disregarded under service loads. 

Based on the radius of gyration and the diameter of a pipe, the Handbook predicts the failure mechanism 

of a pipe with a span less than 3 m, a radius of gyration of 8.685 mm, a D/r of 185.25, to be yielding of 

the culvert wall. The results of the laboratory experiments discussed indicate that the current design 

methods may be considering the wrong failure mode when dealing with this particular geometry, cover, 

and loading type.  

3.4 Conclusions 

The response of a corroded horizontal ellipse culvert was measured under surface service loads at a burial 

depth of 0.45 m using a dual axle loading configuration. The response of the culvert was compared with 

the response of an identical intact horizontal ellipse culvert under the same burial depth and loading 

configuration from a previous laboratory experiment conducted by Regier (2015). The deteriorated pipe 

was then rehabilitated using a paved invert method specified in the Ohio Department of Transportation’s 

2013 Construction and Materials Specifications (ODOT, 2013). The rehabilitated culvert was subjected to 
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service loads, and its response was measured to determine the impact of the repair on the deteriorated 

culvert. The rehabilitated culvert was then loaded to its ultimate strength limit in order to examine its 

behaviour and determine its failure mode, as well as to draw comparisons of ultimate limit state behaviour 

between the intact and the rehabilitated culvert. The following conclusions were drawn from this research 

study: 

i) The culvert sections directly underneath the loading pads are the critical location for this 

particular geometry and burial depth. Consistently higher deflections, strains and 

curvatures were measured at the North end of the pipe than at the centre, before and after 

repair.  

ii) The corrosion at the invert of the horizontal ellipse did not have a significant impact on 

the performance of the pipe under service loads. The stiffness of the ellipse did not show 

a significant change between intact and corroded conditions. Average strains also 

remained consistent after deterioration around the circumference of the ellipse, and while 

there was a slight difference in curvature (and thus bending) at the North end of the pipe, 

the differences came at the top halves of the pipes. Meanwhile, the invert did not exhibit 

much curvature change either before or after deterioration. This suggests that at the 

critical location, the ellipses carry more load through localized bending across the top 

half of the pipe.  

iii) The paved invert rehabilitation technique seemed to increase the structural performance 

of the horizontal ellipse under service loads. The stiffness of the pipe increased 

significantly after rehabilitation, with a 65% decrease in vertical diameter change at the 

centre of the pipe. Meanwhile at the North end of the pipe, average strains in the culvert 

were reduced by 23%, 31% and 93% at the crown, East shoulder and East haunch, 

respectively, after repair. Local bending was also reduced at both the centre and North 

locations of the pipe after rehabilitation. Furthermore, strains measured on the top face of 
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the paved invert indicate that bending occurred in the concrete, though it did not crack 

under service loads.  

iv) During the ultimate limit state test, the centre of the rehabilitated ellipse yielded due to 

bending at the springlines and invert after a load of 1200 kN. The intact pipe yielded due 

to bending at the same locations, however it did so at lower loads than 1200 kN (nearing 

yield at the 800 kN load stage). At the North end, the rehabilitated culvert had not yet 

yielded in bending at the location directly under the Northeast load pad at a load of 1200 

kN, but it was very close to the yield value, while the intact pipe yielded under the 

Northwest load pad at a load of 800 kN. In the rehabilitated pipe, the concrete in the 

paved invert cracked at a load of approximately 950 kN, which resulted in more load 

being carried by the ellipse and changing the stiffness of the system.  

v) Both intact and rehabiltiated horizontal ellipse culverts experienced similar failure 

mechanisms, with the intact culvert failing at a load of 1325 kN while the rehabilitated 

culvert failed at a load of 1600 kN. Plastic hinges formed at locations on the ellipses 

directly underneath the Southwest load pads. Although the pipes did not fail in the 

expected manner, it should be noted that they were both able to withstand loads greater 

than twice the fully factored loads.  
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Table 3.1: Testing regime for surface loading with maximum applied load. 

Test Description Maximum 

Load kN 

A1 Dual axle wheel pair service loading at 0.45 m cover – Intact Ellipse Culvert 367 

A2 Dual axle wheel pair ultimate loading at 0.45 m cover – Intact Ellipse Culvert 1325 

B1 Dual axle wheel pair service loading at 0.45 m cover – Deteriorated Ellipse Culvert 367 

C1 Dual axle wheel pair service loading at 0.45 m cover – Rehabilitated Ellipse 

Culvert 
367 

C2 Dual axle wheel pair loading at 0.45 m cover – Rehabilitated Ellipse Culvert 1610 

 

Table 3.2: Summary of backfill properties for each specimen. 

 Dry Density 

(g/cm3) 

Water Content 

(%) 

Standard Proctor 

(%) 

Intact Ellipse 

Culvert 

Bedding 2.2 3.6 96.4 

Invert to crown 2.1 4.0 92.6 

Crown to top of 0.45 m cover 2.2 4.7 96.3 

Deteriorated + 

Rehabilitated 

Ellipse Culvert 

Bedding 2.0 4.5 93.1 

Invert to crown 2.0 2.9 90.4 

Crown to top of 0.45 m cover 2.2 3.2 95.3 

 

Table 3.3: Calculated CHBDC (2014) and AASHTO (2010) dual axle wheel pair loading. 

CAN/CSA-S6-14 Canadian Highway Bridge Design Code 2014, (CL-625-ONT) 

 3.8.3.2 Table 3.5  Table 

3.1 

  

Burial 

Depth 

(m) 

Unfactored 

Design 

Vehicle Load 

(LL in kN) 

(Half of 

Single Axle) 

Multiple 

Lane 

Loading 

Factor Mf 

(1 Loaded 

Lane) 

Dynamic Load 

Allowance 

If=(1+IM) 

IM=0.4*(1-

0.5*DE) 

DE = Depth in m 

Load 

Factor 

(φ) 

Maximum 

Service 

Load 

LL*Mf*If 

(kN) 

Fully 

Factored 

Load 

φ*LL*Mf*If 

(kN) 

0.45 280 1 1.31 1.7 367 624 

AASHTO LRFD Bridge Design Specification 2010 

Burial 

Depth 

(m) 

Unfactored 

Design 

Vehicle Load 

(LL in kN) 

(Half of 

Single Axle) 

Multiple 

Lane 

Loading 

Factor Mf 

(1 Loaded 

Lane) 

Dynamic Load 

Allowance 

If=(1+IM/100) 

IM=33*(1-4.1x10-

4*DE) 

DE = Depth in m 

Load 

Factor 

(φ) 

Maximum 

Service 

Load 

LL*Mf*If 

(kN) 

Fully 

Factored 

Load 

φ*LL*Mf*If 

(kN) 

0.45 222.4 1.2 1.27 1.75 339 593 
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(a) Plan View. Note: all dimensions in m. 

 

   

 

 

Figure 3.1: Experimental configuration of test pit. 

(b) West profile. Note: all dimensions in m. (c) North profile. Note: all dimensions in m. 
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Figure 3.2: Instrumentation layout of horizontal ellipse test specimen.  

 

Figure 3.3: Cross-section of rehabilitated horizontal ellipse culvert with paved invert. The concrete 

layer was approximately 100 mm thick. The wire mesh was positioned 75 mm above the culvert 

face.  



 

87 

 

 

Figure 3.4: Vertical change in rise for the intact and deteriorated horizontal ellipse culverts at the 

(a) centre and (b) North sections during service load tests. 

  

Figure 3.5: Horizontal change in span for the intact and deteriorated horizontal ellipse culverts at 

the (a) centre and (b) North sections during service load tests. 
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Figure 3.6: Average strain in the intact and deteriorated culverts at the 367 kN load stage of the 

service load test at (a) the centre and (b) the North section. CR = Crown, INV = Invert, WSP = 

West Springline, ESP = East Springline. 

 

Figure 3.7: Curvatures in the intact and deteriorated culverts at the 367 kN load stage of the service 

load test at (a) the centre and (b) the North section. CR = Crown, INV = Invert, WSP = West 

Springline, ESP = East Springline. 
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Figure 3.8: Vertical change in rise for the deteriorated and rehabilitated horizontal ellipse culverts 

at (a) the centre and (b) the North section during the service load tests. 

 

 

Figure 3.9: Average strains in the deteriorated and rehabilitated culverts at the 367 kN load stage 

of the service load test at (a) the centre and (b) the North section. CR = Crown, INV = Invert, WSP 

= West Springline, ESP = East Springline. 
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Figure 3.10: Curvatures in the deteriorated and rehabilitated culverts at the 367 kN load stage of 

the service load test at (a) the centre and (b) the North section. CR = Crown, INV = Invert, WSP = 

West Springline, ESP = East Springline. 

 

Figure 3.11: Strains on the top face of the concrete paved invert and bottom face of the culvert 

during service load test.  
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Figure 3.12: Changes in the (a) vertical rise and (b) horizontal span during the first ultimate limit 

state test of the rehabilitated culvert. 

 

 

Figure 3.13: Changes in the (a) vertical rise and (b) horizontal span during the second ultimate 

limit state test of the rehabilitated culvert. 
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Figure 3.14: Average strains at the centre of the (a) rehabilitated culvert and (b) the intact culvert 

during their respective ultimate limit state tests. CR = Crown, INV = Invert, WSP = West 

Springline, ESP = East Springline. 

 

 

Figure 3.15: Average strains at the North location of the (a) rehabilitated culvert and (b) the intact 

culvert during their respective ultimate limit state tests. CR = Crown, INV = Invert, WSP = West 

Springline, ESP = East Springline. 
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Figure 3.16: Curvatures at the centre of the (a) rehabilitated culvert and (b) the intact culvert 

during their respective ultimate limit state tests. CR = Crown, INV = Invert, WSP = West 

Springline, ESP = East Springline. 

 

 

Figure 3.17: Curvatures at the North location of the (a) rehabilitated culvert and (b) the intact 

culvert during their respective ultimate limit state tests. CR = Crown, INV = Invert, WSP = West 

Springline, ESP = East Springline. 
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Figure 3.18: Strains on the top face of the concrete paved invert and bottom face of the culvert 

during the first ultimate limit state test. 

 

Figure 3.19: Tensile crack in the paved invert at a location directly above the invert of the ellipse. 
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Figure 3.20: Tensile crack in the paved invert at a location directly above the invert of the ellipse. 
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Figure 3.21: Average strains in the rehabilitated ellipse during the second ultimate limit state test at 

(a) the centre and (b) the North section. CR = Crown, INV = Invert, WSP = West Springline, ESP = 

East Springline. 

 

 

Figure 3.22: Curvatures in the rehabilitated ellipse during the second ultimate limit state test at (a) 

the centre and (b) the North section. CR = Crown, INV = Invert, WSP = West Springline, ESP = 

East Springline. 
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        (a) Viewed from inside culvert. 

 

   (b) Viewed from outside of culvert, after exhumation. 

Figure 3.23: Plastic hinge failure mechanism under the southwest loading pad. 
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Figure 3.24: Local buckling associated with a plastic hinge occurring along the East springline at 

the centre of the pipe. 
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Chapter 4 

Development of a Sustainability Rating System for Culvert Replacement and 

Rehabilitation Projects 

4.1 Introduction 

As many infrastructure assets built in North America during the 1950s and 1960s are reaching the end of 

their intended service lives, there exists a need for efficient management of these deteriorating assets. A 

significant portion of this deteriorating inventory is made up of stormwater infrastructure, such as 

culverts. A further decline in the condition of this infrastructure should be expected, as the current 

reinvestment rate in Canadian stormwater infrastructure of 0.3% is below the recommended rates of 1 – 

1.3% (CIRC, 2016). If deterioration of a culvert reaches a critical level, both the hydraulic and structural 

performance can be compromised which can lead to potentially catastrophic failures (Meegoda et al., 

2009). As culverts reach the end of their service lives, they can be either replaced or rehabilitated, either 

using traditional open-cut trench methods, or increasingly popular trenchless techniques (Syachrani et al., 

2010). However, which option is best is not necessarily clear, especially if criteria other than capital cost 

are considered. As such there exists a need for decision making tools that can be used to determine the 

most appropriate method to address deteriorated culvert infrastructure. 

At the same time, the demand for public agencies to implement sustainable initiatives into these projects 

is also increasing (Maher et al., 2015). One stated goal of sustainability is to “sustain economic prosperity 

and a high quality of life for all while protecting the natural systems of the planet” (Soderlund et al., 

2008). In terms of sustainable development, one of the most popular definitions of the term comes from 

the Brundtland report, stating that sustainable development is “development which meets the needs of the 

present without compromising the ability of future generations to meet their own needs” (WCED, 1987). 

This approach emphasizes the need to use limited resources in ways that extend their use for future 
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generations (Koo et al., 2009). When it comes to the sustainability of infrastructure projects, there are 

several factors which can contribute to the overall level of sustainability including: cost, energy 

consumption, resource requirements, capacity, service quality, safety, impacts on society, and impacts on 

environment (Clevenger et al., 2013).  

The use of sustainable practices in infrastructure projects can be difficult due to either 1) not having 

adequate information to make informed decisions on these aspects or 2) the difficulty associated with 

assessing sustainability in these contexts (Soderlund et al., 2008). Investments in public infrastructure 

usually create economic benefits, but they can also cause negative social and environmental effects, and 

as such, sustainability assessments must incorporate the idea of the triple bottom line of economic, social 

and environmental benefits into a project’s assessment (Shen et al., 2010). There are numerous rating 

systems developed to assess the sustainability of building and infrastructure projects, which judge a 

project’s sustainability through a set of weighted indicators (Papajohn et al., 2016). Some of these rating 

systems include certification programs such as LEED (CGBC, 2016), Greenroads (Greenroads, 2016), 

GreenLITES (NYDOT, 2016) and GreenPAVE (Maher et al., 2015) and self-evaluation tools such as 

INVEST (FHWA, 2016) and GoldSET (Golder, 2016).  

GoldSET is a web-based engineering tool that can be used to evaluate infrastructure project alternatives 

within a sustainability context. It utilizes a multicriteria analysis approach that evaluates projects based on 

qualitative and quantitative indicators from economic, social and environmental dimensions, as well as 

technical dimensions. The results of the analysis can then be presented in a diagram that illustrates the 

strengths and weaknesses of each project alternative (Maher et al., 2015). GoldSET was initially 

developed for the use in projects involving the remediation of contaminated sites, however it has since 

been adapted for other purposes, such as road pavement, wastewater treatment and mining-tailings 

management. There are three tiers of GoldSET that can be applied, each with varying degrees of detail, 

where the highest tier, Tier 3, requires extensive stakeholder consultation and the lowest tier, Tier 1, 
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requires only indirect stakeholder involvement. The basic steps to implementing a GoldSET evaluation of 

a project are as follows: define the project and critical performance considerations, select an appropriate 

set of sustainability indicators under the environmental, economic, social (and technical if applicable) 

categories, weigh each indicator, score each project alternative by scoring the indicators, produce a 

graphic output showing the scores of each project alternative and rank the alternatives from a 

sustainability perspective (Maher et al., 2015). 

To date, GoldSET has not been extended to include deteriorated culvert projects. As previously 

mentioned, stormwater infrastructure such as culverts are not receiving the recommended reinvestment 

rates and so there is a need to choose the most cost effective alternative. But at the same time, there also 

exists a need to incorporate aspects of sustainability and social considerations into these infrastructure 

decisions. The purpose of this research program is to develop a GoldSET module that can be used to 

assess alternatives available for deteriorated culvert projects. This chapter outlines the development of the 

GoldSET culvert module, as well as demonstrating its implementation through two case studies of culvert 

projects. Then key conclusions from the chapter will be presented.  

4.2 Development of GoldSET Culvert Module 

As previously discussed, there are a few basic steps to the implementation of a GoldSET evaluation, and 

the culvert module was designed to follow these same steps. Firstly, the project and critical design 

considerations need to be defined, then a set of appropriate sustainability indicators need to be selected. 

These indicators, which come in the form of a table, fall under four categories: environmental, societal, 

economic, and technical. These indicators can then be weighted by the user on a case by case basis, and 

then scored on a 0 to 100 range, with 0 being the worst and 100 being the best score.  

To create the GoldSET culvert module indicator table along with the scoring schemes, Golder Associates 

Ltd. was consulted and their existing GoldSET modules were used as templates. The indicator table was 

designed in a similar fashion to the existing GoldSET indicator tables, with environmental, societal, 
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economic and technical dimensions all included. These four dimensions were then subdivided into several 

different themes, which allowed for a more specific evaluation of the deteriorated culvert replacement and 

rehabilitation project alternatives. The indicator table is presented in Table 4.1, however the scoring 

schemes have been omitted since they are the intellectual property of Golder Associates Ltd (Tetreault et 

al., 2016). More details of the scoring schemes will be included in the following sections to illustrate the 

approach. The following sections will introduce the environmental, societal, economic and technical 

dimensions along with each theme and its associated criteria. 

4.2.1 Environmental Considerations 

When determining the appropriate environmental criteria that a culvert construction or rehabilitation 

project should be evaluated on, several different themes were used including: water, ecosystem, 

atmosphere, and natural resource use. These themes were also used in other GoldSET modules and so 

using them here created consistency across the platform. A description of each theme, along with brief 

explanations of some of the corresponding criteria are included in the following sections. 

4.2.1.1 Water 

This theme encompassed all criteria in which water played an important role, both in the construction 

processes and operational phases of the culvert project. An example criterion is the amount of water used 

during the construction of a project. This criterion is evaluated based on an individual alternative’s ability 

to minimize water use during construction processes such as soil compaction and dust abatement relative 

to the other alternatives. Whilst this criterion is focused on the construction phase, other criteria, such as 

sedimentation, need to be considered during the operational phases of a culvert project. A culvert’s 

capacity (and therefore intended use) will be negatively affected if the design creates any levels of 

sedimentation within the culvert.  
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4.2.1.2 Ecosystem 

This theme was related to the amount of disruption to the surrounding ecosystem caused by the project, 

whether from the construction or operational phases of the project. Smaller disruption to surrounding 

ecosystems created by a specific alternative is beneficial to the environment and would reflect positively 

on the alternative relative to the others. On a similar note, a project which requires less stream diversion 

(or none at all) will have a smaller impact on the surrounding ecosystem. 

As an example of the qualitative scoring scheme used for some criteria, for the “Ecosystem Disruption” 

criteria, alternatives were scored based on their ability to reduce the disruption to surrounding ecosystems. 

The lowest score of 0 represents the worst outcome (an alternative permanently disrupting the 

ecosystem), while the highest score of 100 represents the best outcome (minimal disruption to the 

ecosystem). Intermediate scores of 33 and 66 represent outcomes in the middle of the spectrum, where the 

severity of the disruption, and ecosystem recovery expectancy dictate the score of the alternative.  

4.2.1.3 Atmosphere 

This theme assesses the effects that each alternative has on the atmosphere, specifically in the form of 

greenhouse gas emissions. Several different criteria were developed to evaluate greenhouse gas 

emissions. For example, the emissions associated with the production and transportation of materials need 

to be considered as well as those associated with the construction and operational phases of the project 

(i.e. machinery use during construction and/or maintenance activities), and any anticipated end-of-life 

activities for the project. Another source of greenhouse gas emissions that needs to be considered is the 

amount of excess emissions created by vehicular traffic from road diversions during the construction 

phase of each alternative. As such, if the construction phase (or any other phase that might affect the 

roadway) of that alternative does not result in road diversions, then it follows that less excess greenhouse 

gas emissions would be produced than if road diversions were created and that alternative would receive a 

higher score.  
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4.2.1.4 Natural Resource Use 

This theme deals with the amount of natural resources used throughout the project by each alternative, 

with an emphasis on non-renewable natural resources and energy consumption. The amount of non-

renewable natural resources used in a project should be minimized, as well as the energy consumption 

(e.g. fuel, electricity) associated with all aspects of the project, such as materials production and 

transportation, construction and operation activities, and end-of-life activities. Minimizing the use of 

these resources is beneficial to the environment and thus would reflect positively on an alternative that 

minimized this relative to other alternatives. Furthermore, these criteria will be evaluated based on a 

relative scale comparing the quantity of natural resource used for each alternative being considered and 

ranking them accordingly, with the best alternative receiving the best score, the worst alternative 

receiving the worst score, and all other alternatives receiving relative scores.  

4.2.2 Societal Considerations 

The development of the societal criteria also drew upon criteria from existing GoldSET modules. The 

themes were: economic benefits to the community, community wellbeing, and public and workers’ health 

and safety. A description of each theme along with example criteria are included in the following 

sections.  

4.2.2.1 Economic Benefits to the Community 

This theme consists of criteria related to the economy of surrounding communities throughout the length 

of the project. In terms of positive effects to the community’s economy, a project can be beneficial by 

employing local contractors throughout the design, construction and operational phases of the project. A 

greater amount of local employment is beneficial to the community and thus would reflect positively on 

the project. On the other hand, the construction phase of a project has the potential to cause disruption to 

surrounding businesses and it follows that an alternative that causes less disruption will score higher 

relative to an alternative that causes more disruption.  
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4.2.2.2 Community Wellbeing 

The community wellbeing theme encompasses all criteria that are concerned with the general wellbeing 

of the members of the surrounding communities throughout the project. For example, whether or not the 

project has little opposition from the public is generally a good indicator as to the community’s 

acceptance of the project. Another significant aspect of the project which could potentially affect the 

community’s wellbeing is the construction phase. Road diversions, construction noise levels, and the 

length of construction can all negatively affect the community and therefore should be minimized if 

possible. In terms of culvert projects, road diversions can be very significant as culverts are usually 

located under roadways and thus construction could affect these roadways causing diversions. As such, 

the implication is that an alternative which minimizes road diversions is more beneficial to the 

community than one that does not. Furthermore, an alternative which minimizes both the associated 

construction noise as well as the length of the construction schedule is also more beneficial to the 

community and would score higher than a longer lasting and noisier alternative.  

4.2.2.3 Public and Workers’ Health and Safety 

This theme pertains to all criteria concerned with the health and safety of both the public and workers 

throughout the project. A major safety risk that should be assessed for culvert projects is the increased 

risk of motor vehicle accidents due to construction and/or road diversions. An alternative that keeps the 

traffic and construction separated, or one that does not create road diversions that increase the risk of 

vehicular accidents would score higher than an alternative which does. Also, an alternative that maintains 

the community’s access to emergency services would be beneficial (and in some cases could be 

necessary) for the community and therefore would score better. An increased risk of motor vehicle 

accidents during the construction phase of the project is also relevant to the workers’ safety, as they 

would potentially be on site. Also, any exposure of workers to emissions from the construction processes 

needs to be assessed and considered, with little to no exposure being optimal.  
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4.2.3 Technical Considerations 

Technical criteria focus on aspects of the project that affect the owner in a technical context. Themes that 

were used to encompass the technical criteria were: adaptability, complexity, and uncertainty.  

4.2.3.1 Adaptability 

The adaptability theme contains criteria that evaluate how easily the finished project can be adapted to 

external factors. Examples include the ability of a design alternative to withstand changing structural and 

hydraulic demands over the course of its service life, or the feasibility of upgrading that alternative to 

meet future demands. In most cases, an alternative which can withstand higher structural and hydraulic 

loads would receive a higher relative score. Furthermore, to perform its intended use, the alternative must 

satisfy structural, hydraulic and any other relevant requirements the owner may deem necessary. Any 

design alternative that cannot satisfy these requirements should be seen as fatally flawed, and should be 

eliminated from consideration.  

4.2.3.2 Complexity 

The level of complexity of a project should be minimized when possible. There are several different 

aspects of a culvert project that could increase complexity, including the construction, the operation and 

maintenance, and the decommissioning activities. If a novel or advanced construction method is used, it is 

reasonable to assume that the level of complexity increases and so that particular alternative would 

receive a lower score relative to other, less complex alternatives. Similarly, if complex and frequent 

operation and maintenance activities are required for a specific alternative it would receive a low score to 

reflect this, while the same applies for decommissioning activities.  

4.2.3.3 Uncertainty 

The level of uncertainty of a project should be minimized if possible. Several different sources of 

uncertainty should be considered throughout a culvert project. In terms of the construction phase of the 
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project, quality assurance and quality control methods should be in place and implemented for an 

alternative to receive a high score. If these methods are either not in place or difficult to implement, then 

uncertainty in the construction is created, and therefore would reflect negatively on that alternative. 

Furthermore, if an alternative involves implementing technology or design methods that are novel and not 

well-established, there may be more uncertainty created, which results in a lower score than more well-

established alternatives. Similarly, if an alternative is using methods and technology that have been 

proven effective in similar capacities, then it is likely to be accepted by regulatory agencies, although this 

is not as certain as an alternative that has received certification for the intended application (e.g. codes are 

in place to govern design and construction). 

4.2.4 Economic Considerations 

The economic criteria focus on the financial effects of each alternative to the project owner. Only one 

theme was used to encompass all economic considerations: costs. There are several different components 

of a culvert installation or rehabilitation project that incur costs including: construction, operation and 

maintenance, and end-of-life activities. Furthermore, the costs for the purchase of right-of-way land, and 

any relocation costs associated with this purchase need to be accounted for with any culvert project. Also, 

the cost of relocating any utilities needs to be considered. 

As an example of the quantitative scoring scheme used for all quantitative criteria, for the “Initial 

Construction Costs” criteria, alternatives were scored on a relative basis, with the most expensive 

alternative receiving the lowest score of 0 and the least expensive alternative receiving the highest score 

of 100, while the intermediate alternatives received scores based on their costs in relation to the least and 

most expensive alternatives. 

4.3 GoldSET Culvert Module Case Studies 

To demonstrate how the GoldSET culvert module works, two case studies are presented. Both case 

studies involve the replacement or rehabilitation of culverts. GoldSET was used to evaluate the traditional 



 

108 

 

open-cut replacement of the culvert as well as two typical trenchless rehabilitation techniques for each 

case study to determine which alternative is the most appropriate. 

4.3.1 Case Definitions 

Table 4.2 outlines all the relevant parameters for each case study. These parameters were chosen based on 

typical culvert installations rather than being for an actual field site. Case 1 involves a deteriorated 

reinforced concrete pipe of large diameter and deep cover crossing under a four-lane road in an urban 

setting.  Case 2 involves a deteriorated corrugated steel culvert of smaller diameter and shallower cover 

crossing under a two-lane road in a rural setting. 

For the reinforced concrete culvert, the proposed alternatives for the replacement or rehabilitation of the 

existing structure are 1) an open-cut replacement with an identical reinforced concrete culvert, 2) a slip-

lining rehabilitation procedure whereby an HDPE liner of smaller diameter is grouted in place within the 

reinforced concrete pipe, and 3) a rehabilitation procedure using a spray-on cementitious liner. 

For the corrugated steel culvert, the proposed alternatives for the replacement or rehabilitation of the 

existing structure are 1) an open-cut replacement with an identical corrugated steel culvert, 2) a slip-lining 

rehabilitation procedure whereby an HDPE liner of smaller diameter is grouted in place, and 3) a cured in 

place pipe liner rehabilitation procedure. It should be noted in both cases that these are not necessarily the 

only three alternatives but they are used for illustrative purposes. 

4.3.2 Reinforced Concrete Culvert Case Study 

4.3.2.1 Indicator Scoring Process 

For the environmental criteria, when evaluating the three replacement / rehabilitation alternatives for the 

reinforced concrete culvert, the spray-on liner consistently received the highest (best) scores of all the 

alternatives, with the slip-lining and open-cut replacement alternatives receiving the second and third 

highest scores respectively. In terms of energy consumption and greenhouse gas emissions, the spray-on 
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liner has the smallest impact on the environment, with the production of the cement used for the 

cementitious liner being the largest contributor for that alternative. For the slip-lining alternative, the 

production and transportation of both the grout and the HDPE liner account for more energy consumption 

and emissions relative to the spray-on liner. The construction processes, and production and 

transportation of the new culvert for the open-cut replacement alternative account for the highest energy 

consumption and emissions. Furthermore, when examining the use of non-renewable natural resources for 

each alternative, the trenchless rehabilitation techniques both scored better than the open-cut replacement 

alternative, which is mainly due to the use of non-reusable backfill material in the placement of the new 

structure.  

In terms of the societal criteria for the three alternatives, the spray-on liner was once again the highest 

scoring (best) alternative, followed by slip-lining and finally open-cut replacement. The most significant 

advantage that the trenchless rehabilitation techniques possess is the fact that no trench is required, and 

thus the effect on the surrounding community is significantly reduced. Both trenchless techniques did 

however score lower than the open-cut replacement on local job creation, as specialist contractors would 

potentially be required to perform the construction and supply the materials for these more technically 

advanced alternatives. However, both trenchless alternatives avoid any disruption to businesses in the 

region as well as major road diversions (which is an important consideration given the urban setting of the 

case study), while an open-cut replacement would have severe effects in that regard. The spray-on liner 

and slip-lining alternatives both have short construction phases giving them an advantage over the open-

cut replacement.  

For the technical criteria, the open-cut replacement received the highest (best) score, followed by the slip-

lining procedure and the spray-on liner. The open-cut replacement involves replacing the existing culvert 

with a new structure, and thus would likely be capable of withstanding both increases in loads and flows 

beyond design limits. While the slip-lining procedure means the rehabilitated culvert becomes capable of 
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withstanding large increases in loads, the diameter (and hydraulic capacity) of the culvert is reduced. For 

the spray-on liner, the rehabilitated culvert would likely only be able to withstand small increases in loads 

and flows, since abrasion is increased and diameter is decreased, limiting the robustness of the culvert. In 

terms of uncertainty, the open-cut alternative once again received higher scores since it is a more 

established construction process. Spray-on liners are still considered to be somewhat novel rehabilitation 

techniques and therefore have more uncertainty surrounding them, while the same can be said for slip-

lining but to a lesser degree.  

In terms of cost, the spray-on liner once again scored the highest (best), followed by the slip-lining and 

open-cut replacement. For this case study it was assumed that no right-of-way would need to be acquired 

for any alternative, and that no utilities would need to be relocated due to construction. As such, the cost 

of each alternative was based on construction, operation and maintenance, and end-of life activities. The 

construction costs of the open-cut replacement are much higher than either of the trenchless techniques, 

since excavation is required. However, the opposite is true for the operation and maintenance, and end of 

life costs, as the trenchless rehabilitation techniques may require specialized maintenance and end of life 

activities.  

4.3.2.2 Results of the GoldSET analysis 

The results of the reinforced concrete culvert case study are presented in Figure 4.1. The spray-on liner 

was found to be the best and most balanced alternative. It received the highest scores in the 

environmental, societal and economic dimensions, though it also received the lowest technical score. The 

slip-lining procedure was found to be the next best alternative in terms of sustainability, and the open-cut 

replacement was the worst alternative. The open-cut replacement alternative did however receive the 

highest scores in the technical dimension.  
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4.3.3 Corrugated Steel Culvert Case Study 

4.3.3.1 Indicator Scoring Process 

In terms of the environmental criteria for the three replacement / rehabilitation alternatives for the 

corrugated steel culvert, the cured in place pipe liner alternative (CIPP) consistently received the highest 

(best) scores of all alternatives, with the slip-lining and open-cut replacement alternatives receiving the 

second and third highest scores respectively. The CIPP alternative scored better in the environmental 

criteria for similar reasons to the first case study. Energy consumption and emissions for trenchless 

rehabilitation projects are relatively low compared to open cut replacement, and since slip-lining involves 

the production and transportation of more materials than CIPP, CIPP was given the highest score. Also, 

the CIPP alternative scored the best in terms of minimizing water use during construction processes (as it 

uses no water if UV curing is employed), giving it an advantage over the remaining alternatives. 

Given that the culvert to be replaced or rehabilitated in this case is in a rural setting, the effects on society 

were smaller than the previous case study. However, a similar theme is seen as the trenchless alternatives 

once again scored more favourably than the open-cut replacement alternative. Once again however, the 

open-cut replacement alternative does create more jobs in the community as no specialist contractors are 

required. Both trenchless techniques scored better in all other criteria compared to the open-cut 

alternative, due mainly to the ability of the techniques to minimize disruption to the roadway. 

For the technical criteria, the open-cut replacement received the highest score, followed by the CIPP and 

slip-lining procedures. An identical intact corrugated steel culvert would most likely be able to withstand 

increases in both loads and flows beyond the design limits, whereas both trenchless techniques would 

sacrifice some of the hydraulic capacity of the culvert after rehabilitation. Once again, the trenchless 

techniques scored lower in terms of uncertainty, as these methods are more novel and technologically 

advanced than the well-established open cut methods.  
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After scoring the economic criteria of the three alternatives, it was found that the cured in place pipe liner 

alternative was the highest scoring. While the operation and maintenance, and end of life costs are higher 

for the trenchless techniques, the higher initial construction costs of the open-cut method outweigh those 

of the trenchless techniques.  

4.3.3.2 Results of the GoldSET analysis 

The results of the corrugated steel culvert case study are presented in Figure 4.2. The cured in place pipe 

liner was found to be the best and most balanced alternative. It received consistently high scores in all 

four dimensions, as demonstrated by its large, full, “diamond shape” graph. The slip-lining alternative 

was second-best, and the open-cut replacement was the worst alternative in terms of sustainability. Once 

again however, the open-cut replacement alternative scored the best in the technical dimension.  

4.4 Conclusions 

The concept of sustainable development is becoming more popular and there is a growing need to use 

sustainable practices within infrastructure projects. Several sustainability rating systems have been 

created in an effort to promote the importance of the ‘triple bottom line’ (economic, social and 

environmental) of infrastructure projects. Golder Associates has created one such sustainability rating 

system called GoldSET, which is a web-based tool that can be used to evaluate several infrastructure 

project alternatives using a multicriteria analysis approach. Several modules of GoldSET currently exist, 

tailored to specific types of infrastructure projects. However no module exists to evaluate culvert 

replacement projects. As such, the focus of this chapter was the creation of the GoldSET culvert module, 

and more specifically the formulation of the set of sustainability indicators that can be implemented into 

the GoldSET module. Indicators were created to evaluate the environmental, societal, economic and 

technical aspects of a culvert project, and scoring schemes were also created to guide the evaluation 

process. Once all sustainability indicators were created, testing of the module was undertaken by 

performing two case studies. The first examined the replacement/rehabilitation of a large diameter 
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reinforced concrete pipe in an urban setting using either a traditional open-cut method or one of two 

trenchless rehabilitation techniques. The second case study examined the replacement/rehabilitation of a 

corrugated steel culvert in a rural setting using either an open-cut method or one of two trenchless 

techniques. The analyses showed that the trenchless techniques were in both cases better alternatives in 

terms of the triple bottom line, and differences between each trenchless technique were shown as well. 

For the reinforced concrete culvert case study, the spray-on liner was determined to be the best alternative 

in terms of sustainability, receiving high scores for the environmental, societal, and economic criteria, but 

lower scores for the technical criteria. The open cut replacement received the highest technical scores, but 

very low environmental and societal scores. For the corrugated steel culvert case study, the cured in place 

pipe liner was determined to be the best alternative, receiving high scores in all four dimensions. The 

open cut replacement alternative once again received the highest technical scores, but very low 

environmental and societal scores. 
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Table 4.1: GoldSET culvert module indicator table, with scoring schemes omitted. 

Code Theme Indicator Description 

ENV-1 Water Water use during 

construction 

The effectiveness of an 

option to minimize the use 

of water during 

construction processes (ie. 

dust abatement, 

compaction of soil) 

ENV-2 Water Sedimentation Effectiveness of an option 

to reduce the amount of 

sedimentation in the 

culvert.  

ENV-3 Ecosystem Stream diversion Ease, need and time of 

stream diversion during 

construction 

ENV-4 Ecosystem Ecosystem Disruption Effectiveness of an option 

to reduce the disruption to 

the surrounding ecosystem 

during the construction, 

operating and maintenance 

processes. 

ENV-5 Atmosphere Greenhouse gas 

emissions  

Estimated greenhouse gas 

(GHG) emissions 

associated with the option 

from the following: 

materials production and 

transportation, construction 

and maintenance, vehicle 

diversions, and end of life 

activities. 

 

ENV-6 Natural Resource Use Non-renewable 

Natural Resource use 

Quantity of non-renewable 

natural resources for the 

implementation of the 

options (excluding energy 

and water). Optimization 

through reduction of virgin 

materials and waste, and 

increasing the use of 

recycled materials is 

encouraged. 
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ENV-7 Natural Resource Use Energy Consumption Direct and/or indirect 

energy consumption (fuel, 

electricity, natural gas, 

heating oil, etc.) associated 

with the option from the 

following: materials 

production and 

transportation, construction 

and maintenance, vehicle 

diversions, and end of life 

activities. 

 

ENV-8 Waste Waste Disposal Quantity of recyclable 

materials used in the 

construction process. 

 

Code Theme Indicator Description 

SOC-1 Economic Benefits to 

Community 

Direct Local 

Employment 

Percentage of direct 

construction jobs allocated 

to the local community. 

SOC-2 Economic Benefits to 

Community 

Opportunities for 

Local Business 

Generation 

Portion of local businesses 

that are contracted for 

suppliers to the option in 

relation to total business. 

SOC-3 Economic Benefits to 

Community 

Business Disruption Effectiveness of an option 

to reduce the amount of 

business disruption in the 

community during the 

construction process. 

SOC-4 Community 

Wellbeing 

Road Diversion Effectiveness of an option 

to reduce the amount of 

road diversions during the 

construction process. 

SOC-5 Community 

Wellbeing 

Construction Noise Anticipated acceptance of 

construction noise level 

and frequency by 

surrounding receptors. 

SOC-6 Community 

Wellbeing 

Public Support Level of public support for 

the option and/or 

construction process. 
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SOC-7 Community 

Wellbeing 

Length of 

Construction 

Schedule 

 

SOC-8 Public and Workers 

Health and Safety 

Motor Vehicle 

Accident Potential 

Increased risk of motor 

vehicle accidents due to 

construction process and 

road diversions. 

SOC-9 Public and Workers 

Health and Safety 

Access to Emergency 

Services 

Effectiveness of an option 

to maintain community’s 

access to emergency 

services during 

construction process. 

SOC-10 Public and Workers 

Health and Safety 

Emissions Duration and magnitude of 

direct emissions of criteria 

pollutants associated with 

construction and 

maintenance compared to 

industry standards. 

SOC-11 Public and Workers 

Health and Safety 

Road Surface 

Condition 

Effectiveness of an option 

to maintain and/or improve 

the condition of the road 

surface. 

 

Code Theme Indicator Description 

ECO-1 Costs Initial Construction 

Costs 

Initial construction costs of 

the option. 

ECO-2 Costs Relocation costs Relocation costs associated 

with the purchase of right-

of-way land. 

ECO-3 Costs Utility Relocation The costs of relocating any 

utilities interfering with the 

project. 

ECO-4 Costs Right-of-way 

acquisition costs 

The costs for the purchase 

of right-of-way land. 

ECO-5 Costs End-of-life costs The costs associated with 

the end-of-life activities of 

the project. 
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ECO-6 Costs Operation and 

maintenance  

The costs associated with 

the operation and 

maintenance phases of the 

project. 

 

Code Theme Indicator Description 

TEC-1 Adaptability Satisfy structural 

requirements 

Does the option satisfy the 

structural requirements of 

the project. 

TEC-2 Adaptability Satisfy hydraulic 

requirements 

Does the option satisfy the 

hydraulic requirements of 

the project. 

TEC-3 Adaptability Satisfy other 

requirements 

Does the option satisfy 

other relevant requirements 

of the project. 

TEC-4 Adaptability Robustness - 

Structural 

 

 

Assesses the ability of the 

option to adapt to changing 

structural demands. 

TEC-5 Adaptability Robustness - 

Hydraulic 

 

 

Assesses the ability of the 

option to adapt to changing 

hydraulic demands. 

TEC-6 Adaptability Upgradability Assesses the ease by which 

the option may be 

upgraded to meet future 

demands. 

TEC-7 Complexity Decommissioning 

complexity 

Assesses the increase in 

effort required in the 

decommissioning of the 

technology associated with 

the option. 

TEC-8 Complexity Operation and 

Maintenance 

Complexity 

Assesses the frequency and 

complexity of the 

operation and maintenance 

required for the option. 

TEC-9 Complexity Longevity Assesses the 

longevity/durability of the 

option. 
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TEC-10 Complexity Construction 

Complexity 

Assesses the level of 

construction complexity 

associated with the option. 

TEC-11 Uncertainty Design Uncertainty Assesses the level of 

design uncertainty 

associated with the option.  

TEC-12 Uncertainty Permits and 

Authorizations 

Assesses the likelihood of 

approval of the proposed 

option by regulatory 

agencies.  

TEC-13 Uncertainty Technical Support Assesses the availability of 

technical support from 

supplier(s) based on 

previous experiences and 

interactions with 

supplier(s).  

TEC-14 Uncertainty Technical Uncertainty 

/ Reliability 

Assesses the reliability of 

the option in terms of the 

technological uncertainty 

associated with the 

implementation of the 

option. Measures the 

confidence associated with 

the option based on 

previous implementation. 

TEC-15 Uncertainty Construction 

Uncertainty 

Assesses the uncertainty 

associated with the 

construction of the option.  

 

Scoring to be based on the 

ease by which quality 

assurance and quality 

control (QA/QC) activities 

can be implemented. 
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Table 4.2: Details of each case study. 

Parameter Case 1 Case 2 

Pipe Type Reinforced Concrete Pipe Corrugated Steel Pipe 

Location 4 lane urban road 2 lane rural road 

Service Life 75 years 50 years 

Length 20 m (65 ft) 12 m (40 ft) 

Cover 8 m 0.5 m 

Diameter 3.0 m 1.8 m 

Replacement Method Open-cut replacement Open-cut replacement 

Rehabilitation Method #1 Spray-on liner Slip-Lining 

Rehabilitation Method #2 Slip-Lining Cured in place pipe liner (CIPP) 

 

 

Figure 4.1: Summary of results from GoldSET analysis of reinforced concrete culvert case study. 
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Figure 4.2: Summary of results from GoldSET analysis of corrugated steel culvert case study. 
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Chapter 5 

Conclusions and Future Work 

5.1 Summary of Research 

This thesis presented a series of full-scale laboratory experiments conducted to understand the effects of 

rehabilitation on the performance of corrugated steel culverts. The first experiment investigated the effect 

of grouted slip-lining procedures on the performance of two buried circular corrugated steel culverts. The 

non-rehabilitated culverts were first buried under 0.45 m of well compacted granular soil and tested under 

service loads using single wheel pair loading. The culverts were then slip-lined and tested again under 

identical service loads, then loaded up to their ultimate limit states. The study examined the effect of 

grout choice on the performance of the rehabilitated culverts, as the first culvert was slip-lined using a 

low strength grout and the other using a high strength grout. The second experiment investigated the 

effect of a paved invert procedure on the performance of a deteriorated horizontal ellipse steel culvert. 

The deteriorated ellipse was first buried under 0.45 m of well compacted granular soil and tested under 

service loads using tandem axle loading. Then, the invert was paved with concrete and the pipe was tested 

again under identical service loads and then up to its ultimate limit state to examine the effect of 

rehabilitation. A previous laboratory study on an identical intact horizontal ellipse culvert also allowed for 

a comparison between the behaviour of the intact and deteriorated culverts, as well as the behaviour of the 

intact and rehabilitated culverts. Below is the summary of the main conclusions from these studies: 

 Both the low strength and the high strength grouted slip lining procedures increased the stiffness 

of the culverts and provided strength well beyond the required load carrying capacity. The 

behaviour of the culverts under service loads were also greatly changed after rehabilitation: the 

culverts behaved flexibly prior to rehabilitation, and acted as part of a system carrying load 

through bending (like rigid structures) after rehabilitation.  
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 The culvert repaired with low strength grout began to behave more flexibly at higher loads of the 

ultimate limit state test, as the grout began to experience excessive shear failure and crushing past 

the fully factored service load of 195 kN. Results also showed that after the grout failed, the steel 

culvert and HDPE liner began to carry more of the load. The culvert repaired with high strength 

grout continued to behave as a rigid pipe, even at the highest load of the ultimate limit state test, 

500 kN. Results indicated that the high strength grout annulus provided much of the strength and 

stiffness to the repaired culvert. 

 The culvert repaired with low strength grout exhibited fully non-composite behaviour during 

service load and ultimate limit state tests, while the culvert repaired with high strength grout 

showed composite and partially composite behaviour at service loads, and began to lose 

composite action under higher loads during the ultimate limit state test. 

 The deterioration at the invert of the horizontal ellipse culvert did not have a significant impact on 

the performance of the structure under service loads. The stiffness of the culvert did not show a 

significant change between intact and deteriorated conditions, and results suggested that the 

structures carry more load through localized bending across their top halves at the critical location 

(away from the deterioration).  

 The paved invert rehabilitation procedure increased the structural performance of the ellipse 

culvert, increasing the stiffness of the system and reducing average strains and local bending in 

the culvert under service loads. 

 A strength limit state was reached in the paved invert, as the concrete cracked from bending 

moment at the invert at a load of approximately 950 kN.  

 Both the intact and rehabilitated horizontal ellipse culverts experienced similar failure 

mechanisms, forming plastic hinges at locations directly under the applied load. The intact culvert 

failed at a load of 1325 kN, while the rehabilitated culvert failed at a load of 1600 kN (loads 

greater than twice the specified fully factored loads).  
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This thesis also presented the development of a sustainability rating system specifically for evaluating 

culvert replacement or rehabilitation projects. A module of an existing sustainability rating system, called 

GoldSET, was created where a set of appropriate sustainability indicators were formulated and 

corresponding scoring schemes to aid in the evaluation process. The GoldSET module was then tested by 

performing two case studies, each comparing the replacement of a culvert using a traditional open-cut 

method or one of two trenchless rehabilitation techniques. In each case, the analyses showed that the 

trenchless techniques were the better alternatives in terms of the triple bottom line (environmental, social 

and economic benefits). 

5.2 Future Work 

From this research other opportunities for future work have been created that were outside of the scope of 

this thesis including: 

 The development of analyses and design models that capture the behaviour of the rehabilitated 

culvert systems (both circular and horizontal ellipse culverts). 

 Further investigation into the impact of grouting processes on the structural components of slip-

lined culverts.  

 Further investigation into the impact of invert corrosion on the performance of horizontal ellipse 

culverts to determine if increased levels of deterioration can have a greater effect on the 

behaviour of these structures. 

 An examination of the effect of horizontal ellipse culvert rehabilitation using paved invert 

procedures and the failure modes of these structures for other geometries.   
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Appendix A 

Results from the Grouted Slip-Lining Culvert Rehabilitation Laboratory 

Study 

This appendix provides more detail on the measurements taken and procedures used throughout the 

entirety of the experiments performed during the slip-lining study. 

Table A.1: Bedding properties for both rehabilitated culverts. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

North 2.23 5.04 97.55 

Centre 2.22 4.25 97.4 

South 2.18 4.06 95.69 

Table A.2: Summary of backfill properties for culvert rehabilitated with low strength grout. 

Lift height (mm) Dry Density (g/cm3) Water Content (%) %SPMDD 

Bedding 2.21 4.51 97.45 

300 2.17 3.94 95.10 

600 2.09 4.11 91.56 

900 2.13 4.23 93.52 

1200 2.20 3.62 95.34 

1350 2.19 3.97 96.29 

Table A.3: Lift 1 (0.3 m from bedding) soil properties for culvert rehabilitated with low strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.2 4.11 96.27 

2 2.18 4.09 95.43 

3 2.13 3.8 93.4 

4 2.17 3.74 95.29 

Table A.4: Lift 2 (0.6 m from bedding) soil properties for culvert rehabilitated with low strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.11 3.7 92.25 

2 2.12 4.55 92.74 

3 2.06 4.13 90.16 

4 2.08 4.07 91.09 
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Table A.5: Lift 3 (0.9 m from bedding) soil properties for culvert rehabilitated with low strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.11 3.96 92.52 

2 2.07 3.94 90.72 

3 2.19 4.36 96.09 

4 2.16 4.67 94.73 

Table A.6: Lift 4 (1.2 m from bedding) soil properties for culvert rehabilitated with low strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.16 3.36 94.48 

2 2.19 3.33 95.82 

3 2.12 3.86 94.84 

4 2.34 3.92 96.23 

Table A.7: Lift 5 (1.35 m from bedding) soil properties for culvert rehabilitated with low strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.15 3.46 94.4 

2 2.12 3.63 94.78 

3 2.25 4.53 98.78 

4 2.23 4.26 97.21 

Table A.8: Summary of backfill properties for culvert rehabilitated with high strength grout. 

Lift height (mm) Dry Density (g/cm3) Water Content (%) %SPMDD 

Bedding 2.21 4.51 97.45 

300 2.12 2.82 92.8 

600 2.08 2.84 91.35 

900 2.04 2.26 89.55 

1200 2.16 2.58 94.51 

1350 2.12 2.57 93.62 

Table A.9: Lift 1 (0.3 m from bedding) soil properties for culvert rehabilitated with high strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.05 2.18 89.78 

2 2.1 2.68 92.15 

3 2.06 2.89 90.24 

4 2.13 2.95 93.45 
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Table A.10: Lift 2 (0.6 m from bedding) soil properties for culvert rehabilitated with high strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.05 2.3 89.95 

2 2.1 2.64 92.06 

3 2.02 2.1 88.4 

4 2.07 3.04 90.63 

Table A.11: Lift 3 (0.9 m from bedding) soil properties for culvert rehabilitated with high strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.02 3.1 88.58 

2 2.03 2.15 89.07 

3 2.1 2.78 91.9 

4 2.05 2.37 90.02 

 

Table A.12: Lift 4 (1.2 m from bedding) soil properties for culvert rehabilitated with high strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.18 2.17 95.41 

2 2.17 2.66 95.08 

3 2.18 2.35 95.57 

4 2.14 2.5 93.94 

Table A.13: Lift 5 (1.35 m from bedding) soil properties for culvert rehabilitated with high strength 

grout. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.13 2.46 93.15 

2 2.11 2.42 93.56 

3 2.2 2.32 94.21 

4 2.13 2.72 93.68 
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Figure A.1: Layout of measurement locations for soil property measurements for both rehabilitated 

culverts. 

Table A.14: Density measurements of low strength grout used during slip-lining. 

 

Density (kg/m3) 

Mix # Lift 1 Lift 2 

1 723 676 

2 635 749 

3 735 675 

4 725 665 

5 - 671 

6 - 690 

Lift Average 728 678 

Total Average 703 
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Table A.15: 7-day unconfined compression strength test results of low strength grout. 

 

 7-day unconfined compressive strength (MPa) 

Mix # Cylinder # Lift 1 Lift 2 

2 1 - 2.09 

 

2 - 2.03 

 

3 - 1.92 

 
Average - 2.01 

3 1 2.48 - 

 

2 2.67 - 

 

3 1.74 - 

 
Average 2.30 - 

4 1 2.11 2.07 

 

2 2.27 1.57 

 

3 2.30 1.96 

 
Average 2.23 1.86 

6 1 - 1.69 

 

2 - 1.62 

 

3 - 1.45 

 
Average 

 

1.59 

 

Lift Average 2.26 1.82 

 

Total Average 2.04 

 

Table A.16: Density measurements of high strength grout used during slip-lining. 

 

Density (kg/m3) 

Mix # Lift 1 Lift 2 

1 2143.8 2146.4 

2 2146.4 2146.4 

3 2128.5 2131.1 

4 2085 2128.5 

5 2131.1 2131.1 

6 2123.4 2136.2 

7 - 2136.2 

8 - 2138.8 

9 - 2146.4 

Lift Average 2131.7 2138 

Total Average 2135 
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Table A.17: 7-day unconfined compression strength test results of high strength grout. 

  

Unconfined compression tests (MPa) 

Mix # Cylinder # Lift 1 Lift 2 

1 1 13.12 10.73 

 

2 15.92 13.70 

 

3 16.67 10.20 

 
Average 15.23 11.54 

3 1 17.06 14.76 

 

2 16.70 13.63 

 

3 15.40 12.90 

 
Average 16.38 13.76 

5 1 13.67 10.14 

 

2 16.47 8.88 

 

3 12.79 13.24 

 
Average 14.31 10.75 

7 1 - 10.30 

 

Lift Average 15.31 12.02 

 

Total Average 13.66 

 

Figure A.2: HDPE liner being inserted into steel culvert. 
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Figure A.3: HDPE liner positioned inside steel culvert, with wooden blocks apparent. 

 

Figure A.4: Bulkhead wall constructed at South end of culvert to seal the annulus of grout. 
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Figure A.5: Drop tube installation process. 

 

Figure A.6: Drop tube after installation. 
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Figure A.7: Pouring grout into annulus through drop tube. 

 

Figure A.8: Grout level at the East springline after the first lift of grout. 
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Figure A.9: Culvert after slip-lining process. 
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Figure A.10 Actuator, steel column, and wheel pad setup for ultimate limit state test of 

rehabilitated culvert using low strength grout. 
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Figure A.10: Experimental setup of test pit for ultimate limit state test of rehabilitated culvert using 

low strength grout. 
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Figure A.11: Soil surface directly under load pad after ultimate limit state test of culvert 

rehabilitated using low strength grout. 

 

Figure A.12: Soil surface directly under load pad after ultimate limit state test of culvert 

rehabilitated using low strength grout. 



 

138 

 

 

Figure A.13: Average strains of the steel culverts rehabilitated with (a) low strength and (b) high 

strength grout after placement of the first lift of grout. 

 

Figure A.14: Average strains of the steel culverts rehabilitated with (a) low strength and (b) high 

strength grout after placement of the second lift of grout. 
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Figure A.15: Average strains of the liners in the structures rehabilitated with (a) low strength and 

(b) high strength grout after placement of the first lift of grout. 

 

Figure A.16: Curvatures of the liners in the structures rehabilitated with (a) low strength and (b) 

high strength grout after placement of the first lift of grout. 



 

140 

 

 

Figure A.17: Average strains of the liners in the structures rehabilitated with (a) low strength and 

(b) high strength grout after placement of the second lift of grout. 

 

 

Figure A.18: Curvatures of the liners in the structures rehabilitated with (a) low strength and (b) 

high strength grout after placement of the second lift of grout. 
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Appendix B 

Results from the Horizontal Ellipse Culvert Rehabilitation Laboratory Study 

This appendix provides more detail on the measurements taken and procedures used throughout the 

entirety of the experiments performed during the slip-lining study. 

Table B.18: Remaining wall thickness (in terms of percent of intact wall thickness remaining) along 

the invert of the horizontal ellipse culvert. 

    Distance from invert (m) 

    0.50 0.45 0.40 0.35 0.30 0.15 

0 

(Invert) 0.15 0.30 0.35 0.40 0.45 0.50 

 

6.25 94.94 78.48 83.54 93.67 94.94 96.20 96.20 96.20 91.14 78.48 75.95 79.75 91.14 

5.75 96.20 88.61 84.81 92.41 93.67 98.73 97.47 100.00 94.94 89.87 88.61 84.81 89.87 

5.25 94.94 84.81 91.14 88.61 96.20 98.73 100.00 97.47 96.20 96.20 88.61 86.08 94.94 

4.75 93.67 83.54 84.81 92.41 96.20 97.47 97.47 97.47 97.47 96.20 89.87 84.81 89.87 

4.25 88.61 92.41 74.68 94.94 96.20 97.47 97.47 97.47 96.20 96.20 93.67 91.14 93.67 

3.75 93.67 92.41 100.00 97.47 96.20 96.20 100.00 100.00 97.47 88.61 75.95 86.08 89.87 

3.25 94.94 81.01 74.68 84.81 93.67 100.00 97.47 98.73 89.87 87.34 72.15 75.95 89.87 

2.75 94.94 74.68 65.82 84.81 92.41 98.73 100.00 98.73 89.87 83.54 72.15 72.15 89.87 

2.25 89.87 72.15 64.56 83.54 88.61 100.00 100.00 100.00 91.14 78.48 75.95 79.75 91.14 

1.75 86.08 67.09 58.23 77.22 91.14 93.67 93.67 94.94 88.61 70.89 74.68 67.09 93.67 

1.25 81.01 62.03 55.70 70.89 87.34 97.47 97.47 96.20 81.01 60.76 50.63 56.96 91.14 

0.75 92.41 56.96 44.30 63.29 84.81 94.94 96.20 96.20 93.67 50.63 45.57 59.49 88.61 

0.25 87.34 53.16 32.91 39.24 77.22 94.94 94.94 96.20 79.75 46.84 39.24 64.56 87.34 

 

Table B.19: Summary of backfill properties for deteriorated (and rehabilitated) horizontal ellipse 

culvert. 

Lift height (mm) Dry Density (g/cm3) Water Content (%) %SPMDD 

Bedding 2.011 4.54 93.11 

300 2.024 3.03 89.44 

600 2.059 3.03 90.74 

900 2.051 2.88 90.37 

1200 2.041 2.85 90.02 

1350 2.070 2.59 91.21 

1800 2.165 3.19 95.25 
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Table B.20: Bedding properties for deteriorated (and rehabilitated) horizontal ellipse culvert. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

North 2.091 4.36 91.63 

South 1.93 4.71 94.59 

 

Table B.21: Lift 1 (0.3 m from bedding) soil properties for deteriorated (and rehabilitated) 

horizontal ellipse culvert. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.038 3.15 89.31 

2 2.029 3.07 88.92 

3 2.021 2.88 89.58 

4 2.007 3.03 89.96 

 

Table B.22: Lift 2 (0.6 m from bedding) soil properties for deteriorated (and rehabilitated) 

horizontal ellipse culvert. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.051 2.43 89.87 

2 2.005 3.27 89.87 

3 2.109 3.23 92.41 

4 2.072 3.18 90.81 

 

Table B.23: Lift 3 (0.9 m from bedding) soil properties for deteriorated (and rehabilitated) 

horizontal ellipse culvert. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.104 2.87 92.2 

2 2.014 2.9 89.28 

3 2.07 2.86 90.72 

4 2.014 2.88 89.29 

 

Table B.24: Lift 4 (1.2 m from bedding) soil properties for deteriorated (and rehabilitated) 

horizontal ellipse culvert. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.017 2.82 89.41 

2 2.045 2.73 89.81 

3 2.092 3 91.69 

4 2.011 2.84 89.15 
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Table B.25: Lift 5 (1.35 m from bedding) soil properties for deteriorated (and rehabilitated) 

horizontal ellipse culvert. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.075 2.84 90.96 

2 2.027 2.54 89.82 

3 2.013 2.56 89.25 

4 2.164 2.43 94.82 

 

Table B.26: Lift 6 (1.8 m from bedding) soil properties for deteriorated (and rehabilitated) 

horizontal ellipse culvert. 

Location Dry Density (g/cm3) Water Content (%) %SPMDD 

1 2.167 3.25 94.98 

2 2.101 3.26 94.06 

3 2.17 2.97 95.1 

4 2.19 2.86 95.98 

5 2.173 3.24 95.62 

6 2.18 3.59 95.57 

7 2.177 3.15 95.41 

 

 

Figure B.19: Layout of measurement locations for soil property measurements for deteriorated 

(and rehabilitated) horizontal ellipse culvert. 
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Table B.27: Density measurements of concrete used in paved invert rehabilitation. 

Mix # Density (kg/m3) 

1 2410 

2 2390 

3 2404 

4 2335 

5 2329 

6 2324 

7 2345 

8 2352 

9 2360 

Average 2360.67 

 

Table B.28: 7-day unconfined compression strength test results of concrete used in paved invert 

rehabilitation. 

Mix # Cylinder # Unconfined compressive strength (MPa) 

3 1 28.08 

 

2 29.21 

 

3 27.24 

 
Average 28.18 

6 1 29.56 

 

2 29.06 

 

3 29.82 

 
Average 29.48 

9 1 34.43 

 

2 32.36 

 

3 36.22 

 
Average 34.34 

 

Total Average 30.66 
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Figure B.20: Tandem axle loading setup used during ultimate limit state test of rehabilitated 

horizontal ellipse culvert. 
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Figure B.21: Tandem axle loading setup used during ultimate limit state test of rehabilitated 

horizontal ellipse culvert. 

 

Figure B.22: View of inside the pipe from South end of test pit. 
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Figure B.23: Tensile crack along the centre of the paved invert. 

 

Figure B.24: Steel L angle welded in place along East haunch of culvert within paved invert. 
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Figure B.25: Soil surface directly underneath Southeast loading pad after second ultimate limit 

state test of rehabilitated horizontal ellipse culvert. 

 

Figure B.26: Soil surface directly underneath Northeast loading pad after second ultimate limit 

state test of rehabilitated horizontal ellipse culvert. 
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Figure B.27: Soil surface directly underneath Northwest loading pad after second ultimate limit 

state test of rehabilitated horizontal ellipse culvert. 

 

Figure B.28: Soil surface directly underneath Southwest loading pad after second ultimate limit 

state test of rehabilitated horizontal ellipse culvert. 


