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Abstract 

The goal of this thesis is to develop more effective quantitative procedures to evaluate the 

stability of deteriorated metal culverts and a better understanding of the deteriorated culverts' 

behaviour through non-destructive testing, full scale experiments and numerical analyses. First, 

three design cases were examined using numerical analysis to study the effects of corrosion, 

burial depth and staged construction on the capacity of deteriorated steel culverts. Then, a method 

to measure the remaining wall thickness of two 1.8 m diameter corroded metal culverts using 

ultrasonic device was developed. Both culverts were then buried in the test pit at Queen's 

University and tested under nominal and working vehicle loads at 0.9m cover and 0.6m cover. 

The more heavily corroded structure (CSP1) was tested up to its ultimate limit state, inducing 

local bending across the crown, as well as local buckling of the remnants of the corrugated steel 

wall between perforations at the haunches. The results suggest that the single axle pads interact to 

influence the culvert's behaviour despite the shallow cover used in these experiments. CSP1 was 

able to carry the working load and did not fail until reaching 340 kN, which was equal to 90% of 

the fully factored load. The experiment suggests that less deteriorated metal culverts (as 

compared to CSP1) may have the required capacity. Two finite element packages, CANDE and 

ABAQUS, were used to perform the numerical investigation and the AASHTO and CHBDC 

approaches were then used to calculate the thrust force in the culverts. Although the numerical 

analysis produced conservative values for the thrust forces, it failed to capture the non-linear 

behaviour of both specimens in the experiments. Both the AASHTO and the CHBDC approaches 

produced unconservative thrust forces compared to experimental results while numerical analysis 

using Moore's spreading factor produced the most conservative results in terms of thrust. The 

analysis suggests that CANDE could be used to predict thrust forces in less deteriorated metal 

culverts. A procedure to assess the stability of deteriorated corrugated metal culverts based on 

quantitative data was developed using the numerical analysis and experimental results.   
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Chapter 1 

Introduction 

1.1 Description of problems 

In the US and Canada, many buried infrastructure assets were installed during the infrastructure 

booms of the 1950s and the 1960s, and the majority of these assets are now coming to the end of 

their service lives. Corrugated steel culverts represent a significant portion of this buried 

infrastructure inventory, with hundreds of thousands installed across North America. However, 

public awareness of corrugated steel culverts is very low unless there is a failure of the soil-

culvert system. Failure of a soil-culvert system can lead to adverse effects on the general public 

(e.g. leakage of contaminants and disruption to transportation networks) and in the most severe 

cases, fatalities. However, the government cannot replace all metal culverts based simply on their 

age due to limited funding, and the fact that many of these structures may well still be fit for 

purpose and do not represent a safety risk to the public.  

Currently, the assessments of metal culverts are predominantly based on qualitative data obtained 

from visual inspections, which are subject to high variability based on the abilities of the 

individual inspector (Graybeal et al., 2003). Also, even if inspector variability can be eliminated, 

qualitative data does not provide any indication of remaining strength or rate of deterioration. 

Many government agencies (e.g. California and Utah) use both pH and minimum resistivity to 

predict culvert service life (Wyant, 2002), which once again is only a statistical indicator and 

does not provide any information on individual culvert capacity. Instead, what is required is an 
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approach to the assessment of metal culverts that provides the type of quantitative data that can be 

used to make effective decisions of how to manage the culvert inventory. 

In order to do this, this project sought to develop a comprehensive approach for the assessment of 

deteriorated metal culverts using quantitative data. First, a method to measure the remaining wall 

thickness of deteriorated metal culverts using non-destructive testing (i.e. an ultrasonic thickness 

gauge) was developed. The effect of wall thickness reduction on culvert capacity was then 

examined as part of a finite element analysis evaluation program. Two full scale experiments 

were performed on culvert specimens that were exhumed from the field to examine the response 

of steel culvert-soil systems with varying degrees of deterioration under both single wheel pair 

and single axle loads at different burial depths. Two-dimensional finite element analyses of the 

deteriorated culvert-soil systems that employed the data from the ultrasonic thickness gauge were 

performed to predict the remaining structural capacity of the experimental specimens. A 

procedure to assess the stability of deteriorated metal culverts based on quantitative data was 

provided at the end of this thesis.    

1.2 Background 

1.2.1 Qualitative assessment approaches 

The two main currently used methods for estimating the service life of galvanized steel pipes are 

the California Method (CALTRANS, 1999) and the AISI Modified California Method (White 

and Hurd, 2010). The CALTRANS method was first developed based on the results of a 

condition survey of 7,000 corrugated metal culverts located in California (Beaton and Stratfull, 

1962). Both methods estimate the service life of corrugated metal culverts based on the minimum 

pH and minimum resistivity of the surrounding soil and the water. However, the methods have 
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different definitions for the end service life: i) the occurrence of the first perforation (13% loss of 

material at the invert) is used in the CALTRANS method whereas ii) the AISI Modified 

California Method permits the loss of 25% of material at the invert. Both the California Method 

and the AISI Method use a thickness multiplier to estimate the service life of different gages of 

steel, and this multiplier was calculated based on the assumption of a linear relationship between 

corrosion and wall thickness. The California Corrugated Steel Pipe Association found that the 

AISI method is appropriate for estimating the service life of the upper 270 degrees of the culvert 

circumference, from haunch to crown to haunch, and recommended that the AISI method be used 

only when the invert was paved (Potter, 1988). According to Ault and Ellor (2000), the California 

Method is only accurate to within 12 years of the actual service life due to the effects of abrasion.  

The Ohio DOT conducted a study in 1982 to evaluate the field performance of 1,616 culverts in 

Ohio (Meacham et al., 1982). This study developed equations and a graph to determine the 

expected number of years before bituminous coated culverts and bituminous coated – invert 

paved culverts required intervention. This study also developed equations to predict the metal 

rating and the amount of metal loss based on age, water pH, wall thickness and abrasion level for 

both corrugated metal pipe and structural plate pipe. The rating scale was from one to four where 

one is good and four is critical. Mitchell et al. (2005) presented the new Ohio DOT rating scale 

and proposed rating system which went from zero to nine (where one indicates very poor 

condition and zero indicates failure while nine indicates excellent condition). The new rating 

scale (zero to nine) was converted from the old rating scale (one to four). 

NCSPA (1995) provides a calculation procedure for structures in-service which discusses loss of 

plate thickness due to corrosion. Guidance is provided to core the steel in corroded areas to 
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measure thickness, and it indicates that reduced values of moment capacity and seam capacity 

should be obtained by interpolating between strengths established for lower plate gages (wall 

thicknesses). No details are provided on how to repair the structure after coring, where and how 

often to take measurements, whether the average of some other thickness value should be used 

and how to calculate that average, whether the steel should be cleaned before measuring the 

thickness, or whether a micrometer of other instrument should be employed. No detail is given on 

the methods used to evaluate the performance of the calculation procedure, or whether linear 

interpolation should be employed.  

Bowser Morner (1986) provide a system of assessing the deformed shape of culverts in service 

and estimating stability, focusing on the upper part of the structure, which was considered to be 

the critical zone. Moore et al. (1995a) employed that system to assess 39 culverts in Elgin 

County, Ontario. However, that procedure was developed for assessment of distorted structures 

with intact plate thickness (e.g. improperly constructed structures), and could not be used to 

assess corroded structures unless the corrosion had produced distortions in the top half of the 

structure.  

One can see that the current state of the art for culvert assessment is largely subjective and does 

not provide a proven system of direct assessment of the structural capacity of the culvert-soil 

system. 

1.2.2 Finite element analysis 

Many researchers have studied the stability of new corrugated metal culverts using finite element 

analysis (e.g. Girges and Abdel-Sayed, 1995; Moore and Taleb, 1999). Moore et al. (1995b) 

discuss the use of finite element analysis to assess the buckling strength of one of those specific 
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structures, which was subsequently strengthened to improve stability.  Again, however, the work 

is for intact steel plate, and does not evaluate how loss of wall thickness influences stability. El-

Taher and Moore (2008) conducted a two-dimensional analysis to study the stability of 

deteriorated corrugated steel culverts under earth load. Their study examined the relationship 

between culvert diameter, burial depth, extent of invert corrosion, remaining wall section and 

thrust forces in the culvert. This study found that there was a linear relationship between 

reduction in wall thickness and the factor of safety against yield. However, there is a need for 

more studies to investigate the stability of deteriorated metal culverts numerically and to evaluate 

the results of these models against experimental data. 

1.2.3 Field studies and large scale experiments 

Many field studies have been conducted to study the rate of abrasion (e.g. Decou and Davis, 

2007) and corrosion (e.g. Heplner, 2001) in corrugated metal culverts. Several large scale 

experiments have been performed to study the stability of new corrugated steel culverts under 

surface live loads (Watkins and Moser, 1971; Lay, 2012). However, no large scale experiments 

on deteriorated metal culvert have been conducted. As such, this investigation is believed to be 

the first experimental study of the stability of deteriorated metal culverts under live loading at 

different burial depths.  

1.3 Objectives 

The overall goal of the study is to measure the impact of corrosion on wall thickness, to quantify 

the strength of deteriorated corrugated metal culverts using analysis, and to evaluate that strength 

estimation using full scale testing. The specific objectives of this thesis are the following: 
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 To develop a method of measuring the remaining wall thickness of deteriorated culverts 

by using non-destructive equipment for use in a numerical assessment.  

 To assess the stability of deteriorated metal culverts under the effects of earth load and 

live load by using two-dimensional finite element analysis. 

 To quantify and explain the response of two deteriorated culverts under live loading at 

different burial depths. 

 To examine the failure mechanism of the most deteriorated metal culvert under the effect 

of live load.  

 To determine whether or not an assessment method using finite element analysis and 

quantitative data (i.e. measurements from an ultrasonic thickness gauge) could be used by 

infrastructure managers to predict the performance, in terms of thrust forces and 

deflections, of deteriorated metal culverts.  

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 abstract is followed by a general introduction and background 

chapter (Chapter 1). Chapters 2, 3, 4 and 5 are the manuscripts. The summary and conclusions are 

given in Chapter 6. Chapter 2 of the thesis presents the use of finite element analyses and design 

code equations to assess the stability of deteriorated metal culverts under the effects of earth load. 

Chapter 3 investigates the use of an ultrasonic thickness gauge to measure the remaining wall 

thickness of two deteriorated metal culverts. Chapter 4 examines the response of deteriorated 

metal culverts buried in soil under live loading. Chapter 5 validates the performance of two-
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dimensional deteriorated metal culvert finite element models with live loading as well as the use 

of design code equations for assessing the effects of deterioration. Chapter 6 presents an outline 

of the proposed assessment procedure and conclusions drawn from the research. 

Chapter 2 is a revised version of a paper that appeared in the Proceedings of Transportation 

Research Board 91
st
 Annual Meeting 2012. A slightly abbreviated version of Chapter 3 has been 

published in the Proceedings of the North American Society for Trenchless Technology (NASTT) 

No-Dig Show 2012. Chapters 4 and 5 are being prepared for publication.   
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Chapter 2 

Use of CANDE and design codes to assess stability of deteriorated metal 

culverts    

2.1 Introduction 

The United States, Canada, and other countries are facing a buried infrastructure crisis. Much of 

the infrastructure that was built last century is now coming to the end of its service life. However, 

there are limited public funds with which to replace this infrastructure and there is a need to 

develop assessment strategies so that investments are made in the most vulnerable installations. 

Surface corrosion is common on the inner wall of culverts, particularly in the vicinity of the 

normal waterline. Additionally, if the soil falls within certain pH and resistivity thresholds, soil-

side corrosion is also possible (CSPI, 2009). In either case, engineers need to make decisions 

about whether the culvert should be left alone, repaired, or replaced. The cost associated with 

repair and replacement is significant as are the costs associated with failure if the correct action is 

not taken. The common approach currently used to manage these assets is to use qualitative, often 

subjective, assessments based on visual inspection (e.g. Ryan et al., 2006). NCSPA (1995) 

provide a calculation procedure based on coring of the deteriorated steel plate. El-Taher and 

Moore (2008) provided the first study available to the authors that examine the stability of 

deteriorated structures considering patterns of corrosion that reduce steel plate thickness across 

the culvert, but their work was based on finite element analysis using ABAQUS which is not 

commonly available. Public domain culvert analysis software like CANDE (Mlynarski et al., 

2008), however, was developed for assessment of new rather than deteriorated structures, and 
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there is a pressing need for guidance on how to use CANDE and other available software to 

evaluate corroded structures. The ultimate objective of the current work is to base management 

decisions regarding remediation or replacement on rational, computational assessments, to 

support optimized infrastructure investments. 

One potential approach to assess the structural capacity of a deteriorated steel culvert is to use 

measurement data from a non-destructive test investigation to establish the level of corrosion in 

the culvert, coupled with numerical analysis of the structure (Mai et al., 2012). Nondestructive 

methods avoid the negative consequences of coring (see NCSPA, 1995), which requires local 

repairs to avoid compromising the structure. The goal of this investigation is to determine which 

of the techniques available to engineers for the assessment of corroded culverts gives the most 

appropriate results. Two finite element programs are evaluated: (i) CANDE-2007 (Mylynarski et 

al., 2008) and (ii) ABAQUS version 6.9 (Dassault Systèmes Simulia Corp., 2009). CANDE is a 

specialized culvert analysis program that has been employed in the culvert design community for 

decades and is relatively straightforward to use. If it could be extended to assess deteriorated 

culverts, this would be an ideal solution. ABAQUS is a more versatile finite element package and 

so may be able to capture the effects of corrosion more accurately, but it is substantially more 

difficult to use. For both programs, two levels of analysis complexity are considered, the first 

involving stresses applied to the external boundaries of the block of soil surrounding the pipe (the 

finite element analysis equivalent of the approach introduced by Burns and Richard (1964) and 

denoted hereafter as the “block of soil” approach), and the second featuring staged construction 

(modeling progressive burial as layers of soil are activated in the manner reported by Katona 

(1978) and subsequently denoted as the “staged construction” approach).  
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Comparison of these two solutions is used to determine the level of analysis complexity required 

to assess the stability of a deteriorated culvert including whether explicit modeling of the burial 

process is required. The finite element results are then compared to calculations based on three 

different metal culvert design approaches: the current LRFD Bridge Design Specifications of the 

American Association of State Highway and Transportation Officials (AASHTO, 2007), the 

current Canadian Highway Bridge Design Code of the Canadian Standards Association (CSA, 

2006), and the proposed changes to AASHTO practice described by McGrath et al. (2002). Those 

comparisons indicate whether the culvert design guidelines can be used to obtain useful estimates 

of deteriorated culvert capacity. 

The first section of this chapter introduces the finite element models and assessment cases. The 

results of the finite element investigation will then be presented and discussed with comparisons 

to the results from the design codes. Finally the salient conclusions from the investigation will be 

drawn as well as suggestions for further work in this area. 

2.2 Finite element models 

2.2.1 Design cases 

The numerical investigation being undertaken considers three of the design cases introduced by 

El-Taher and Moore (2008), so that the effects of corrosion, burial depth, and construction 

sequence on the thrust forces can be assessed, and thus their influence on the capacity of typical 

steel culverts can be assessed. Four-meter diameter culverts at three different burial depths, as 

shown in Figure 2.1(a), will be considered. While the number of culverts with this large diameter 

is limited compared to the greater number of structures with diameters less than 1m, it is 
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considered to be more typical of the high cost structures that warrant the more rigorous 

assessment being investigated here. 

Each culvert has a corrugation profile of 152 x 51 mm and an uncorroded nominal wall thickness 

of 3mm. The impact of corrosion will be studied by imposing a uniform reduction in wall 

thickness over part or all of the culvert circumference as discussed in the culvert properties 

section, which is equivalent to distributed corrosion. As noted earlier, this investigation examines 

two types of numerical model: (i) the block of soil approach (a solid block of soil subjected to 

earth pressure on each external boundary, where those stresses are equivalent to the geostatic 

stresses that would act at the level of the culvert crown), and (ii) the staged construction approach 

(the analysis models staged construction where the soil is placed sequentially in nominal layers of 

0.3 meters from the pipe invert up to the crown, and then on to the desired depth of fill). 

2.2.2 Soil properties 

A typical culvert backfill material, SW95, is chosen to provide an indication of the effects that 

corrosion, burial depth, and construction sequence will have on culvert capacity. Two types of 

constitutive models are used to approximate the soil behavior: (i) linear elastic and (ii) elastic-

plastic. The linear elastic model has an elastic modulus of 16.9 MPa, Poisson’s ratio of 0.25, 

coefficient of earth pressure at rest of 0.33, and soil unit weight of 22 kN/m
3
. The elastic-plastic 

model employs an elastic modulus of 16.9 MPa, Poisson’s ratio of 0.25, and soil unit weight of 

22 kN/m
3
. A constant elastic modulus with depth is used for the backfill in this investigation. The 

use of a depth dependent soil modulus may be more realistic, but the main focus of this 

investigation is the stability of the deteriorated metal culvert against yield. The thrust force in the 

culvert is not sensitive to the soil modulus (e.g. the soil modulus is not used for thrust force 
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calculations by AASHTO (2007)). This investigation will also show in subsequent sections that 

the use of a constant modulus leads to simpler calculations and conservative estimates of the 

thrust force in the culvert. 

Since the goal of this research is to investigate the accuracy of simplified models created in 

programs that designers are familiar with (i.e. CANDE), the use of an elastic soil model is 

preferred over more complicated elastic-plastic soil models. However, to ensure that this 

simplifying assumption would still produce reasonable and conservative results, an investigation 

using an elastic-plastic soil model was also undertaken. Elastic-plastic soil behaviour was 

simulated in the staged construction analysis by using the Mohr-Coulomb model from the 

ABAQUS library and compared with the elastic soil behaviour. A friction angle of 48° and 

cohesion of 7 kPa were employed in the Mohr-Coulomb model. This model also requires 

specification of a dilation angle (which defines how volume changes during plastic shearing). A 

dilation angle of 45° was employed for the calculations reported here, close to the friction angle 

of the soil. Calculations were also performed with lower dilation angles, and these had little effect 

on the results (the thrust force only changed by a few percent). 

2.2.3 Culvert properties 

The section modulus, Ep, and the structural properties (cross-sectional area per unit length, Ap, 

and second moment of area per unit length, Ip) of the culvert wall in the circumferential direction 

influence the stability against yield of the culvert (El-Taher and Moore, 2008). Two-dimensional 

plane strain analysis is employed based on the assumption that the culvert is long and ground 

support and earth loads do not vary along the deepest sections. Two-dimensional analysis of a 

corrugated structure requires the culvert to be modeled as a plain shell, with equivalent section 
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modulus, E , and equivalent wall thickness, t , converted from the section modulus and the wall 

thickness of the corrugated steel culvert using the following equations (El-Taher and Moore, 

2008): 
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The properties of a 152×51×3 mm corrugated section are Ep = 200GPa, Ip = 1057.25 mm
4
/mm, Ap 

= 3.522 mm
2
/mm (CSPI, 2007), hence the properties of the equivalent uncorroded plain 

cylindrical shell are: 
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All calculations reported in this chapter are based on elastic structural response, including those 

corresponding to severe corrosion where yield would almost certainly occur. However, consistent 

with current approaches to culvert design, calculations for expected values of thrust are elastic, 

and the potential for failure is assessed by comparing those elastic values to the crushing load 

(yield stress times cross sectional area of the corrugated section). 

2.2.4 Modeling of corrosion in corrugated steel culverts 
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Corrosion in corrugated steel culverts generally occurs at or near the invert and stretches up both 

sides of the structure towards the springlines. The height to which corrosion occurs varies 

depending on the level of water flow in the system. Although the level of corrosion varies in 

actual structures (El-Taher, 2009), it should be conservative to assume that the corrosion is 

uniform. El-Taher and Moore (2008) evaluated three potential extents of corrosion, quantified as 

extending over angles of 90°, 135°, and 180° about the invert (as indicated by the angle α shown 

in Figure 2.1(b)). They found that 180° corrosion centered at the invert (i.e. from springline to 

springline) was the most critical case. Hence, only the 180° corrosion case with uniform 

remaining wall thickness will be evaluated in this investigation.  

Most computer analyses of metal culverts have been performed using two-dimensional plane 

strain finite element analysis, such as those available in CANDE and ABAQUS. The current 

investigation uses two approaches to represent the structure: (i) modeling the pipe with rings of 

solid elements, the approach used by El-Taher and Moore (2008) because it allows simulation of 

loading of the intact structure followed by corrosion, where there is explicit representation of 

removal of part of the wall thickness, and (ii) modeling with beam elements, the approach used to 

model thin shell structures in CANDE. ABAQUS will be used to undertake calculations with 

both structural representations, since this facilitates direct comparisons of one with the other.  

For the solid element approach (used in some of the ABAQUS calculations), the plain 

representation of the shell structure employs four equal thickness layers of solid elements. The 

corrosion is simulated by removing one layer of solid elements from the model (from springline 

to springline) at a time. However, removing a 15mm thick layer of solid elements (one quarter of 

the overall thickness of the equivalent 2-D corrugated structure) is not the same as removing one 
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quarter of the thickness of the corrugated structure, since the relationship between the corrugated 

section thickness and the equivalent shell element thickness is non-linear (Equation 2-1). El-

Taher and Moore (2008) found that remaining wall thicknesses of 100%, 75%, 50%, and 25% of 

the initial value for a plain shell structure are equivalent to 100%, 42%, 12.5%, and 1.5% 

remaining wall thickness for a corrugated structure respectively. While perfectly uniform wall 

loss is considered in the current study, natural variations in wall thickness would occur in the 

field, and the case of 1.5% ‘average’ remaining wall thickness would feature perforations. These 

are neglected hereafter, since El-Taher (2009) examined local wall thickness changes and found 

that ‘average’ wall loss is effective at characterising culvert stability.  However, deterioration 

mechanisms like erosion may then govern the capacity of the culvert (these were also examined 

by El-Taher (2009)). The input values for the ABAQUS solid element calculations are given in 

Table 2.1 (denoted as “Solid Element Approach”).  

When the beam element approach is used to represent the structure in some of the ABAQUS 

calculations and all of the CANDE calculations, the equivalent modulus and wall thickness of the 

plain shell structure are calculated from the corrugated structure’s properties by using equations 

(2-1) and (2-2). The input values for the ABAQUS beam element model are given under the 

heading “Beam Element Approach” in Table 2.1, while the input values for the CANDE model 

are given as “Corrugated Section” in Table 2.1.  

Table 2.1 gives the bending stiffness and hoop stiffness for both the solid and beam element 

approaches for the four levels of remaining corrugated wall thickness: (i) 100%, (ii) 42%, (iii) 

12.5%, and (iv) 1.5%. The bending stiffness is accurately estimated by both approaches. 

However, it can be seen from Table 2.1 that the solid element approach overestimates the hoop 



 

17 

 

stiffness of the culvert when compared to the properties of the corrugated section. The effect of 

these conservative estimates of hoop stiffness will be discussed later.  

2.2.5 Finite element analysis 

One important consideration when developing the finite element model is the interface between 

the soil and the pipe. Two possible interface models consider that either no-slip occurs between 

the soil and the pipe across this interface or that slip can occur across this interface once certain 

thresholds are crossed. The no-slip model is more straightforward to implement and thus would 

be the preferred choice for assessment provided it produced accurate results. Previous studies 

have compared these approaches and have demonstrated that there is little, if any, slip between 

the soil and structure interface (e.g. Taleb and Moore, 1999). Additionally, during this 

investigation several preliminary analyses that included the frictional culvert-soil interface were 

run in CANDE, and these analyses (with the coefficient friction set to 0.3) produced 12% lower 

thrust forces in the culvert when compared to analyses based on a no-slip interface. Hence, the 

numerical cost and complexity associated with introducing a frictional interface is not warranted 

and a perfectly bonded culvert-soil interface behaviour was modeled in all the analyses, which 

produces slightly more conservative estimates of the thrust force (Moore, 2001). 

In the ABAQUS analyses, both constitutive models were considered for the soil (linear elastic 

and elastic-plastic), while only linear elastic behaviour was considered in CANDE. Although 

these assumptions and models are not fully representative of the behaviour of buried culverts, 

previous research has suggested that the elastic solution for thrust in buried culverts produces 

reasonable estimates of culvert behaviour (Burns and Richard, 1964; Moore, 2001).  
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For both the solid element and the beam element models in ABAQUS, symmetry about the 

centerline of the culvert is assumed (as illustrated in Figure 2.2), which reduces the number of 

elements and the associated analysis time. The soil in both the solid element model and beam 

element model is represented by CPE6M elements (two-dimensional six-node quadratic elements 

with hourglass control). The culvert in the solid element model is represented using CPE8R 

elements (eight-node quadrilateral elements). The culvert in the beam element model is 

represented using B22 elements (three-node planar quadratic beam elements). All of these 

elements are available in the standard ABAQUS element library. 

Two CANDE solution levels, Level 1 and Level 2, are used in the investigation. Level 1 analysis 

in CANDE is based on a closed form solution (Burns and Richard, 1964). The Level 1 solution is 

limited to round pipes buried in homogenous soils with the soil-pipe interface being either bonded 

or frictionless. While the Level 1 solution is suggested for use only when the fill height above the 

crown is equal to or greater than two pipe diameters (Mlynarski et al., 2008), it will be used to 

evaluate all three burial depths in this investigation because the Level 1 analysis is more 

straightforward to use. The results will then be compared to the more comprehensive models.  

Level 2 analysis uses beam elements and provides an automated mesh, while allowing the user to 

specify (i) variations in material distributions (bedding, backfill, and overfill), (ii) construction 

increments, (iii) more complex pipe-soil interface behavior, and (iv) different culvert shapes. The 

elements used to model the soil and the culvert in the CANDE Level 2 analysis are two-

dimensional four-node elements. The Level 1 and Level 2 analyses in CANDE allow the user to 

define only one thickness of beam element and so the reduction in wall thickness due to corrosion 

is applied to the whole culvert (versus the ABAQUS model that allows the wall thickness to be 
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reduced over the lower 180° section). Beam elements were used in all the CANDE analyses, so 

the culvert wall thickness is taken as 2.84 mm, 1.19 mm, 0.355 mm, and 0.0426 mm (once again 

corresponding to 100%, 42%, 12.5%, and 1.5% thickness remaining in the corrugated steel 

culvert respectively). 

The results from ABAQUS using the “block of soil” approach and the CANDE Level 1 analysis 

will be verified against an elastic solution reported by Moore (2001). Since there is no closed 

form solution for the “staged construction” approach, the results from ABAQUS with “staged 

construction” approach and CANDE Level 2 will be compared to each other and verified against 

current and proposed design methods (McGrath et al., 2002; CHBDC, 2006; AASHTO, 2007). 

2.2.6 Boundary and loading conditions 

For the “block of soil” approach, only vertical load and horizontal load are applied to the soil 

while horizontal movement is restrained along the line of symmetry and vertical movement is 

restrained at the springlines of the pipe. This boundary condition is needed to match the Burns 

and Richards solution in CANDE Level 1. For the “staged construction” approach, vertical 

displacement is restrained along the bottom boundary, and horizontal movement is restrained 

along the left and right vertical boundaries.  

In CANDE, the Level 1 analysis has similar boundary and loading conditions to the “block of 

soil” approach in ABAQUS. The Level 2 analysis in CANDE is similar to the “staged 

construction” approach in ABAQUS, but the thickness of the backfill layers is set to the default 

backfill loading for CANDE and is thus different from ABAQUS. In CANDE, there are five 

initial steps for backfilling: Step 1 – in-situ soil and bedding, Step 2 – fill soil to the pipe’s 

springline, Step 3 – fill soil to the pipe’s crown, Step 4 – fill soil to a depth above the crown equal 
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to one quarter of the pipe’s diameter, and Step 5 - fill soil to a depth equal to two pipe diameters 

above the crown (as shown in Figure 2.2). After Step 5, the soil is applied in one increment that is 

equivalent to the overburden pressure.  

2.3 Results 

2.3.1 Comparison for intact structures 

To verify the results from the numerical analyses, the results from the analyses for an uncorroded 

culvert considering “block of soil” loading are compared to a closed form solution (Moore, 2001). 

A culvert’s stiffness relative to the soil can be defined by calculating stiffness parameters (C and 

F) as suggested by Hoeg (1968). Culverts in this investigation are all considered to be flexible 

based on this classification. The closed form solution is also based on the assumption that the 

culvert is flexible. 

Both the CANDE Level 1 and the ABAQUS “block of soil” approach indicate that the maximum 

thrust is located at the springline. The maximum thrust forces from the ABAQUS analyses for all 

cases (see Figure 2.1(a) for cases) are within 5% of the closed-form solution. The maximum 

thrust forces from CANDE Level 1 analyses are all within 6% of the closed-form solution. Since 

both the CANDE Level 1 and ABAQUS “block of soil” methods seem to be in reasonable 

agreement with the closed-form solution, the models will now be used to determine the impact of 

staged construction on the thrust forces in the culvert.   

Figure 2.3 shows the thrust force around the circumference for an uncorroded corrugated steel 

culvert for design case 2 and the elastic finite element analyses. For the “block of soil” analysis, 

the maximum thrust force is located at the springline. However, the maximum thrust force is 
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located 20 degrees below the springline for the “staged construction” analysis. This figure also 

indicates that the thrust force value from the “block of soil” analysis is 37% lower than the thrust 

force value from the “staged construction” analysis when the culvert is at a burial depth of 1.5m.  

The higher thrust forces that result when “staged construction” analysis is considered are partly 

associated with the weight of the soil surrounding the culvert (in the “block of soil” analysis the 

soil is essentially weightless and the force is applied at the model boundaries), and partly because 

the soil support develops progressively as load develops. This means that the effects of arching 

are distinctly different in the two analyses. In the “block of soil” analysis where the weight of the 

soil is applied away from the culvert and the soil support is fully in place before the loads are 

applied, positive arching action will take a greater percentage of this load resulting in lower thrust 

forces. On the other hand, in the “staged construction” analysis, the soil placed beside and 

immediately over the culvert must be carried by the culvert (it is placed before soil fully 

envelopes the culvert to aid in positive arching). The weight of soil above the shoulders also 

increases the thrust forces. The thrust forces from the “block of soil” analysis are 20% and 7% 

lower than the thrust forces from the “staged construction” analysis when the culverts are at 3 m 

and 10m burial depths respectively. The effect of staged construction on thrust force has a greater 

effect on the thrusts that develop at shallow burial depth, and this effect will be discussed later in 

this investigation. 

Figure 2.3 also shows that there is good agreement between CANDE and ABAQUS for both the 

“block of soil” and “staged construction” models. Even though the CANDE Level 1 solution 

(denoted as CANDE 1 in Figures 2.3 and 2.4) is based on a closed-form approximation (Burns 

and Richard, 1964), it provides a result which is within 3% of the ABAQUS solution because the 
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value of the coefficient of earth pressure at rest K0 (used in the ABAQUS “block of soil” 

analysis) is calculated from the Poisson’s ratio of 0.25 used in the CANDE analysis (K0=/(1-) 

for an elastic solid). The thrust force from the CANDE Level 2 solution (denoted as CANDE 2 in 

Figures 2.3 and 2.4) is also within 5% of the ABAQUS solution. Thus, it can be concluded that 

there is little difference between the CANDE and ABAQUS analyses for uncorroded corrugated 

steel culverts. The CANDE and ABAQUS models will now be used to investigate the effect of 

corrosion.  

2.3.2 Solid versus beam element modeling 

The relationship between thrust force and angle from the crown is given in Figure 2.4 for a 

corroded culvert at a burial depth of 1.5m with only 1.5% average remaining wall thickness. The 

figure gives results for the same six models that were used earlier to estimate the thrust forces in 

the uncorroded section (Figure 2.3). There is no data in the region from 85° to 95° from the 

crown for the ABAQUS - Solid Element analysis (denoted as ABAQUS SE in Figures 2.3 and 

2.4). This region is at the culvert’s springline, where thrust calculations are influenced by the 

stress concentrations that occur at the sudden transition in the number of solid elements from the 

intact section to the corroded section. While a sudden change in cross-section is possible in 

practice and will lead to stress concentrations, the sudden change in geometry in the model is not 

meant to model this and so the stress concentrations it produces do not reflect the expected 

performance. To avoid confusion, spurious stress concentrations at this location and the 

associated thrusts have not been calculated or plotted.  

Figure 2.4 shows that the thrust forces from the ABAQUS - Solid Element analysis are 121% and 

111% higher than the thrust forces from the ABAQUS - Beam Element analysis (denoted as 
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ABAQUS BE in Figures 2.3 and 2.4) for the “block of soil” and “staged construction” 

approaches respectively while modeling case 2 with 1.5% wall thickness remaining. This 

overestimation in thrust occurs because, as mentioned previously and illustrated in Table 2.1, the 

solid element model significantly overestimates the hoop stiffness of the corroded culvert at this 

extreme level of corrosion. Thus the erroneously stiffer culvert attracts more load than models 

with more consistent estimates of the hoop stiffness. Therefore, in the subsequent discussion only 

the ABAQUS – Beam Element and CANDE analyses are used (avoiding further discussion of the 

overestimations due to excessive hoop stiffness in the solid element calculation).  

The ABAQUS - Beam Element analyses reported in Figure 2.4 are based on corrosion of the 

complete pipe (from the crown to the invert). Even for this extreme level of corrosion (1.5% wall 

thickness remaining), the CANDE results are within 18% and 2% of ABAQUS’s results for the 

“block of soil” and “staged construction” approaches respectively. This reconfirms the earlier 

observation that thrust from “staged construction” analysis exceeds thrust from the “block of soil” 

analysis.  

2.3.3 Corrosion across the invert versus corrosion around the complete circumference 

Figure 2.5 once again plots the relationship between thrust force and angle from the crown for a 

burial depth of 1.5m. In this figure, the ABAQUS results are for a model that considers the top 

half of the culvert intact, and the bottom half of the culvert with a wall thickness of either 12.5% 

or 1.5% of the original thickness. In the same figure, results from a CANDE Level 2 analysis with 

12.5% and 1.5% remaining wall thickness around the complete circumference are also plotted. It 

can be seen that the results from both finite element models are in good agreement for the 12.5% 

remaining wall thickness analysis. However, the transitions from the intact region (very stiff) at 



 

24 

 

the top half to 1.5% of the wall remains (less stiff)  in the lower half (used in ABAQUS) could 

produce a value of thrust that is higher than those has 1.5% remaining wall thickness around the 

complete circumference  (used in CANDE).  The springline thrust from ABAQUS is 40% higher 

than the CANDE results when the 1.5% remaining wall thickness is used. For the deep burial case 

(case 3), the thrust forces from ABAQUS are 12% and 60% higher than the CANDE results when 

12.5% and 1.5% wall thickness remains, respectively. 

When the top half of the culvert is modeled as intact, the stiffness of the top half is much higher 

than the stiffness of the bottom half (as indicated by the effective modulus values of 11,740 MPa 

compared to 176 MPa). The top half of the culvert then attracts more load, which leads to higher 

thrusts compared to those obtained using CANDE. Hence, CANDE produces a reasonable 

distribution of thrust when the remaining wall thickness is 12.5% or more, but thrust across the 

crown may be unconservative for the case where 1.5% wall thickness remains. 

Now 1.5% average remaining wall thickness represents an extreme level of corrosion that would 

result in perforations in the field and potentially lead to failure of the culvert due to corrosion (as 

discussed earlier). For this case, however, the culvert is still carrying more than 50% of the thrust 

force than it did when it was intact. This means that the hoop stresses would exceed the yield 

stress (use of elastic structural analysis for the current study is discussed in an earlier section). 

2.3.4 Finite element versus design code calculations 

To determine the effectiveness of the tools available to engineers hoping to assess corroded 

culverts, the results of the numerical investigation were also compared to calculations using the 

AASHTO Specifications (AASHTO, 2007), the CHBDC (CSA, 2006), as well as the proposals of 

McGrath et al. (2002). Figure 2.6 compares the analyses based on a section with 12.5% remaining 
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wall thickness (corroded from the crown to the invert). The horizontal axis in Figure 2.6 indicates 

three levels of burial depth (1.5m, 3m, and 10m) based on the cases proposed in Figure 2.1(a). 

The vertical axis indicates the thrust force divided by half the soil prism load (the weight of soil 

over the pipe from the crown up to the ground surface). This illustrates what proportion of the soil 

prism load is being carried by the culvert versus the surrounding soil, as a function of culvert 

stiffness according to each model. 

The AASHTO (2007) LRFD Bridge Design Specifications define springline thrust as equal to 

half the soil prism load in accordance with ‘ring compression theory’: 











2
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PT                                                                                                                (2-3)  

where: 

T  = factored thrust force per unit length, N/mm; 

S = culvert span, mm; and 

P   = factored crown pressure, MPa. 

This is an unconservative result since the soil weight acting on the shoulder and the effects of 

soil-structure interaction during staged construction are not considered. 

The CHBDC thrust equation, the design equation proposed by McGrath et al. (2002), the 

CANDE (Level 2) analysis and the ABAQUS results all take into account the weight of the soil 

above the shoulder and the soil-pipe interaction that develops during “staged construction”. The 

thrust force per unit length from the CHBDC (CSA, 2006) is calculated using the following 

equation: 

T = 0.5(1.0-0.1Cs)AfW                                                                                                                (2-4) 
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where: 

T = maximum thrust in a conduit wall per unit length, kN/m; 

Cs    = the axial stiffness parameter; 

Af  = factor used to calculate the thrust due to dead load in a conduit wall; and 

W    = the weight of the column of earth above the conduit, kN/m. 

McGrath et al. (2002) include explicit consideration of the soil weight above the shoulder as well 

as incorporating a vertical arching factor (VAF) to include the effect of the hoop stiffness of the 

culvert on the thrust. The VAF is a function of the normalized backfill width, W/S, a culvert 

shape factor, S/R, and a burial depth ratio, H/S. It is equal to 1.1 for all the cases considered in 

this investigation. The thrust force per unit length is calculated by the following equations:  

SRKHW uVAFssp )(                (2-5) 

WE = VAF Wsp                                   (2-6) 

where: 

WE = total springline thrust (the sum of the thrust force at both springlines), kN/m; 

VAF  = vertical arching factor; 

Wsp = soil prism load, kN/m; 

H       = depth of fill over the top of the culvert, m; 

s  
= unit weight of soil, kN/m

3
; 

KVAF = factor to account for span/rise ratio; 

S       = culvert span, m; and 

Ru     = upper rise, m.  



 

27 

 

For new corrugated steel culverts, the results from ABAQUS and CANDE produce more 

conservative estimates of the thrust forces, especially for shallow burial depths. The AASHTO 

(2007), CHBDC (CSA, 2006), and McGrath et al. (2002) design equations underestimate the 

thrust force when compared to the finite element analyses by 53%, 27%, and 35% for a new 4m 

diameter culvert at 1.5m burial depth. However, in the numerical analysis, the modulus of 

elasticity of the soil was not assumed to change with depth. While this will not have a significant 

impact on the estimates of thrust for the culverts with burial depths of 1.5m or 3m, it will result in 

the relative stiffness of the culvert being too high for the 10m burial depth case, so that the finite 

element approaches provide higher thrust forces than the code approaches.  

Figure 2.6 compares the calculations from the various approaches for a culvert with 12.5% 

remaining wall thickness. Since the AASHTO design equations and the proposals of McGrath et 

al. (2002) were developed only for use with new culverts, the results for the corroded culvert are 

unchanged from the uncorroded culvert. While the CHBDC does allow for corrosion (or at least a 

reduction in wall thickness) to be considered, it still produces values that are less conservative 

compared to the finite element analyses. The AASHTO (2007), CHBDC (CSA, 2006), and 

McGrath et al. (2002) design equations underestimate the thrust force when compared to the 

finite element analyses by 46%, 22%, and 24% for 4m diameter culvert at 1.5m burial depth with 

12.5% remaining wall thickness. When the culvert is at 3m burial depth, the AASHTO (2007), 

CHBDC (CSA, 2006), and McGrath et al. (2002) design equations produce the thrust forces that 

33%, 13%, and 15% lower than the thrust force from the finite element analyses respectively.  

Also plotted in Figure 2.6 are the ABAQUS results calculated using an elastic-plastic soil model. 

It was found that for all burial depths and corrosion levels, the thrust force results using the 
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elastic-plastic model were approximately 10% lower than the results from elastic calculations. As 

such, use of an elastic soil model appears to be both reasonable and conservative. 

The percentage of the load that transfers from the soil to the culvert is affected by the burial depth 

as illustrated in Figure 2.6. As the burial depth increases, positive arching is enhanced and less 

force is transferred to the culvert. Overall, analyses performed using CANDE produced results 

that were within 10% of the results from ABAQUS (except when the level of corrosion was 

extreme). This suggests that engineers trying to assess the capacity of corroded culverts could do 

so by conservatively assuming a reduced wall thickness for the entire culvert equal to the average 

wall thickness in the area with the most critical level of corrosion. 

All results reported here consider earth loads only, and further work is needed to examine the 

stability of deteriorated metal culverts under vehicle loads. Future research in this area should 

also investigate the impact of using a depth dependent elastic modulus rather than the constant 

soil modulus used in this investigation. The results obtained in this study also need to be 

evaluated relative to experimental results from both new and corroded culverts.  

2.4 Conclusions 

Three design cases were used to study the effects of corrosion, burial depth, and staged 

construction on the capacity of steel culverts. Two types of analysis were performed, considering: 

(i) a culvert in a “block of soil” where earth loads develop after the culvert is buried, and (ii) a 

“staged construction” approach, featuring the progressive development of soil load and stiffness. 

Two types of material models were considered for the backfill in this investigation: (i) linear 

elastic and (ii) elastic-plastic. Two finite element packages, CANDE and ABAQUS, were used to 

perform the numerical investigation. The results of these numerical models were also compared 
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to design methods (i.e. AASHTO (2007), CHBDC (CSA, 2006), and the proposals outlined by 

McGrath et al. (2002)) to determine which approach gives the most conservative estimation of 

thrust force for both new and corroded culverts. 

This investigation indicated that analyses based on elastic-plastic soil behaviour produced lower 

thrust forces in the culvert when compared to analyses based on elastic soil behaviour. However, 

the difference in thrust force was less than 10% and since the elastic approach was conservative 

there seems to be little benefit to using a more complex elastic-plastic model (at least for cases 

where only earth loads are considered).  

Before considering the effects of corrosion, the extent to which calculations based on the “block 

of soil” simplification are less conservative was established relative to results considering “staged 

construction”.  For the 4m diameter culvert considered in this study, the “block of soil” 

simplification led to estimates of springline thrust that were 37%, 20% and 7% lower than those 

based on “staged construction” analysis for burial depths of 1.5m, 3m, and 10m respectively. 

Results obtained using the AASHTO (2007), CHBDC (CSA, 2006), and proposed design 

equations were all less conservative than the results from the numerical analyses. The CHBDC 

(CSA 2006) and the proposals of McGrath et al. (2002) produced estimates of thrust for the 4m 

diameter culvert that were about 24% lower than the finite element analyses at a burial depth of 

1.5m, and 15% lower at a 3m burial depth with a remaining wall thickness of 12.5%. The current 

AASHTO equations provided thrust values that were about 46% and 33% lower than the finite 

element analyses at those burial depths. Although the thrust forces from CANDE were slightly 

lower than those produced by ABAQUS, the two programs were in reasonably good agreement 

suggesting that CANDE could be used to estimate the reduced thrust forces due to corrosion. This 
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demonstrated that reasonable estimates of stability can be obtained for a structure with wall loss 

around part of the circumference using programs like CANDE where the wall loss is assumed to 

occur around the whole pipe circumference. 
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Table 2.1 Bending stiffness (EI) and hoop stiffness (EA) of corrugated and plain shell 

section. 

% thickness of corrugated 

plate remaining 

100% 42% 12.5% 1.5% 

 Solid 

Element 

Approach 

E (MPa) 11,740 11,740 11,740 11,740 

t  (mm) 60 45 30 15 

EI (Nm
2
/m) 211.4 x 10

3
 89.10 x 10

3
 26.42 x 10

3
 3.300 x 10

3
 

EA (N/m) 704.4 x 10
6
 528.3 x 10

6
 352.2 x 10

6
 176.1 x 10

6
 

Beam 

Element 

Approach 

E (MPa) 11,740 4,933 1,468 176 

t  (mm) 60 60 60 60 

EI (Nm
2
/m) 211.4 x 10

3
 88.80 x 10

3
 26.43 x 10

3
 3.180 x 10

3
 

EA (N/m) 704.4 x 10
6
 296 x 10

6
 88.05 x 10

6
 10.56 x 10

6
 

Corrugated 

Section 

E (MPa) 200,000 200,000 200,000 200,000 

t  (mm) 2.84
1
 1.19 0.355 0.0426 

EI (Nm
2
/m) 211.4 x 10

3
 88.80 x 10

3
 26.43 x 10

3
 3.180 x 10

3
 

EA (N/m) 704.4 x 10
6
 296 x 10

6
 88.05 x 10

6
 10.56 x 10

6
 

1
 While the nominal thickness of the corrugated plate is 3mm, the actual thickness is 2.84 mm. 
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a) Three design cases  

 

b) Invert corrosion of an idealized corrugated steel culvert (after El-Taher and Moore, 2008) 

Figure 2.1 Design cases used in the numerical analysis.  

Original Design Thickness 

Thickness Reduction due to Corrosion over Angle  
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a) ABAQUS                                                         b) CANDE 

Figure 2.2 Finite element meshes for Case 2. 

 

 D=4m 

 D=4m 
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Figure 2.3 Thrust force along the culvert, Case 2 with 100% thickness remaining. 
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Figure 2.4 Thrust force along the culvert, Case 2 with 1.5% thickness remaining. 
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Figure 2.5 Thrust force along the culvert, Case 2 with staged construction. 
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Figure 2.6 Normalized thrust versus burial depth for D = 4m with 12.5% remaining wall 

thickness (calculations based on “staged construction”). 
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Chapter 3 

Assessment of corroded corrugated steel culverts using field data 

3.1 Introduction 

Civil infrastructure assets in Canada, the United States, and around the world that were 

constructed during the infrastructure booms of the 20
th
 century are reaching the end of their 

design lives. However, even with recent increases in infrastructure investment, it is not possible 

to replace all of these assets nor is it environmentally responsible to replace structures that are 

still fit for purpose. Corrugated steel culverts represent a significant component of this 

infrastructure inventory with hundreds of thousands in service throughout North America. 

Corrosion and abrasion damage is the most the common reason for culvert replacement (Arnoult, 

1986). However, current assessment of the effects of corrosion damage on culverts is based 

largely on the results of visual inspections (Arnoult, 1986). Recent research has shown that even 

culverts with significant wall loss due to corrosion (El-Taher and Moore, 2008) may have the 

required capacity. In order to properly assess such culverts, accurate measurements of remaining 

wall thickness are required, which can then be used in conjunction with numerical analysis to 

determine whether the structure maintains the required capacity.  

One potential method for acquiring more accurate measurements of remaining wall thickness is to 

use an ultrasonic measurement device. Nondestructive methods avoid the negative consequences 

of coring (see NCSPA, 1995), which subsequently compromises the structure unless local repairs 

are undertaken. However, before such devices can become part of the inspection toolkit, it is 
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necessary to determine their accuracy as well as to develop a rational approach for taking wall 

thickness measurements for use with a numerical model. 

This chapter investigates the potential for using an ultrasonic thickness gauge for taking 

remaining wall thickness measurements for subsequent integration with a numerical model. First, 

the chapter introduces the current approaches for assessing culverts with a specific focus on the 

effects of corrosion. The previous finite element modeling work is then introduced to illustrate 

the impact of remaining wall thickness on culvert capacity. The ultrasonic thickness measurement 

technique is then discussed and the specimen used in the current study is presented.  The results 

of a wall thickness survey performed on the specimen are then given followed by a discussion on 

how this technique can be used in inspections. Finally, the salient conclusions from the research 

to date are drawn.  

3.2 Current inspection techniques 

There are numerous guidelines for the inspection of steel culverts however they largely follow 

procedures similar to those outlined by the Federal Highway Administration (Arnoult, 1986). The 

FHWA guidelines are intended for culverts that span greater than 6.1 m (20’) and are thus 

considered to fall under the same inspection requirements as bridges (with inspections required 

after 2 years). However, the guidelines also note that smaller structures should also be inspected 

but leave the inspection methodology and frequency up to the specific agency. The inspection is 

divided into specific components of the culvert system: (i) overall condition, (ii) the condition of 

the approach roadway, (iii) the condition of the waterway, (iv) the end treatments (e.g. 

wingwalls), (v) the culvert shape and (vi)  the culvert barrel. Each of these aspects is then rated 
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using a 9 point scale where 9 represents no repairs needed and 0 indicates the facility needs to be 

closed for repairs.  

While several of these components could be influenced by corrosion (the culvert shape may 

change as wall section is lost or as soil erodes through holes in the culvert caused by corrosion), 

corrosion is specifically addressed when inspecting the culvert barrel. In the first instance the 

severity of corrosion is assessed based purely on the visual observations of the inspector. The 

assessment scale once again ranges from 9 (near original condition) through 5 (extensive heavy 

rust, deep pitting and moderate thinning) to 0 (partial or complete collapse). In the case of 

potentially severe corrosion the inspector is advised to strike the culvert with the pick end of a 

hammer and if the culvert is dented or fully penetrated by the pick then severe corrosion is 

present. If severe corrosion is present a further special inspection may be required involving pH 

and resistivity tests as well as wall coring. Although wall coring will allow for an accurate 

measure of the remaining wall thickness in a given area, it is also a destructive test and so should 

be avoided if possible. 

The FHWA has also developed guidelines for inspecting culverts with a span of less than 6.1 m 

(20’) in conjunction with the Federal Lands Highway (Hunt et al., 2010). In these guidelines they 

present a methodology for Level 1 assessment of a culvert. The scale for assessing culvert 

corrosion ranges from Good (little or no rust) to Fair (minor surface rust and pitting) to Poor 

(perforations visible or easily made with hammer strike) to Critical (significant loss resulting in 

backfill penetration). If the inspector’s visual inspection places the culvert into the “poor” or 

“critical” categories they must then decide if it is in danger of collapsing. If not, then they run 
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through a decision tree where factors such as size and historical importance are considered and 

used to determine the next step. 

In both approaches outlined above there is considerable reliance on the judgment of the inspector. 

First they must assess the level of corrosion and then they must determine the required action. In 

both cases this procedure is highly subjective and devoid of quantitative results. The next section 

will examine how the effect of wall section loss on culvert capacity can be predicted numerically, 

thus highlighting the need for quantitative measurements of the effects of corrosion. 

3.3 Finite element modeling 

Very little research has been undertaken to assess the effects of culvert wall section loss on load 

carrying capacity. El-Taher and Moore (2008) undertook a numerical investigation to establish 

the relationships between burial depth, culvert diameter, extent of invert corrosion, remaining 

wall section and thrust forces in the culvert. To explore the impact of varying extents of 

corrosion, three different cases were modeled with the extent of corrosion ranging from one 

quarter to one half of the culvert circumference as illustrated in Figure 3.1. The initial wall 

thickness was taken as 2.84 mm (0.11”) and remaining wall thicknesses of 42%, 12.5% and 1.5% 

of the initial values were simulated. 

The investigation was undertaken using 2-D ABAQUS analysis (El-Taher and Moore, 2008). In 

order to correctly simulate the 3-D corrugated geometry, equivalent 2D structural properties were 

used. The culvert was modeled as a series of four nested rings (or layers). Corrosion was 

simulated by progressive removal of those rings. Removal of the first ring reduced equivalent 

stiffness to 42% of the initial wall thickness, removal of two rings gave an equivalent of 12.5% of 

the initial wall thickness, and removal of three rings left stiffness equivalent to just 1.5% of the 
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initial wall thickness. By simulating corrosion in this way, the structure could be loaded while 

intact, and then the effects of corrosion simulated by progressively turning off rings of material. 

The model also allowed for Eigenvalue buckling analysis to be performed. 

The effect of corrosion was determined by calculating the factor of safety against yielding for 

each variation in loading (diameter of culvert and burial depth), extent of corrosion (as seen in 

Figure 3.1) and reduction in equivalent wall thickness. The factor of safety against yielding was 

calculated at both the location of maximum thrust (the springline) and for the highest value in a 

location where thickness was reduced due to corrosion. The lower factor of safety for both cases 

was then selected. It was found that there was an almost linear relationship between wall section 

loss and reduction in factor of safety against yielding. Thus with 50% wall thickness remaining, 

the factor of safety against yield is also reduced by 50%. However, in many cases the factor of 

safety against yield was greater than 2 for the uncorroded structure and so a reduction in wall 

thickness of 50% would not lead to failure. The relationship between buckling and wall thickness 

was found to be distinctly non-linear, and was dependent on the extent of corrosion (as seen in 

Figure 3.1). For smaller extents of corrosion (the 90° case in Figure 3.1) a reduction in wall 

thickness of 90% was required before buckling became critical. For larger extents of corrosion, 

the critical wall thickness losses were closer to 75%. In both cases these results suggest that 

accurate measurements of the remaining wall thickness can be used to predict the remaining 

capacity of the culvert, the objective for the current research. However, physical experiments are 

needed to validate the numerical analysis, and testing of this kind will be discussed in the next 

chapter. 
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3.4 Ultrasonic thickness gauges 

One potential method for measuring the remaining wall thickness of corroded steel culverts for 

use in a numerical assessment is to use an ultrasonic thickness gauge. The basic principle is 

similar to that of sonar, where a sound wave is emitted and the time taken for the reflected sound 

wave to arrive back at the emitter is measured. In this case an ultrasonic pulse is sent into the 

inside surface of the steel pipe and the pulse reflects off the outside surface of the pipe. If the 

speed of sound in the steel is known, the travel distance and thus the thickness of the plate can be 

calculated. One potential source of error is that the speed of sound in steel varies depending on 

the type of steel, but for carbon steels it typically lies in the narrow range of 585 to 588 m/s (1920 

to 1930 ft./s) (Olympus, 2010). 

Ultrasonic thickness gauges have been used to measure the remaining wall thickness in other 

applications. Damgaard et al. (2010) used an ultrasonic thickness gauge to estimate the remaining 

steel plate thickness for weathered steel beams. They discovered that corrosion on the face that 

the sensor is placed on has an impact on the readings. The sensor was ineffective measuring 

through a thick layer of corrosion product and it gave artificially high thickness measurements 

when a thin layer of corrosion product is present. The presence of corrosion on the opposite face 

of the steel plate did not affect the thickness measurements. Ultrasonic thickness measurements 

are used in the oil and gas industry to assess pipes and other vessels. Stone (2010) presents a 

statistical method for using wall thickness measurements in regions where readings have been 

taken to estimate wall thicknesses in other areas of the pipe. However, there has been little 

research examining the use of ultrasonic thickness gauges to assess the remaining wall thickness 

of corrugated metal culverts. 
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In the current study an Olympus 38DL Plus Ultrasonic Thickness gauge was used (Olympus, 

2010) as seen in Figure 3.2. The instrument is capable of measuring wall thicknesses between 

0.08 mm and 635 mm (0.003” and 25”) depending on the setup and transducers used. There are 

two main types of transducers available: (i) single element and (ii) dual element transducers. A 

single element transducer combines both the emitter and the receiver in one element whereas the 

dual element transducer has separate emitter and receiver elements.  

Before using the transducer it must be correctly calibrated using a reference piece of the material 

to be measured with known thickness. Once the gauge is calibrated, readings are taken by 

applying coupling gel on the surface of the object to be measured and holding the transducer 

firmly against that surface. The readings can be stored on the gauge in memory (475,000 

thickness readings or 20,000 full acoustic waveform readings can be stored). The coupling gel 

ensures a good acoustic connection between the sensor and the specimen, and it is important to 

ensure that no air bubbles are trapped within the coupling gel. 

3.5 Initial calibration exercise 

An initial calibration study was undertaken in the laboratory using steel plates that were 

approximately 1.5 mm (0.06”) thick (as seen in Figure 3.2) with (i) galvanizing, (ii) without 

galvanizing, (iii) with light corrosion and (iv) with heavy corrosion, in order to determine the best 

approach for taking readings. Four samples in total were used and ten thickness measurements 

were taken on each sample (indicated with black dots on each steel plate in Figure 3.2). To verify 

the accuracy of the ultrasonic thickness gauge, the measurements were compared with those 

obtained using a micrometer at the same locations. To determine the effect of galvanizing on 

thickness measurements, the thickness of all four specimens was measured at the outset of the 
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verification exercise. The galvanizing was then removed from one side of two of the specimens 

(called the “Light Corrosion Samples”) and from both sides of two of the specimens (called the 

“Heavy Corrosion Samples”). Both the Light and Heavy Corrosion Samples were then exposed to 

a corrosive environment , by immersing the samples in salt water (with a 3.5% by weight salt 

concentration) and then removing the samples from the water and letting them dry before placing 

them back in the salt water mixture. This process was repeated until corrosion formed on the 

sides of the specimen where the galvanizing had been removed. 

Four different ultrasonic thickness gauge configurations were tried: (i) a dual element transducer 

with stainless steel calibration piece, (ii) a single element transducer with stainless steel 

calibration piece, (iii) a dual element transducer with culvert material calibration piece and (iv) a 

single element transducer with culvert material calibration piece. The reason for trying two 

different calibration materials was that the stainless steel block was precisely machined and thus 

allowed for a very precise calibration. Unfortunately the speed of sound through different types of 

steel varies (as noted earlier) and as a result the measurements obtained using the stainless steel 

calibration piece were, while precise for the stainless steel, not accurate for the culvert steel. The 

dual element transducer is more straightforward to use than the single element transducer as it 

consistently produces results, whereas the single element transducer requires careful alignment to 

operate.  However, the most accurate readings were obtained using the single element transducer. 

The thickness measurements from the single element transducer were within 1.3%, 3.3%, 3.3% 

and 3.3% of the results from the micrometer for samples with galvanizing, samples without 

galvanizing, samples with light corrosion, and samples with heavy corrosion respectively. To 

obtain accurate measurements (and in some cases to obtain any measurements) using the 

ultrasonic transducer, the corrosion layer had to be removed from the side of the sample that the 
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transducer was placed on. This corroborates the work of Damgaard et al. (2010) who also found 

that accurate readings require removal of the corrosion product. The corrosion product also 

needed removal before the micrometer gave accurate readings. In the current study the corrosion 

product was removed by sanding as opposed to “pickling” (the approach used by Damgaard et al. 

(2010)). While corrosion removal by sanding leads to a small amount of steel being lost, this 

would have negligible impact on the results and no impact on the selection of the preferred sensor 

arrangement.  

3.6 Corrugated steel specimens 

The culvert specimens used in this study were exhumed and donated by the Ministry of 

Transportation Ontario. The specimens, as illustrated in Figure 3.3 and 3.4, have a diameter of 1.8 

m (5’10”) and are 3m (10’) long. The corrugation profile has an amplitude of 12.7mm (0.5”) and 

a period of 67.7mm (2 2/3”). The intact wall thickness of the culverts is 4.5 mm (0.18”). The 

intact sections of the culverts had a bitumen asbestos protective coating. The first specimen, 

CSP1, had extensive corrosion along either side of the invert as can be seen in Figure 3.3. It 

featured a number of areas where the steel was perforated. However, the second specimen, CSP2 

illustrated in Figure 3.4, had only light corrosion along either side of the invert and the wall 

thickness from haunch – crown – haunch was the same as the intact wall thickness. 

Before the wall thickness survey could be undertaken, most of the bitumen asbestos coating on 

the culverts was removed by a professional asbestos removal company, using a combination of 

scraping and cleaning with solvents. The coating had to be removed before accurate readings 

could be taken, and the culvert cleaning avoided possible problems when sanding the inner pipe 

surface (since this could allow the asbestos to become airborne and expose the researchers to 



 

48 

 

potential health risks). This presents an interesting practical limitation of the proposed 

measurement techniques for structures with these particular coatings. 

3.7 Remaining wall thickness survey 

The first stage of the remaining wall thickness survey involved performing another calibration 

exercise on the culvert specimens. Seventeen and thirty-six measurements were taken along the 

outermost corrugation of the first, CSP1, and second culvert, CSP2, respectively, which were 

accessible with the micrometer as well as the ultrasonic thickness measurement gauge. Readings 

were taken in areas where the steel was both intact and corroded. All measurements with the 

ultrasonic thickness gauge were within 3% of the micrometer results when the dual element 

transducer was used. The single element transducer results were generally within 3% of the 

micrometer results, although the single element transducer measurements were up to 6% lower 

than the micrometer results in areas of severe corrosion where pitting corrosion was present. This 

result is to be expected because the single element transducer measures the minimum thickness of 

the section (the sound reflecting off the bottom of the pit will register first) whereas the 

micrometer measures the maximum thickness. For the purposes of assessment, the ultrasonic 

measurement would be more conservative. Of course, the micrometer can only be used where 

there is access to a free edge, which greatly limits its applicability. Inspectors assessing a 

particular structure in the field could optimize measurement accuracy by performing a similar 

calibration exercise using the outermost corrugation of the culvert being inspected, thus 

improving calibration of the ultrasonic thickness gauge for the specific culvert material. 

For CSP1, the wall thickness survey was performed on eight consecutive corrugations starting at 

the second outermost corrugation (as shown in Figure 3.5). This approach reflects what could be 
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a practical culvert measurement technique used in the field, where either the small diameter or 

confined space issues can restrict access further into the culvert. Eighteen measurements were 

taken in the corroded areas of the culvert (haunch – invert – haunch) and twenty two 

measurements were taken in the intact areas (haunch – crown – haunch). Each measurement was 

taken at the same circumferential position on all 8 consecutive corrugations as shown in Figure 

3.5. In order to obtain more detailed readings in the corroded area, the distance between two 

measurement points in this area was 67.7 millimeter (2.67”), which was equal to the corrugation 

pitch. Less detail was required in the intact areas of the pipe, due to the consistent wall thickness 

measurements. Therefore, the spacing between points in those areas was increased to 210 

millimeter (8”) (equal to three pitch lengths). Figure 3.5 shows the measurement grid in the 

vicinity of the invert. 

Table 3.1 presents the results of a third verification exercise that was undertaken in areas of 

significant corrosion. In areas where there were full perforations of the steel, it was possible to 

take micrometer measurements at the free edges and once again compare them to measurements 

taken using the ultrasonic thickness gauge. The results are presented for points 9, 10 and 11 (as 

illustrated in Figure 3.5), which were in the most heavily corroded areas on all 8 corrugations. 

Also presented in the table are the percentage differences between the two measurements. Cases 

where the micrometer measurement (Micro.) is listed as N/A were for locations without a 

perforation nearby to permit access for the micrometer. When the ultrasonic measurement is 

listed as N/A, the corroded surface was too rough to permit a measurement and surface 

preparation by sanding was deemed to be too risky in terms of the amount of damage to the 

corroded zone that might be caused. 
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Table 3.1 shows that the correlation between the micrometer and ultrasonic thickness gauge 

measurements is not as strong in these areas. The main reason for this is associated with the 

condition of the steel. As mentioned above, some sections were too corroded to allow for surface 

preparation without damage. There were also extensive local variations in thickness as well as 

pitting. In instances where the two measurements differ by more than 25%, the ultrasonic 

thickness gauge always provides conservative results. From a practical perspective, if readings 

cannot be taken because the condition of the material is so poor it does not permit measurement, 

these areas should be considered as having no effective wall thickness in the assessment. 

Table 3.2 presents the results of a fourth verification exercise that was undertaken to investigate 

the effects of soil-side corrosion. Soil-side corrosion happens in the field quite often, and it 

controls the culvert service life if the site pH is greater than 7.3 (NCSPA, 2008). It is important to 

verify whether the ultrasonic thickness gauge can detect soil-side corrosion or not because 

otherwise inspectors cannot detect soil-side corrosion in the field (unless they excavate the 

culvert). In order to perform this investigation, several locations in the area of significant 

corrosion (as shown in Figure 3.6b) were measured by using both the ultrasonic thickness gauge 

and the micrometer. In this case, the corrosion was actually present on the inside of the pipe 

rather than the soil side. So to simulate the effect of soil-side corrosion, ultrasonic thickness 

gauge readings were taken on the outside of the pipe. Thus, the conditions were the same (i.e. the 

readings were taken against intact steel with corrosion present on the other side) even though the 

corrosion was not actually present on the soil-side in these tests.  

Table 3.2 shows the correlation between the micrometer and the ultrasonic thickness gauge 

measurement. The difference between the two methods is significant at two locations, point 6 and 
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8, and these results reflect the condition of the steel surface (rough surface on both measurement 

side and corrosion side).  If the results from point 6 and 8 are neglected, the average difference 

between the micrometer and the ultrasonic thickness gauge is 5%. The ultrasonic gauge always 

provides conservative results. Thus, it can be concluded that the ultrasonic thickness gauge is able 

to detect soil-side corrosion of the culvert.    

Figure 3.7 shows the results of the corrosion survey for CSP1 as a 2-D element map with each 

element being 67.7 x 67.7mm (2.67” x 2.67”). The vertical axis represents the corrugation 

location (corrugation 1 was the second outermost as illustrated in Figure 3.5). The horizontal axis 

is the distance along the circumference of the culvert as measured from the crown. The plot has 

been truncated to focus on the critical region of the culvert with extensive corrosion near the 

invert. The wall thicknesses varied from 1.5 mm (0.06”) (in heavily corroded areas) to 4.5mm 

(0.18”) (the uncorroded wall thickness). Elements that are blue in colour represent those where at 

least part of the measurement region was fully perforated. In these cases the thickness 

measurement is a weighted average based on area (where perforated areas represent a thickness of 

0). Grey elements on the map represent areas where measurements could not be taken due to the 

presence of small amounts of asbestos coating that could not be removed. Black elements 

represent areas where the surface was too rough for measurements to be taken as discussed above. 

Figure 3.7 indicates that the vast majority of wall thickness reduction is present in two bands 

along what would have been the surface of the water ponding in the bottom of this culvert. It can 

be seen that the rest of the culvert, including the invert, is still largely intact. 

Figure 3.8 shows the distribution of average wall thickness along the full length of the culvert for 

both specimens, CSP1 and CSP2, plotted versus culvert circumference. The two regions of 
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reduced wall thickness on either side of the invert for CSP1 had 70% and 48% of the wall 

thickness remaining when averaged along the full length of the specimen. The thickness survey 

for CSP1 suggested that the wall is intact in the top section of the culvert between the two 

haunches. Therefore, a thickness survey in this area for specimen CSP2 was not warranted, and 

only the remaining wall thickness on either side of the invert was measured as can be seen in 

Figure 3.8. Specimen CSP2 has two regions of reduced wall thickness on either side of the invert, 

the first region with an average of 83% remaining wall thickness, and the second with 93% 

remaining wall thickness. It would be conservative to assess culvert stability using the minimum 

thickness of the most corroded corrugation. However, since load spreading will occur along the 

pipe distributing load away from corrugations with particularly low thickness, the strength is 

perhaps more realistically calculated using the average wall thickness. Thus the use of the 

thickness profile shown in Figure 3.8 in two dimensional finite element calculations should 

produce reasonable estimates of culvert stability. Since section properties for thin corrugated 

pipes are approximately proportional to the plate thickness, the circumferential distribution of 

cross-sectional area, A, and second moment of area, I, per unit length parallel to the pipe axis that 

are needed for two dimensional analysis can be calculated using the properties for intact pipes 

multiplied by the proportion of wall thickness remaining (i.e. the thickness distribution plotted in 

Figure 3.8 divided by the intact plate thickness). 

Undertaking a wall thickness survey as detailed as the one illustrated in Figure 3.7 may not be 

feasible for most inspections. Although readings can be taken with the ultrasonic thickness gauge 

quite quickly, areas where corrosion is present on the measurement face have to be sanded to 

remove the corrosion product (as mentioned earlier), which is time consuming. However, a very 

detailed survey may not be required since the data gathered will most probably be used to 
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undertake 2-D analysis. Instead what would be required is enough information to determine (a) 

the presence of any soil-side corrosion, (b) the extent of intact steel, (c) average reduced wall 

thicknesses (like those illustrated in Figure 3.8) and (d) locations of complete perforation. Figure 

3.7 illustrates the presence of all these regions quite clearly but it is likely that collection of 

measurements from just one of the corrugations would have conveyed most of this information. 

Also, extensive measurements in the crown area were not required beyond the need to establish 

that soil-side corrosion was not an issue. 

Based on these initial results it would seem that useful data about the remaining wall thickness for 

use in a numerical assessment could have been acquired from a limited number of measurements 

on a single representative corrugation for this culvert. However, this wall thickness survey is part 

of a larger project to investigate methods of culvert assessment, and specific recommendations 

regarding the requirements for wall thickness surveys cannot be made in isolation without 

considering the test results and FE modeling discussed in other chapters. 

3.8 Conclusions 

To develop better assessment techniques for culverts, a combination of numerical analysis and 

quantitative field data is required. Ultrasonic thickness gauges have the potential to provide this 

quantitative data as they can be used to measure wall thickness while only requiring access to the 

inner surface of the culvert (a requirement for buried structures). As part of a larger project 

investigating assessment techniques for culverts, this study examined whether an ultrasonic 

thickness gauge could be used to obtain accurate wall thickness measurements. An initial 

verification study was conducted and this indicates that the gauge produced similar results to a 

micrometer, and that the most accurate results were obtained using a single element transducer 
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calibrated with the actual material being measured. It was also found that accurate measurements 

require the corrosion product to be removed by sanding small patches on the sensor side of the 

steel. A remaining wall thickness survey was then undertaken on two 1.8 m (70”) diameter 

culverts that had been exhumed from the field. The ultrasonic thickness gauge was found to 

produce results that were in good agreement with a micrometer for material that was intact or 

moderately corroded. In areas that were heavily corroded (resulting in perforations) the ultrasonic 

thickness gauge measurements did not correlate well with the micrometer readings, largely due to 

the poor condition of the surface. Overall it was concluded that the ultrasonic thickness gauge can 

be used to provide the necessary thickness data for use in a numerical assessment.  

The next stage of this research, discussed in the next chapter, will involve culvert burial in the 

buried infrastructure test facility at Queen’s University, and measurement of deteriorated culvert 

response to various loading schemes. This should permit the thickness data reported here for a 

corroded culvert to be used in conjunction with the laboratory loading experiments to evaluate the 

effectiveness of finite element analyses of corroded corrugated metal structures as reported in 

Chapter 5. 
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Table 3.1 Thickness measurements at heavily corroded areas, specimen CSP1. 

Corrugation 

No. 

 Point 9  Point 10 Point 11 

U.T.G. 

(mm) 

Micro. 

(mm) 

% 

diff. 

U.T.G. 

(mm) 

Micro. 

(mm) 

% 

diff. 

U.T.G. 

(mm) 

Micro. 

(mm) 

% 

diff. 

1 2.08 1.78 14.6 2.31 2.67 15.4 1.80 2.67 47.9 

2 1.88 N/A N/A 1.91 N/A N/A 1.91 N/A N/A 

3 1.65 1.32 20 1.52 1.63 6.7 14.99 1.42 5.1 

4 1.60 N/A N/A N/A 1.45 N/A N/A 2.11 N/A 

5 1.96 2.08 6.5 1.24 2.64 112.2 N/A 1.35 N/A 

6 2.03 2.21 8.7 1.63 1.37 15.6 N/A 2.59 N/A 

7 1.37 1.07 22.2 2.29 2.16 5.6 N/A 1.40 N/A 

8 1.32 N/A N/A N/A N/A N/A N/A 2.69 N/A 

 

Table 3.2 Thickness measurements at heavily corroded areas to simulate the effects of soil-

side corrosion, specimen CSP1. 

Point U.T.G. 

(mm) 

Micro. 

(mm) 

% diff. 

1 1.35 1.47 8.62 

2 1.52 1.57 3.23 

3 1.35 1.42 5.36 

4 1.52 1.57 3.23 

5 1.40 1.50 6.78 

6 1.55 1.91 18.67 

7 1.37 1.50 8.47 

8 2.18 2.72 19.63 

9 1.42 1.45 1.75 
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Figure 3.1 Extent of simulated wall section loss: (a) 90°, (b) 135° and (c) 180°. 

 

 

Figure 3.2 Ultrasonic thickness gauge and initial calibration specimens. 
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a) Front View      b) Side View 

 

Figure 3.3 Deteriorated steel culvert specimen CSP1 (insitu invert location shown with 

dashed lines). 

 

 

a) Front View      b) Side View 

 

Figure 3.4 Deteriorated steel culvert specimen CSP2 (insitu invert location shown with 

dashed lines). 
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Figure 3.5 Measurement grid at the invert, specimen CSP1. 

   

a)                                                         b) 

Figure 3.6 Specimen CSP1: a) Soil-side corrosion, b) Location of measurements.  
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Figure 3.7 Corrosion survey of specimen CSP1. 
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Average plate thickness plotted around the pipe circumference
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Figure 3.8 Average wall thickness plotted around the pipe circumference. 
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Chapter 4 

Laboratory Study of the Effect of Deterioration on the Performance of 

Corrugated Steel Culverts 

4.1 Introduction 

A significant amount of buried infrastructure in the United States and Canada has been in service 

since the infrastructure booms of the 1950s and 1960s, and thus the majority of these buried 

infrastructure assets are reaching the end of their intended service life. Corrugated steel culverts 

represent a significant portion of the infrastructure inventory with hundreds of thousands in 

service throughout North America. It is nearly impossible to replace or repair every single 

deteriorated corrugated steel culvert due to a lack of government funding coupled with the traffic 

disruption that would be created. At the same time, many of the deteriorated structures may well 

still be fit for purpose and do not represent a safety risk to the public. Currently the assessment of 

corrugated steel culverts is primarily based on information obtained from visual inspections, 

which are both subjective and potentially inaccurate (Graybeal et al., 2003). Hence, an 

assessment approach based on quantitative data regarding culvert performance is needed in order 

to help engineers to decide whether or not to replace or repair a deteriorated steel culvert or 

whether it can be left unrepaired and subject to regular inspection until the deterioration reaches a 

state needing repair at a future time.  

Surface corrosion and abrasion are the two main causes of replacement or repair of corrugated 

metal culverts. Many government agencies, such as DOTs, have conducted investigations over 

the years to study culvert durability. The Ohio DOT conducted a field study that involved 1,616 
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culverts to investigate pipe durability (Meacham et al. 1982). CALTRANS conducted a field 

study to characterize culvert resistance to abrasion over a five year period from 2001 to 2006 

(Decou and Davis, 2007).  NCSPA (1995) provides a calculation procedure for structures in-

service which discusses loss of plate thickness due to corrosion. A study for the NCSPA (2002) 

was performed to access the performance of 17 galvanized steel storm water detention systems in 

Washington, DC by using a qualitative condition survey rather than their earlier proposed 

procedure (NCSPA, 1995). However, none of the research to date has investigated the remaining 

structural capacity of deteriorated metal culverts. The California DOT, Utah DOT and many other 

state DOTs use both pH and minimum resistivity to predict culvert service life (Wyant, 2002). 

However, all the methods for culvert assessment are qualitative, and as noted previously are 

mainly based on visual inspection (Arnoult, 1986). El-Taher and Moore (2008) have carried out 

the first available study on the stability of deteriorated metal culverts using numerical analysis. A 

numerical investigation was conducted in Chapter 2 to study the effects of corrosion, burial depth, 

and staged construction on the capacity of deteriorated steel culverts. Both studies have shown 

that culverts with a significant amount of wall loss may still have the required capacity. In order 

to predict the remaining capacity of deteriorated culverts using finite element packages, the 

remaining wall thickness is required. Chapter 3 presented a study to measure the remaining wall 

thickness of deteriorated steel culverts using an ultrasonic thickness gauge and found that the 

results correlated well with those obtained using a micrometer. Lay (2012) used the test facilities 

at Queen`s University to carry out experiments to study the stability of new corrugated steel 

culverts to failure under live loading (including the fully factored Canadian and AASHTO design 

truck loading) with different burial depths and culvert wall thicknesses. Becerril García and 
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Moore (2013a) also used those facilities to examine the ultimate capacity of corrugated steel 

culverts at the joint under live loads at different burial depths. 

This chapter describes tests conducted on two steel culverts that were exhumed from the field 

with different degrees of deterioration, then buried and examined under earth and live loading in 

the laboratory at Queen's. The culverts were tested under both simulated wheel and axle loading 

using the procedures described by Brachman et al. (2010). These experiments comprise the first 

laboratory investigation of deteriorated corrugated steel culverts loaded up to working load (for 

both Canadian and AASHTO design trucks), and with different burial depths under controlled 

loading. The first section of this paper introduces the experimental background including the 

backfill, the specimens, the instrumentation and the applied loading regime. The results of the 

experiment will then be presented and discussed with comparisons between the two culverts 

under service loads, as well as the results of a test to failure on the specimen with the most 

significant deterioration. Finally, the salient conclusions from the experiments will be drawn. 

4.2 Experimental background 

4.2.1 Test descriptions 

Two different types of tests were undertaken: a parallel plate loading test was conducted on the 

most deteriorated culvert specimen and live load testing was undertaken on both specimens after 

burial.  

The first specimen to be tested, CSP1 (see section 4.2.3 for specimen details), was placed in a 

trench excavated in the test pit, and a parallel plate loading test was conducted prior to burial. 

This pre-burial test was undertaken to investigate the performance of both the instrumentation 
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and the culvert specimen itself for a load condition that is relatively straightforward to interpret. 

The culvert was placed in the trench so the invert rested on the soil at the base of the trench. 

Small bags of plaster of Paris were placed along the crown and a wooden joist (150 mm by 150 

mm) was placed on top of the bags to provide a spreader beam that would distribute the load 

evenly along the length of the culvert. The change in vertical diameter decrease during this pre-

burial test was limited to 25 mm to minimize the risk of structural damage to the specimen. 

The second set of tests was conducted under live loading, and involved the use of both single axle 

and single wheel pair pads that simulated the effect of live loading on the deteriorated corrugated 

steel culverts at different burial depths (approximately 0.6 m and 0.9 m). The specimens were 

buried in an 8 m long, 8 m wide, and 3 m deep reinforced concrete test pit. Both specimens were 

buried under a well-compacted top layer (above the crown), however, the sidefill around each 

specimen (backfill extending from the invert to the crown) was different, loose in the case of 

specimen CSP1 and dense for specimen CSP2 as detailed in section 4.2.4. Both specimens were 

backfilled to 0.9 m cover and then tested under surface load. For each surface load case, the load 

was applied twice to simulate first loading and repeated loading conditions. The cover was then 

reduced to 0.6 m and the surface loading procedure was repeated. The full testing regime is 

summarized in Table 4.1.  

4.2.2 Test configuration 

Before backfilling, two extension culverts were placed in the pit at the North and South ends of 

the deteriorated culvert test specimen as shown in Figure 4.1 in order to ensure that a constant 

cover depth was achieved over the test specimens and to eliminate or minimize the effect of the 

ends of the embankment on the central test section. Each extension culvert had an outer diameter 
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of 2.03 m and a length of 1.5 m. The elevation of the extension culvert’s crown was lined up with 

the crown of the test specimen. Geogrids and geotextiles were used to wrap the connection 

between the test specimens and the extension pipes to avoid having soil enter the culverts during 

backfilling (a gap existed between the extension and test culverts across the haunches due to the 

difference in diameters). Geotextiles were also used to wrap specimen CSP1 in areas where 

significant perforations due to corrosion were present at the haunch to again prevent soil entering 

the culvert during backfilling or testing. A 2000 kN capacity hydraulic load actuator, which was 

attached to a reaction frame over the pit, was used to apply vertical surface load on the soil-

culvert system to simulate surface live load. A steel pad measuring 250 mm by 600 mm that was 

connected to the actuator through a steel column was used to simulate the single wheel pair. Two 

steel pads (250 mm wide and 600 mm long) that were set 1.8 m apart (centre to centre) using a 

steel frame connected to the actuator were used when simulating the single axle load.  

4.2.3 Experimental specimens 

Both specimens had a diameter of 1.8 m and were 3 m long. The corrugation profile had an 

amplitude of 12.7 mm and a period of 67.7 mm. The intact wall thickness for both culverts was 

4.5 mm. Specimen CSP1 had extensive corrosion along both sides of the invert as can be seen in 

Figure 4.2(a). CSP1 had a number of areas where the material was perforated. The average 

remaining wall thickness, as measured using results from an ultrasonic thickness gauge, along the 

West side and East side of the invert was 70% and 48% respectively. However, as illustrated in 

Figure 4.2(b), specimen CSP2 had light corrosion along either side of the invert and the wall 

thickness at the top of the culvert (between the two haunches) was intact. The average remaining 

wall thickness for specimen CSP2 on either side of the invert was 83% (West) and 90% (East). 
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Both culverts initially had a bitumen asbestos protective coating, which was removed by a 

professional asbestos removal company before any measurements or experiments were performed 

on these specimens. Details of the remaining thickness for each specimen at the section directly 

under the load pad are given in Table 4.2.  

Table 4.3 shows the section properties of the 68 x 13 mm corrugation profile as specified in the 

Handbook of Steel Drainage & Highway Construction Products (2007). The measured wall 

thickness of the culverts, however, did not fall within the range of the specified values (4.5 mm 

actual versus a specified range of 1.12 to 4.08 mm). Extrapolation was therefore used to calculate 

the section properties of both specimens (assuming the intact wall thickness was 4.5 mm).   

According to ASTM A653 (2011), the steel used in culverts from this era 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 culvert was calculated by dividing the minimum yield 

strength by the Young’s Modulus and was equal to 1150 µɛ. The compressive yield strength was 

calculated by multiplying the cross sectional area by the minimum yield strength and was 

calculated to be1120 kN/m. The bending moment required to cause initial yielding at the extreme 

fiber can be calculated using Equation 4-1. 

310
c

If
M

y

y               (4-1) 

 

where 

My = yield bending moment (kN.m/m) 

I = second moment of area (mm
4
/mm) 

c = distance from neutral axis to extreme fibre (mm) 
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The yield bending moment for the intact (undeteriorated) plate was calculated to be 2.53 kNm/m. 

The plastic moment, which causes yielding across the depth of the entire wall cross-section, was 

calculated by dividing the cross section into smaller sub-sections and multiplying the yield stress 

by the area of the sub-section and the moment arm for each section (the distance from the neutral 

axis of the entire wall cross-section to the centroid of the sub-section under consideration). The 

plastic moment was calculated as 4.11 kNm/m, and thus the moment ratio (plastic moment 

divided by yield moment) of this cross section was equal to 1.62.  

4.2.4 Backfill material 

Well-graded sandy gravel (referred to as “GW-SW” in accordance with the unified classification 

system) was used as the backfill material for burial of both specimens, a material classified as A-

1 by AASHTO (2009). The bedding was compacted to 95% standard Proctor (i.e. 95% of the 

maximum dry unit weight achieved in a standard Proctor test) in both experiments by using a 

vibrating plate tamper, and the bedding depth was 0.84 m and 0.6 m for specimens CSP1 and 

CSP2, respectively. A 100 mm thick layer of loose material was placed between specimen CSP2 

and the hard bedding (in accordance with AASHTO, 2009). No loose material was used between 

the bedding and specimen CSP1 to provide a rigid support for the parallel plate loading test. 

However, once in place, specimen CSP1 could not be lifted after the parallel plate loading test to 

place the thick layer of loose backfill for fear of damaging the instrumentation and the specimen 

itself. The impact of not using the loose layer between the stiff bedding and the specimen is to 

reduce the width (or angle) over which the bedding provides support to the pipe invert. However, 

the erosion of sidefill through the perforations for this heavily deteriorated structure when in-situ 

could lead to removal of soil under the haunch and similar narrowing of support at the invert. 
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Two separate backfill conditions were used for specimens CSP1 and CSP2, respectively, to 

simulate the effects of significant deterioration and limited deterioration. In order to simulate the 

in-situ condition of specimen CSP1, the soil was backfilled in approximately 150-mm thick lifts 

and the lifts from the invert to the crown elevation were not compacted in order to simulate the 

effects of deterioration of that soil. Since specimen CSP1 was heavily corroded (perforated) on 

either side of the invert, erosion of the soil adjacent to the culvert when in-situ could loosen and 

reduce the stiffness of the material or may lead to a void in the soil adjacent to the perforations at 

the culvert haunches. However, in this experiment only loose backfill was used to simulate soil 

deterioration without any potential erosion voids (physical modeling of erosion is to be the 

subject of a future test).Use of this loose backfill also avoided any damage that may have 

occurred to the specimen in the heavily corroded area at the haunch during backfilling. The use of 

loose backfill and a geotextile (to wrap the perforation area), inadvertently created a void section 

with approximate dimensions 40 cm by 20 cm at the West center of specimen CSP1 between the 

haunch and the bedding because the geotextile blocked placement of soil under this section of the 

haunch.  

Specimen CSP2 was backfilled using 300 mm thick lifts and a vibrating plate tamper in order to 

simulate the effects of a culvert-soil system with minimal deterioration. The effect of the density 

of the backfill adjacent to the pipe (loose for specimen CSP1 and well compacted for specimen 

CSP2) will be discussed in subsequent sections. Backfilling above the crown was performed in 

approximately 300 mm thick lifts for both specimens CSP1 and CSP2, and each lift was 

compacted to 95% standard Proctor by using the vibrating plate tamper. Dry density, water 

content and percentage of standard Proctor were measured at each lift by using a nuclear 
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densometer (model MC1DR-P). The details of dry density, water content and percentage 

Standard Proctor are given in Table 4.4. 

4.2.5 Loading 

As noted previously, the live load was applied through both a single steel pad simulating the load 

from a wheel pair, and two pads simulating single axle loading. The single wheel pair was applied 

to the soil surface directly above the centre (both transversely and longitudinally) of each 

specimen. The wheel pairs associated with the single axle load were applied to the surface at a 

distance of 0.9m longitudinally on either side away from that central position. The applied forces 

were based on the CL-625 (CHBDC, 2006) and the AASHTO (2007) design truck. Dynamic load 

allowances were also included together with multiple presence factors. The calculated design 

loads for both the CHBDC and the AASHTO design trucks are given in Table 4.5. The loading 

steps indicated in Table 4.1 were used to achieve the loads given in Table 4.5. 

4.2.6 Instrumentation 

4.2.6.1 String potentiometers 

String potentiometers were used to measure the change in diameter of the culverts in both the 

horizontal and vertical directions during the test. A total of 10 and 8 string potentiometers were 

installed in CSP1 and CSP2, respectively. In specimen CSP1, the string potentiometers were used 

to measure the diameter change at the South and North edges of the culvert, at the centre of the 

culvert and under the South and North load pads of the single axle. The two string potentiometers 

at the North edge of specimen CSP1 were not employed for the test on CSP2. The string 

potentiometer locations are provided in Appendix C.  
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4.2.6.2 Surveying prisms 

A Leica TAC2003 precision total station was used to track the location of prisms that were 

attached to the inside of the culvert. This data was used to monitor the vertical displacements 

along the crown and the deflected shape of the culvert at the central cross-section. According to 

McLeod (2008), the total station measurements in the field have an accuracy of ± 0.23 mm when 

measurements are taken at a distance of 7 m between the total station and the prisms, though 

Becerril García and Moore (2013b) have demonstrated that accuracy is ± 0.02 mm when the total 

station is used in the laboratory. A total of 16 and 15 prisms were used during the tests on 

specimens CSP1 and CSP2, respectively. The prisms’ locations in specimens CSP1 and CSP2 are 

given in Appendix C.  

4.2.6.3 Particle Image Velocimetry 

Particle image velocimetry (PIV) allows a displacement field to be captured by comparing digital 

images taken of a deformed object to reference images of the undeformed object. In this research, 

the PIV software package known as GeoPIV, which was developed by White et al. (2003) to 

analyze displacements during geotechnical testing, was used. One ring of targets for the PIV 

system was attached around the centre of the culvert (directly under the load pad for the test with 

the single wheel pair). Also, sets of target were placed at the perforation area on either side of the 

invert in longitudinal direction to capture the movements at the haunch (e.g. movements of the 

strips of steel remaining between the perforations). The targets were small black foam cubes with 

a white sticker of a known size attached to each cube. The images for the PIV analysis were taken 

using a Canon Digital SLR camera. The camera was set-up at the North side of the pit and faced 
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directly down the longitudinal axis of the culvert. It was programmed to take pictures at a rate of 

1/minute during the test. 

4.2.6.4 Strain gauges 

Specimens CSP1 and CSP2 were instrumented with 94 and 56 uniaxial strain gauges, 

respectively, and the strain gauges were attached at both the crest and valley of a corrugation to 

permit post-test calculations of both average axial strain and curvature. The strain gauges had a 

gauge length of 5 mm, a resistance of 120 Ω ± 0.3% and were manufactured by Showa. The 

strain gauges had a gauge factor of 2.11 ± 1%, temperature compensation for steel thermal 

expansion of 11 PPM / °C and a thermal output of ± 2 µε / °C. The strain gauge layouts in 

specimens CSP1 and CSP2 are shown in Appendix C. Both culverts were also instrumented with 

polyamide fibre optic cable to measure strain during the experiment, but the results from the fibre 

optic strain measurement system will not be discussed in this chapter.  

4.3 Results 

4.3.1 Overview 

This section will introduce the experimental results including comparisons of: i) the general 

behaviour of both specimens, ii) the response of both culverts during backfilling, iii) the response 

of both culvert under the simulated CL-625 and AASHTO design trucks with 0.9m and 0.6m  of 

cover, and iv) the effect of reducing the cover by 0.3 m. The results of the test to failure of 

specimen CSP1 will then be discussed. 
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4.3.2 Resultant forces and moments 

Strains were measured on the corrugation valley (the steel fibre closest to the longitudinal axis of 

the culvert) and the corrugation crest (the steel fibre inside the culvert farthest from the 

longitudinal axis). In order to better understand the behaviour of each specimen under overburden 

pressure and live load, the thrust forces and bending moments around the circumference of each 

culvert were calculated based on the measured strains.  

Thrust was calculated using the average strain between the valley and crest and the culvert wall 

stiffness (EA). Since the strain at the corrugation crest was not at the extreme fibre, the strain at 

the outside crest (extreme fibre) was estimated using linear interpolation, where the strain at the 

corrugation crest and valley, and the intact wall thickness were all known. The average strain was 

calculated using Equation 4-2 and the thrust force was calculated using Equation 4-3.
 

 211
2
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ave                   (4-2) 

aveEAN 
               (4-3) 

where 

ave = average strain  

1 = strain on the inner valley (corrugation valley) 

2 = strain on the outer crest (corrugation crest) 

N = thrust force per unit length (kN/m) 

h =  radial distance between the gauges (mm) 

t = steel plate thickness (mm) 

E = Young’s modulus (MPa) 
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A = Cross sectional area of the wall per unit length (mm
2
/mm) 

The bending moment was calculated based on the curvature measured using the strain gauges and 

the flexural stiffness (EI) of the pipe wall. A positive bending moment was taken as that 

producing tensile strains on the outer corrugation crest and compressive strains on the inner 

corrugation valley. Curvature was calculated using Equation 4-4 and bending moment per unit 

length using Equation 4-5.   

h

)( 12 





                                                                                                                            (4-4)
 

310 EIM                                                                                                                          (4-5) 

where 

M = bending moment (kN.m/m) 

E = Young’s modulus (MPa) 

I = second moment of area (mm
4
/mm) 

 = curvature (10
-6

/mm) 

The thrust and moment were calculated using these equations for all the tests except tests D1 and 

D2. During tests D1 and D2 the steel began to yield and thus only total average strain and total 

curvature were presented after the steel has yielded.  

4.3.3 Effects of backfill 

For specimen CSP1, the location 0.9m North from the centre is the most deteriorated area with a 

significant number of perforations and average percentages of remaining wall thicknesses in this 

area that are 64.6% (East) and 40.6% (West) on either side of the invert. Hence, only the 
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deflection at the position 0.9m North will be discussed in terms of deflection due to backfilling 

since it is the most critical section of specimen CSP1. At the same point in specimen CSP2, the 

two regions of reduced wall thickness on either side of the invert have 90% (West) and 98% 

(East) of the wall thickness remaining. Figure 4.3 presents the total deflection in both horizontal 

and vertical directions for specimens CSP1 and CSP2 at the 0.9m North location during 

backfilling. At a backfill depth of 1.8m above the invert (where the backfill just reaches the 

crown), the vertical deflections of both specimens are in good agreement, but the horizontal 

deflection in specimen CSP1 is 53% higher than that for specimen CSP2. The horizontal 

deflection due to backfilling from the invert to the crown was controlled by the stiffness of the 

culvert and the stiffness of the sidefill, and the stiffness of specimen CSP1 and its sidefill is 

substantially lower (due to the areas of significant corrosion and backfilling without compaction). 

Thus the higher horizontal deflection of specimen CSP1 is attributed to the deteriorated condition 

of the specimen and the reduced soil stiffness.  

Figure 4.3 also shows different results for both specimens under the overburden pressure. For 

specimen CSP1, after the backfill height went above the crown the culvert started to contract in 

the vertical direction and to expand in the horizontal direction. However, specimen CSP2 

experiences almost no change in diameter as the last 0.9 m of backfill above the crown was 

placed. This behaviour is likely because of the substantial difference in stiffness of the soil beside 

each specimen. The standard Proctor values for backfill material beside specimen CSP1 ranged 

from 78.3% to 91.3% whereas the standard Proctor values for the material beside CSP2 was 

92.6% to 97.27%. Thus, while CSP1 was able to deflect significantly into the much less stiff soil 

beside it, the soil surrounding CSP2 provided effective restraint against lateral movements.  
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Figure 4.4 shows the thrust force around the circumference for specimen CSP1 (Figure 4.4(a)) 

and CSP2 (Figure 4.4(b)) under overburden pressure. In Chapter 2, the maximum thrust was 

predicted at the haunch (near the springline) under overburden pressure for a deteriorated culvert 

(lower half of the culvert was corroded), and this does not match the measured response 

(corroded from haunch to haunch). Instead the maximum thrust (specimen CSP1) is located in the 

area of the perforations (near the invert) and suggests that the strain may be the result of stress 

concentrations that were not accounted for in the analysis. For both specimens an unexpected 

tensile stress has been measured at the invert. In the case of CSP1 the tensile stress was only 

measured at two locations that were both adjacent to the heavily corroded areas and thus are 

thought to be spurious results associated with stress concentrations. In specimen CSP2 several 

gauges along the centre line of the culvert all indicate similar unexpected tensile behaviour. 

However, it is worth noting that the calculated strains used to obtain these results are less than 10 

microstrain, which implies there is potential for noise in the readings. Furthermore, the thrust 

calculation depends on averaging the results of two gauges, and this tensile behaviour is likely too 

small to isolate from the potential error in the experimental results.  

Figure 4.5 illustrates the total curvature (Figure 4.5(a)) and the total deflection (at the centre – 

Figure 4.5(b)) around the circumference for specimen CSP1. One can see from both the curvature 

and deflection results that the top half of specimen CSP1 behaved almost like a rigid body and 

moved vertically downwards during the backfilling process. The vast majority of vertical 

deflection during backfilling was due to bending in the haunch and invert of the pipe. As 

illustrated in Figure 4.5(b), the East haunch deflected more than the West haunch, which was 

likely due to a remaining wall thickness on the East side which was 40.2% of the original, 
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compared to 76.9% for the West haunch. The positive curvature at both haunches indicates that 

they were acting as hinges while the curvature at the invert suggests it was flattening out.   

The behaviour of specimen CSP2 under backfilling was quite different as can be seen from the 

total curvature (Figure 4.6(a)) and total deflection (at the centre – Figure 4.6(b)) results around 

the circumference of the culvert. The curvature indicates that the culvert is flattening on the sides 

while closing up on the top and bottom, which is consistent with the deflected shape. These 

results are more typical of the ovaling behaviour one would expect when burying a flexible pipe 

with uniform properties around the circumference. As a result, whereas the downward vertical 

deflections for CSP1 were quite significant, the crown of CSP2 is actually slightly higher than it 

was prior to burial. This difference in behaviour between the two specimens can be explained by: 

i) the difference in stiffness of the backfill around the pipe and ii) the deflection at the haunch due 

to overburden pressure and localized deterioration in specimen CSP1.  

4.3.4 Response to live loads with 0.9 m of cover 

When loaded with a single wheel pair, the centre of each culvert was the location of the critical 

response whereas under single axle loading the critical response occurred at a distance of 0.9 m 

away from the centre (under the wheel pad). As such, in the discussion that follows the results 

from the single wheel pair tests are taken at the centre and the results for the single axle test are 

taken at a position 0.9 m from centre towards either the North or South end depending on which 

is critical. Also, the single axle load has been divided by two in order to provide load for an 

equivalent wheel pair for comparison purposes, unless otherwise stated. 
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Figure 4.7 shows the load – incremental deflection relationship for both culverts with 0.9 m cover 

for both the single wheel pair (denoted SW) and single axle (denoted SA) tests. The horizontal 

deflections were always positive and are plotted above the x-axis while the vertical deflections 

were always negative and are plotted below the x-axis (thus each data marker is used twice on the 

graph to plot horizontal and vertical response). For both specimens it can be seen that the 

deflection response is highly non-linear although the deflections for specimen CSP1 are 

considerably greater than those for specimen CSP2. As before this is a function of both the soil 

and pipe stiffness being much lower for deteriorated specimen CSP1.The specimens both had 

initially stiffer responses until the applied force reached 40 kN. After 40 kN, the rate of change in 

culvert diameter dramatically increased for both specimens. This likely occurred because beyond 

40 kN, the effect of the surface load exceeded the preloading (equivalent overconsolidation 

pressure) associated with the soil compaction that took place during backfilling, and the stiffness 

response is lower as the soil starts to densify under the load. This interpretation is supported by 

the much higher stiffness observed as the structure was then unloaded and reloaded (the effect of 

the higher soil density and stiffness caused by the first cycle of surface loading). Specimen CSP1 

contracted by 8 mm vertically and expanded by 4 mm horizontally at 100 kN in test A1, whereas 

the diameter of specimen CSP2 contracted by only 1.62 mm vertically under the single wheel and 

2.03 mm under the single axle, and there was negligible diameter change in the horizontal 

direction. It is interesting that the deflection response of CSP2 under the single wheel pair and 

single axle is different (the same behaviour could not be observed in CSP1 as the single axle test 

was halted at 30 kN when unexpectedly high strains were measured at one location). At applied 

loads of 100 kN and 106 kN, the vertical diameter change in specimen CSP2 under the single axle 

were 26% and 75% higher than under the single wheel pair. One potential reason for this 
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difference is that the axle loads are interacting (despite the shallow cover) as will be discussed 

further in a subsequent section. Specimen CSP1 recovered 1 mm of vertical deflection after the 

single wheel pair was removed but did not recover the horizontal deflection, presumably due to 

irrecoverable local deformations in the deteriorated region of the culvert.  

The incremental thrust forces, Figure 4.8(a), and incremental bending moments, Figure 4.8(b) 

calculated around the circumference are plotted for both specimens CSP1 and CSP2 under the 

CL-625 and AASHTO design truck with 0.9 m cover. The thrust forces and bending moments 

were calculated under 100 kN single wheel pair and a 30 kN single axle load (load per wheel 

pair) for specimen CSP1 and a 100 kN single wheel pair and a 87.5 kN single axle load (load per 

wheel pair) for specimen CSP2. For CSP1, Figure 4.8(a) shows that the maximum thrust force 

occurred at or near the crown for each load. The maximum thrusts in specimen CSP2 occurred at 

the crown (under the single wheel pair) and at the shoulder (under the single axle). The thrust at 

the crown at the North end of CSP2 was 17% higher than thrust at the shoulder at the South end 

of specimen CSP2, however since strain gauges were not placed at the shoulder at the North end, 

the data from the South end is used. The incremental thrust forces reduced from the shoulder to 

the springline and then to the invert in both specimens. The thrust forces were very small close to 

the perforation area in specimen CSP1. Figure 4.8(b) indicates that positive moments occurred at 

the shoulders and negative moments occurred at the crown and the invert for all specimens while 

the bending moments at the springlines were negligible. This behaviour is due to the point load 

on the surface causing the top of the culvert to bend locally leading to bulging in at the crown. 

Similarly the culverts flatten somewhat on the bottom as they react against the hard bedding 

material. The difference in flexural performance between the two specimens under similar 

loading and cover can be explained by the difference in stiffness of the sidefill material. The 
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stiffer material next to CSP2 is supporting more of the load, as previously illustrated in the 

deflection results, meaning that the culvert itself deforms less and there is lower localized 

bending.  

Figure 4.9 displays the maximum incremental thrust force under 0.9 m of cover for both 

specimens CSP1 and CSP2. The thrust force at the crown for both specimen CSP1 and CSP2 

increased almost linearly with increasing surface load. Under the single wheel pair at 100kN, the 

thrust force in specimen CSP2 was 71.6% higher than the thrust force for specimen CSP1. Both 

the location of the maximum thrust (at the crown for CSP1 versus at the crown for CSP2) and the 

magnitude of thrust force point to the effect of culvert deterioration on load carrying 

performance. Thrusts in CSP2 across the crown at the same load level were higher than CSP1. 

The higher stiffness backfill beside CSP2 might be expected to reduce the thrusts in the structure. 

However, it may be that the lower stiffness soil leads to positive arching whereby the surface 

loads were transferred away from the CSP1 by the high stiffness ‘beam’ of soil across the top of 

the culvert at the ground surface, beyond the low stiffness soil zone besides CSP1.  As mentioned 

above, specimen CSP2 saw higher thrust forces under single axle loading than under the single 

wheel pair. It is not entirely clear whether the same behaviour is present in specimen CSP1 since 

the single axle load only went up to 30 kN. However, the thrust force under single axle loading 

was 148% higher than under single wheel pair at 30 kN. Under the same cover and load 

conditions, the peak thrust calculated for single axle loading and single wheel pair should be 

similar based on AASHTO design calculations (AASHTO, 2007) because the cover is depth is 

low. However, the results from the experiment suggest that the thrust force under the North load 

pad was influenced by the South load pad and vice versa. Finally, the peak thrust force in 

specimen CSP2 also increased significantly towards the end of the single axle test going from -
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45.21 kN/m (under a 87.5 kN point load) to -63.63 kN/m (under a 106 kN load), which 

represented an increase of 40%, while increasing the surface live load by 21% from the load 

associated with the single axle AASHTO design truck to the Canadian (CL-625) loading. This 

suggests nonlinear effects, perhaps because arching action is continuing to break down and the 

culvert is required to support more and more of the load.  

Figure 4.10 shows the maximum incremental bending moment for both specimens under both 

single axle (SA) and single wheel pair (SW). The bending moment exhibits a non-linear 

relationship with surface live load. One can see the difference in behaviour between CSP1 and 

CSP2 as the peak bending moment in CSP1 was 5.1 times higher than the peak bending moment 

in CSP2 under the single wheel pair at 100 kN. The difference between the behaviour under 

single wheel and axle loading is also evident from this figure. At 100 kN and 106 kN, the peak 

bending moments in specimen CSP2 under single axle loading were 65.3% and 161% higher than 

under single wheel pair, respectively. Figure 4.10 also indicates that neither specimen fully 

recovered after the 1
st
 load cycle was applied. For instance, for CSP2 the residual incremental 

bending moment at the crown was equal to -0.378 kNm/m after the first CL-625 load was 

applied, which was 60% of the peak incremental bending moment.   

4.3.5 Response to live loads with 0.6 m cover 

Figure 4.11 illustrates the total strains (included strains due to backfilling) at the crown for 

specimen CSP1 during test D1, where tensile strains occurred at the valley and compressive 

strains occurred at the crest. As discussed previously the estimated yield strain of the steel in 

these culverts is 1150 µɛ. During test D1 (single axle loading), the peak strains exceeded 1150 µɛ 

under loading of 70 kN. However, the figure also indicates that yield behaviour (increasing 
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strains without a corresponding increase in load carrying capacity) is not observed until the 

strains reach approximately1400 µɛ. The difference in expected versus actual yield strain is 

probably due to the conservative estimate of steel yield strength given in the standard. As such, 

only thrust forces and bending moments prior to 1400 µɛ are presented in Figure 4.15 and 4.16. 

Also, during test D1 a localized bearing failure around the load pads occurred at the surface (see 

Figure 4.12), which meant that the culvert had to be unloaded and new larger wooden bearing 

pads (950 mm by 370 mm) were used to continue loading (test D2).  

Figure 4.13 shows the incremental change in diameter for both specimens with 0.6 m of cover. As 

there was very little change in the horizontal diameter of CSP2, it has not been included in this 

figure. This figure shows similar trends to the displacement behaviour at 0.9 m of cover with both 

culverts exhibiting non-linear behaviour. CSP1 was once again much less stiff than CSP2 with 

CSP1contracting 49 mm in the vertical and expanding 22.54 mm in the horizontal direction under 

the single axle, while CSP2 only contracted by 6.66 mm, which was 86.5% lower than CSP1. 

Also evident in this figure is the difference between wheel pair loading and axle loading with the 

changes in vertical diameter under the single axle load for CSP1(at 91 kN) and CSP2 (at 112 kN) 

being 400% and 257% higher than for the single wheel pair, respectively. This suggests that 

despite the shallow cover, the load at one axle wheel pad influences the behaviour at the other.   

Figure 4.14 shows the average strain (Figure 4.14(a)) and the curvature (Figure 4.14(b)) around 

the circumference of both specimens at the peak load under single wheel pair and single axle 

loading. Total average strain and total curvature were used for specimen CSP1 during the single 

axle test, but incremental average strain and incremental curvature were presented for other 

results in this figure. The maximum average strain occurred at the crown for all the tests. CSP2 
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had similar behaviour in terms of peak average strain (or thrust) for both the single wheel pair and 

single axle tests. Although the peak average strain/thrust in CSP2 occurred at the North crown, 

there were a limited number of strain gauges in this location and so the average strain at the South 

ring was presented in Figure 4.14(a). Once again the peak average strain in the South ring 

occurred at the shoulder not the crown, and the North ring could be expected to have the same 

behaviour. Figure 4.14(a) shows a complex strain distribution due to the presence of the 

perforations creating localized behaviour. Under the same surface live load, the average strain in 

specimen CSP1 was 20 times greater than in specimen CSP2 under axle loading. The curvature 

behaviour (Figure 4.14(b)) shows the development of increased bending stresses in CSP1 as the 

lower soil stiffness resulted in more of the load being carried through localized bending in the 

culvert. However, due to the reduction in cover, the localized bending stresses in specimen CSP2 

are also much higher than they were with 0.9 m of cover. 

Figure 4.15 shows the peak incremental thrust during tests with 0.6m of cover. The thrust versus 

applied force relationship was approximately linear under the single wheel pair but was non-

linear under the single axle load. Under the single wheel pair at 90 kN, the thrust in specimen 

CSP2 was 27.2% higher than in specimen CSP1. The thrust force in specimen CSP1 under the 

single axle load, however, was much higher than specimen CSP2 (e.g. 92.5% higher at 75 kN). 

The thrust behaviour during the test with 0.6 m cover confirmed that the load applied at the South 

pad was influenced by the North pad and vice versa since the thrust during the single axle tests 

(D1 and D3) was much higher than the thrust during single wheel pair tests (C1 and C3). The 

higher thrust results from repeated tests (under the same load) were appeared during the repeated 

CSP2 single axle test (D3 and D4) but not the repeated single wheel test (C3 and C4). The thrusts 

during test D4 were 20.9% (at 100 kN) and 5.2 % (at 112kN) higher than thrusts during test D3, 
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likely because the density and the stiffness of the soil cover increased during test D3 and thus 

more load was transferred to the culvert during test D4. The significant reduction in arching 

action at higher loads is once again demonstrated in this test as the thrust force in specimen CSP2 

increased from -106.1 kN/m to -151.0 kN/m when the axle load was increased from 91 kN 

(equivalent to AASHTO design truck loading) to 112 kN (equivalent to Canadian CL-625 

loading). 

Figure 4.16 presents the peak incremental bending moment for both specimens with 0.6 m cover. 

This figure confirmed a non-linear relationship between applied force and bending moment. The 

peak bending moment in specimen CSP1 was much higher than in specimen CSP2 (e.g. 336% 

higher at 80 kN under the single wheel pair and 268% higher at 75 kN under the single axle). The 

difference in behaviour once again appears to be a function of the reduced stiffness of CSP1 

requiring more of the load to be carried in local bending of the culvert itself. This figure also 

confirms that the culverts did not fully recover after the initial load tests. The specimens have 

residual bending moments of -0.4 kNm/m (test C1) and -0.69 kNm/m (test D3), which were equal 

to 33.5% and 41% of the peak bending moments.  

4.3.6 Effects of reductions in soil cover 

The deflections, thrust forces and bending moments in the culverts all increased due to the 

reduction in cover (from 0.9 m to 0.6 m). This result is in general agreement with the numerical 

analysis presented in Chapter 2 that suggests that cover reductions increase the thrust forces and 

that the critical case for surface loading was at shallow burial depth.  
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For specimen CSP1, the difference in diameter change after the removal of 0.3 m of cover was 

similar. For instance, CSP1 contracted by 2.6 mm vertically and expanded by 1.1 mm 

horizontally under 90 kN (single wheel pair) at 0.6 m cover and by 7.7 mm vertically and 4.2 mm 

horizontally under 100 kN (single wheel pair) at 0.9 m cover. The circumferential thrust also 

increased for CSP1 from -21.7 kN/m to -36.68 kN/m under single wheel pair (at the peak load). 

The bending moments at 0.6 m of cover were 20% higher than the bending moments at 0.9 m of 

cover. In fact, after the AASHTO design truck load was reached with 0.6 m cover, the culvert 

yielded whereas this was not the case with 0.9 m of cover.  

For specimen CSP2, the change in horizontal diameter before and after removing 0.3 m of cover 

was similar since in both cases it was negligible. The change in vertical diameter with 0.6 m 

cover, however, was 6% and 121% higher than the change in vertical diameter with 0.9 m cover 

under CL-625 single wheel pair and single axle load, respectively. Under the CL-625 load, the 

thrust forces with 0.6 m cover were 63% and 137.3% higher than the thrust forces with 0.9 m 

cover under a 100 kN single wheel pair and a CL-625 single axle loads, respectively. The thrust 

force at the crown, springline and invert all increased after removing 0.3 m of cover under the 

same single axle load. The thrust increased more at the crown (137.3% higher) and the invert 

(60% higher) than at the springline (49% higher). The peak bending moment increased by 40% 

and 171% under a 100 kN single wheel pair and a CL-625 single axle load, respectively, when 

0.3 m of cover was removed.  

In general, by reducing the cover, the benefits of positive arching were reduced and more force 

was transferred to the culvert. As expected, the results from the experiments on both CSP1 and 
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CSP2 have demonstrated that vehicle loads on the culverts become more critical at shallow burial 

depths.  

4.3.7 Failure test of specimen CSP1 

Because of their flexibility, corrugated steel pipes have various potential failure mechanisms. The 

ratio of the diameter to the radius of gyration of the pipe wall is often used to determine the 

expected failure mechanism (based on an analogy to inelastic column buckling).  CSP1 has a wall 

radius of gyration of 4.423 mm, and thus the D/r ratio is equal to 406. According to Handbook of 

Steel Drainage & Highway Construction Products (CSPI, 2009), the culvert is expected to fail 

under a combination of yielding and buckling when the D/r ratio falls between 294 and 500.  

However, use of pipe buckling models like that of Moore (1989) suggest that the inelastic column 

buckling analogy used in CSPI (2009) is not an effective means of including the possibility of 

yield and buckling.  

The applied force used in this section was the total applied force. Under the CL-625 load in test 

D1, a bearing failure occurred under the steel load pad (with a size of 250 × 600 mm). In order to 

avoid a bearing failure and to achieve the culvert’s ultimate response load, a wooden load pad 

with a size of 370 × 950 mm was used under the steel load pad to distribute the load over a larger 

bearing area and to prevent bearing failure before the ultimate capacity of the culvert was 

reached. Figure 4.17 shows the total change in diameter during the failure test (D2 test). The 

change in diameter shown is the accumulated diameter change from before backfilling. When the 

culvert reached its maximum surface live load at 340 kN, the change in vertical diameter was 

almost the same at the North and South locations of the string potentiometers. The culvert 

contracted 97 mm vertically and expanded 48.6 mm horizontally. At 340, the culvert reached its 
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maximum capacity to support surface loads. Once the 340 kN load was reached, the culvert began 

deflecting without being able to sustain higher loads, and the deformation continued to increase 

until the actuator load reduced to 200 kN. At 200 kN, the changes in diameter were -206 mm 

(vertically) and 57 mm (horizontally). Conventional buried flexible pipe mechanics indicates that 

ovaling deflections occur, where the magnitude of change in diameter is equal and opposite in the 

vertical and horizontal directions.  

Two factors likely caused the much higher decrease in vertical diameter observed in CSP1. 

Firstly, the shallow cover leads to local bending across the top half of the culvert due to live load 

(the effect of this local bending across the crown was seen earlier for both culverts responding to 

service live loads).  Figure 4.18 shows two images of the culvert under a load of 340 kN. Figure 

4.18a shows that there are significant local distortions at the crown associated with local bending 

across the top half of the structure.  However, Figure 4.18b shows that inward local buckling also 

occurred at the perforation area. That inward buckling occurred in the remaining thin strips of 

steel between the perforations at the haunch (with these strips failing in a mechanism analogous 

to columns subject to axial load), and is likely a second reason for decreases in vertical diameter 

that exceeded the increases in horizontal diameter.  

AASHTO (2007) uses the conventional serviceability (deflection) limit whereby culvert 

performance is considered inadequate if the percent deflection (change in diameter to original 

diameter) is greater than 5%. Failure of this deteriorated test culvert (marked by the peak load 

capacity) occurred at a vertical diameter decrease of approximately 97 mm (or 87.5mm after 

backfill), representing a diameter change of 5.3% (or 4.8% after backfill). This does not 

necessarily imply that a deteriorated culvert in the field experiencing 5% deflection is in grave 
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danger of failure, since in the test structure, the failure resulted from a very high axle load being 

applied on the ground surface.  

The total deflected shape with a magnification factor of 10 (Figure 4.19(a)) and the total crown 

deflection along the length of the culvert (Figure 4.19(b)) are plotted using the failure test results. 

Since no total station results were taken at the peak load (340 kN), this figure shows the 

deflection at 300 kN and the residual deflections upon unloading to 0 kN. The deflections at the 

crown are the most significant, and much less movement occurred at the springline. Once again 

the downward deflection in the deteriorated areas around the haunch (East side) have influenced 

the deflection of the culvert above the haunch and contributed a significant amount to the 

deflection at the west springline (16 mm to 25 mm). Figure 4.19(b) shows the deflection along the 

crown during the test. As expected, the displacements under the North and the South load pads 

were in good agreement (within 2%) and higher than the displacement at the centre under the 

single axle load.  

Figure 4.20 presents the total average strain (Figure 4.20(a)) and total curvature (Figure 4.20(b)) 

around the pipe circumference at 340 kN.  The average strains (and thus thrust forces) were 

significant at the crown and the East shoulder. The average strains, however, were very small in 

the perforation area. Figure 4.20(b) indicates that the curvature at the crown and East shoulder 

was significant compared to other locations. This was to be expected since this culvert had 

already experienced a significant increase in localized bending at lower loads and so it stands to 

reason that the local bending stresses would continue to increase as the load increases. The 

significant curvatures coupled with the unrecoverable deformations discussed earlier indicate that 

plastic hinges developed at the crown and shoulders.  
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Figure 4.21 presents the inward deflection of the culvert wall in the vicinity of the perforations at 

the haunch based on the PIV results, which shows the relationship between local wall buckling 

and ultimate capacity. The peak radial deflection was at 0.9m North (18.7mm) which was to be 

expected since this area was the most perforated due to corrosion and was directly below the load 

pad. PIV was also able to track tangential motion due to ‘axial contraction’ of the buckling wall 

segments (movement of one end of the local buckle towards the other). Tangential movements at 

locations 0.9m North, the Centre and 0.9m South were equal to 5.8 mm, 0.94 mm and 2.63 mm 

respectively (moving from the East haunch towards the invert). One can see that the onset of 

buckling in two out of the three locations occurs as the maximum load is reached. At 0.9 m 

South, buckling appears to have started earlier but has not resulted in the failure of the culvert and 

the structure continues to be able to support additional surface load until it failed at the total 

applied load of 340 kN. 

It is difficult to say whether the presence of this local buckling of the steel between the 

perforations caused the failure (i.e. the culvert reaching its maximum capacity to support surface 

loads), or whether the localized yielding in the crown discussed earlier controlled the ultimate 

strength of the culvert (independent of the localized buckling in the deteriorated area). However, 

if a field inspection of a heavily deteriorated structure were to reveal that local buckling is 

occurring in the remaining strips of steel between perforations (the distress seen in test culvert 

CSP1), this would suggest that the steel pipe has lost much of the circumferential (hoop) stiffness 

on which it normally relies, and it would be prudent to take immediate steps to ensure the culvert 

remains stable (road closure and culvert repair, for example). 
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Although specimen CSP1 proved to be less stiff than specimen CSP2, specimen CSP1 was able 

to carry the full working loads at shallow burial depth (both CL-625 and AASHTO design truck). 

Specimen CSP1 failed under a total single axle load of 340 kN with 0.6 m of cover, which was 

equal to 90% of the fully factored single axle loading for both Canadian and AASHTO design 

trucks. This experiment suggests that even heavily deteriorated culverts may have the required 

capacity and might not represent a safety risk to the public, though this test is for one specific 

culvert structure, and does not preclude the possibility that other deterioration patterns could 

produce unsafe structures. 

The behaviour of the test culverts may have been different if intact pavements were present to 

distribute the load. However, it is likely that at these loads significant damage to the pavement 

may also have occurred, reducing the ability of the pavement to spread the load. Of course, for 

rural roads that do not have pavement, the observed performance is believed to be representative 

of what would be observed in the field. Future research in this area should also investigate the 

impact of erosion (at the haunch) on the stability of deteriorated metal culverts under vehicle 

loads.  

4.4 Conclusions 

The responses of deteriorated metal culverts CSP1 and CSP2 were measured during backfilling 

and during the application of surface live loading using a single axle and a single wheel pair. 

CSP1 was a heavily corroded steel culvert and its remaining wall thicknesses on either side of the 

invert were 70% (West haunch) and 48% (East haunch) of the original values. CSP2, however, 

had light corrosion on both sides of the invert (e.g. remaining wall thicknesses of 83% at the West 

haunch and 90% at the East haunch). The side fill used for each specimen was different (e.g. 
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loose for CSP1 and dense for CSP2) in order to simulate poorly compacted soil surrounding  

CSP1 and well compacted soil surrounding CSP2 The standard Proctor values for the backfill 

material beside specimens CSP1 and CSP2 were 86.12% and 92.56% respectively. Both culverts 

were backfilled to 0.9 m cover and loaded under CL-625 and AASHTO design truck loads. The 

cover was reduced to 0.6 m and the loading regime was repeated.  

Both CSP1 and CSP2 exhibited similar behaviour during backfilling from the invert to the crown 

(e.g. they both contracted in the horizontal direction and expanded in the vertical direction). The 

change in horizontal diameter for CSP1 was 53% higher than that for CSP2, which was likely due 

to the lower stiffness of the more heavily corroded specimen. However, the responses of CSP1 

and CSP2 were completely different after the backfill height extended above the crown. 

Specimen CSP1 started to contract significantly in the vertical direction and expand in the 

horizontal direction while specimen CSP2 experienced very little change in diameter. This 

difference in behaviour was likely due to the substantially different stiffness of the fill supporting 

the sides of each specimen (CSP1 was backfilled with uncompacted sidefill, whereas the sidefill 

was compacted for CSP2).   

The experiments demonstrated a non-linear relationship between bending moment and applied 

force for all the experiments. However, the relationship between thrust and applied force tended 

to be linear except under the under single axle load with 0.6 m of soil cover, where the behaviour 

was non-linear. The thrust force in CSP2 was 71.6% and 27.2% higher than the thrust force in 

CSP1 under a 100 kN single wheel pair load with 0.9 m cover and a 90 kN single wheel pair load 

with 0.6 m cover, respectively. This is attributed to positive arching promoted by the combination 

of high stiffness soil at the ground surface and lower soil stiffness beside CSP1. The thrust forces 
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calculated from measured strains were very small in the corroded areas for CSP1. The results also 

indicated that both specimens did not fully recover after the initial load tests (e.g. the specimen 

CSP1 had residual bending moments of -0.696 kN.m/m and -0.404 kN.m/m during the single 

wheel pair load tests with 0.9 m cover and 0.6 m cover respectively). Under a single axle load of 

112 kN with 0.6 m cover, CSP1 contracted by 49 mm in the vertical direction while CSP2 

contracted by only 6.7 mm, likely due to the differences in both specimen and soil stiffnesses.  

The experiments confirmed the benefits of the surface load attenuation that occurs at deeper 

cover, as significantly more force reached the culvert when the cover was reduced by 0.3m to 

0.6m. The results suggest that both thrust force and bending moment were increased when 0.3 m 

of cover was removed. For instance, the thrust forces in CSP2 with 0.6 m cover were 63% and 

137.3% higher than the thrust force with 0.9 m cover under a 100 kN single wheel pair and the 

CL-625 single axle loads, respectively 

A significant decrease in system stiffness was observed for both CSP1 and CSP2 as loads 

increased from the AASHTO design truck load up to the CL-625 load (e.g. the incremental thrust 

forces changed from -106.6 kN/m to -151.0 kN/m in CSP2). This result suggests that it is perhaps 

due to shear failure in the soil, and thus the culvert is required to support more of the load.  

The results suggest that despite the shallow cover used in these experiments, the load from one of 

the single axle wheel pads influences the behaviour of the culvert under the other single axle 

wheel pad, more load spreading along the culvert than would be calculated using the load 

spreading functions specified in the current design codes. The changes in vertical diameter under 

a single axle load with 0.6 m cover for CSP1 and CSP2 were 400% (at 91 kN) and 257% (at 112 

kN) higher than for the same single wheel pair respectively.  
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At the peak force, CSP1 contracted by 87.5 mm in the vertical direction, which represented a 

diameter change of 4.8 % since after backfilling. However, this does not imply that all 

deteriorated or other corrugated steel culverts exhibiting a diameter change of 5% are on the 

verge of failure, since in this case the diameter change was the result of high surface live loads. 

During the failure test, the strips of steel between the perforations in the corroded area of the 

haunches began to buckle close to the ultimate load while at the same time a plastic hinge 

mechanism developed across the crown of the culvert. These results suggest that immediate steps 

should be taken to ensure the culvert remains stable if either yielding at the crown or local 

buckling in the corroded area of the culvert is noted during a visual inspection.  

Although CSP1 was a heavily deteriorated metal culvert (with 48% and 70% remaining wall 

thickness on either side of the invert), it was able to carry the single axle working load and did not 

fail until reaching 340 kN, which was equal to 90% of the fully factored single axle load based on 

both the Canadian and AASHTO design trucks. This result suggests that less deteriorated metal 

culverts (as compared to CSP1) may have the required capacity although CSP1 clearly did not. 

However, more research is required to conclude whether or not deteriorated metal culverts are 

able to carry the required loads and remain safe for the public. The effect of variables such as the 

level of corrosion and the amount of backfill erosion need to be explored further in order to better 

understand how much deterioration is too much deterioration. 
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Table 4.1 Test stages for surface loading and maximum load applied. 

Test Description kips kN 

A1 Single wheel pair at 0.9 m cover – CSP1  22.5 100 

A2 Single wheel pair at 0.9 m cover – repeat – CSP1 11.2 50 

B1 Single axle load at 0.9 m cover – CSP1 13.5 60 

B2 Single axle load at 0.9 m cover – repeat – CSP1 12.6 56 

C1 Single wheel pair at 0.6 m cover – CSP1 20.2 90 

C2 Single wheel pair at 0.6 m cover – repeat – CSP1 9.0 40 

D1 Single axle load at 0.6 m cover – CSP1 48.3 224 

D2 Single axle load with wooden load pads at 0.6 m cover – CSP1 76.4 340 

A3 Single wheel pair at 0.9 m cover – CSP2 22.5 100 

A4 Single wheel pair at 0.9 m cover – repeat – CSP2 24.0 107 

B3 Single axle load at 0.9 m cover – CSP2 48.1 214 

B4 Single axle load at 0.9 m cover – repeat – CSP2 48.1 214 

C3 Single wheel pair at 0.6 m cover – CSP2 22.5 100 

C4 Single wheel pair at 0.6 m cover – repeat – CSP2 25.2 112 

D3 Single axle load at 0.6 m cover – CSP2 50.4 224 

D4 Single axle load at 0.6 m cover – repeat – CSP2 50.4 224 

 

Table 4.2 Percentage remaining wall thickness for specimens CSP1 and CSP2. 

Section 
Specimen C1 Specimen C2 

West East West East 

0.9m South 74.5% 56.6% 75% 96% 

Centre 76.9% 40.2% 96% 96% 

0.9m North 64.6% 40.6% 90% 98% 

 

Table 4.3 Section properties for corrugated steel culvert, corrugation profile: 68 x 13 mm. 

Wall thickness 

(mm) 

Area, A 

(mm
2
/mm) 

Moment of inertia, I 

(mm
4
/mm) 

Section modulus, S 

(mm
3
/mm) 

1.12 1.209 22.61 3.27 

4.04 4.411 86.71 10.33 

4.50 4.870 95.28 11.44 
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Table 4.4 Backfill properties. 

 Specimen CSP1 Specimen CSP2 

Dry 

Density 

(g/cm
3
) 

Water 

Content 

(%) 

Standard 

Proctor  

(%) 

Dry 

Density 

(g/cm
3
) 

Water 

Content 

(%) 

Standard 

Proctor  

(%) 

Bedding 2.17 3.4 95 2.20 3 97 

Sidefill 1.97 4.1 86 2.17 3.3 92.6 

Cover 2.18 4.4 95.6 2.175 3.8 95.4 

 

Table 4.5 Comparisons between AASHTO and CHBDC of single wheel pair and single axle 

loads. 

 Unit AASHTO  CHBDC (CL-625) 

Normal force on single axle, PSA kN 145 187 

Normal force on single wheel 

pair, PSW 

kN 72.5 93.5 

Load path length, L mm 250 250 

Load path width, W mm 600 600 

Working force on single axle, 

PSA*(1+IM) 

   

600 mm (2 ft.) cover kN 182 224 

900 mm (3 ft.) cover kN 175 214 

1200 mm (4 ft.) cover  kN 169 203 

Working force on single wheel 

pair, PSW*(1+IM) 

   

600 mm (2 ft.) cover kN 91 112 

900 mm (3 ft.) cover kN 87.5 106 

1200 mm (4 ft.) cover  kN 84.5 101.5 
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Figure 4.1 Test set-up – side view. 

 

a) CSP 1      b)    CSP2  

Figure 4.2 Test specimens (insitu invert location shown with dashed lines). 
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Figure 4.3 Deflection of CSP1 and CSP2 during backfill. 
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Figure 4.4 Thrust force around the circumference at 0.9 m cover for (a)CSP1 and (b) CSP2. 
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Figure 4.5 Curvature and deflection around the circumference for CSP1. 
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Figure 4.6 Curvature and deflection around the circumference for CSP2. 
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Figure 4.7 Horizontal and vertical deflection of CSP1 and CSP2 during test with 0.9 m 

cover. 
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Figure 4.8 Thrust and bending moment around the circumference for CSP1 and CSP2 

during test with 0.9 m cover. 
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Applied force vs Thrust force (C1,C2)
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Figure 4.9 Maximum thrust force under live load for CSP1 and CSP2 with 0.9 m cover. 
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Applied force vs Bending moment (C2)
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Figure 4.10 Maximum bending moment under live load for CSP1 and CSP2 with 0.9m 

cover. 
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Figure 4.11 Total strains at the crown during test D1. 
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Figure 4.12 Bearing failure under load pads during test D1. 
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Culvert deflection with 2ft cover - C1 & C2
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Figure 4.13 Horizontal and vertical deflection under live load for CSP1 and CSP2 with 0.6 

m cover. 
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Figure 4.14 Average strain and curvature around the circumference for CSP1 and CSP2 

with 0.6 m cover. 
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Applied force vs Thrust force (C1,C2)
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Figure 4.15 Maximum thrust for CSP1 and CSP2 under live load with 0.6 m cover. 
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Applied force vs Bending moment (C2)
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Figure 4.16 Maximum bending moment for CSP1 and CSP2 under live load with 0.6 m 

cover. 
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Figure 4.17 Horizontal and vertical deflection of CSP1 during failure test. 
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a) CSP1 at after ULS test 

 

b) Local buckling at the perforation at 340 kN applied load 

Figure 4.18 Specimen CSP1 after test D2. 
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Figure 4.19 Deflection during ULS test of CSP1: (a) Deformed shape with a magnification 

factor of 10 and (b) Elevation along the crown. 
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Figure 4.20 Average strain and curvature around the circumference for CSP1 at 340 kN. 



 

117 

 

Buckling

Radial deflection (mm)

-5 0 5 10 15 20

A
p
p
li

ed
 f

o
rc

e 
(k

N
)

0

100

200

300

400

Radial deflection (in)

0.0 0.2 0.4 0.6

A
p
p
lied

 fo
rce (k

ip
s)

0

20

40

60

80

0.9m North

Centre

0.9m South

 

Figure 4.21 Radial deflection of deteriorated ribs at the haunch during the failure test. 

 

  



 

118 

 

Chapter 5 

Performance of Two-Dimensional Analysis: Deteriorated Metal Culverts 

under Surface Live Load 

5.1 Introduction 

In order to address the ever worsening issues surrounding infrastructure deterioration, many 

government agencies, such as DOTs, have conducted investigations over the years to study 

culvert stability and produced guidelines on culvert assessment. Most of these methods for culvert 

assessment are based on qualitative approaches primarily founded on visual inspection (Arnoult, 

1986). Visual inspection, whilst a critical part of the overall management strategy, has a large 

variability associated with it (Graybeal et al., 2003) and does not produce the quantitative data 

that is required to develop numerical models of a structure. Some DOTs (e.g. California and 

Utah) attempt to predict the culvert's service life using both pH and minimum resistivity values 

(Wyant, 2002); however these methods only provide general guidelines and do not address the 

stability of individual culverts. As such, an assessment method based on quantitative data needs 

to be developed to provide accurate estimates of the capacity of the deteriorated metal culvert, so 

that more effective management strategies can be developed.  

In order to do this, engineers require methods for measuring the remaining wall thickness in 

corroded culverts and numerical models to estimate the culvert’s stability with clear guidance on 

where to take measurements and how often. Methods that avoid coring the structure will clearly 

be preferable. However, validation work is also required to ensure that these models provide 

conservative and accurate predictions of culvert behaviour. Previous research (Chapter 3) has 
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demonstrated the effectiveness of using an ultrasonic thickness gauge to estimate the reduction in 

wall thickness due to corrosion. Work in the area of numerical modeling has focused on 

developing models to estimate the behaviour of new metal culverts under the effect of earth load 

and surface live load using finite element analysis (e.g. Taleb and Moore, 1999; Moore and 

Taleb, 1999). El-Taher and Moore (2008) conducted a numerical analysis using ABAQUS to 

study the stability of deteriorated metal culverts. In Chapter 2, a numerical analysis using both 

ABAQUS and CANDE to calculate the remaining structural capacity of deteriorated metal 

culverts under earth load at different burial depths was conducted. In order to evaluate these 

models, an experimental program was undertaken to measure the performance of two deteriorated 

steel culverts under live loading, as outlined in Chapter 4. 

In this chapter, a numerical evaluation exercise will be conducted using the results from the wall 

thickness survey of Chapter 3 combined with the experimental results from Chapter 4. In order to 

predict and calculate the remaining structural capacity of the two deteriorated metal culverts prior 

to testing, the numerical analysis was performed using two finite element packages: i) CANDE-

2007 (Mylynarski et al. 2008) and (ii) ABAQUS version 6.9 (Dassault Systèmes Simulia Corp. 

2009). The predicted results from ABAQUS and the post-test calculations results from CANDE 

will be compared to the experimental results to determine the accuracy of both packages in terms 

of estimating the remaining structural capacity of deteriorated metal culverts. The experimental 

results will also be compared to different design approaches including: i) the current American 

Association of State Highway and Transportation Officials (AASHTO) LRFD Bridge Design 

Specifications (AASHTO 2007) and ii)  the current Canadian Highway Bridge Design Code 

(CSA 2006). The comparison will be used to indicate whether or not the current culvert design 

methods can be used to estimate the stability of deteriorated metal culverts.  
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The first section of this chapter introduces the full-scale experiment, the finite element models 

and the design guidelines. The results from the finite element analysis and design approaches will 

then be presented. The methods will be compared to the experimental results in terms of both 

predicted deflections (serviceability) and thrust forces (strength). Finally, conclusions will be 

drawn regarding the effectiveness of finite element models and design codes.    

5.2 Test description 

5.2.1 Introduction 

Two-full scale deteriorated corrugated metal culvert specimens were tested under laboratory 

control. Two types of tests were performed: i) a preliminary culvert-only loading test was 

conducted on the most deteriorated specimen (denoted as CSP1) and ii) surface live load testing 

was undertaken on both specimens (CSP1 and the least deteriorated culvert specimen, denoted as 

CSP2).  

5.2.2 Specimens 

Both specimens had a diameter of 1.8 m and were 3 m long. The corrugation profile had an 

amplitude of 12.7 mm and a period of 67.7 mm. The intact wall thickness for both culverts was 

4.5 mm. Specimen CSP1 had extensive corrosion along both sides of the invert while specimen 

CSP2 had only light corrosion on either side of the invert. The average wall thicknesses along 

either side of the invert were 70% (West haunch) and 48% (East haunch) for CSP1 and 83% 

(West) and 90% (East) for CSP2. The wall thickness remained intact on the top of both culverts 

(from haunch to haunch). 
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5.2.3 Culvert-only load test 

Specimen CSP1 was placed in a trench excavated in the test pit, and a parallel plate loading test 

was conducted prior to burial. A wooden joist (150 mm by 150 mm) was placed on top of small 

bags of plaster of Paris that were placed between the crown and the wooden joist to evenly 

distribute the load along the length of the culvert. The change in vertical diameter during the load 

test was limited to 25 mm in order to limit the risk of structural damage to specimen CSP1. 

Figure 5.1(a) shows the set-up for the preliminary culvert-only loading test.   

5.2.4 Live load tests 

Both specimens, CSP1 and CSP2, were then buried in an 8 m long, 8 m wide and 3 m deep test 

pit. Both single wheel pair and single axle loads were used to simulate the effects of surface live 

load on the deteriorated metal culverts at different burial depths (0.9 m and 0.6 m cover). A steel 

pad 250 mm by 600 mm and two steel pads of that dimension set 1.8 m apart (centre to centre) 

were used to represent the single wheel pair and single axle loads respectively. Both culverts were 

loaded under working load for both the AASHTO (2007) design truck and CL-625 loads 

(CHBDC, 2006). Figure 5.1(b) shows the set-up during CSP1 tests with single axle and 0.6 m of 

cover. Details of the experiments are provided in Chapter 4. 

5.3 Finite element analysis 

5.3.1 Soil properties 

A different sidefill condition was used for specimen CSP1 versus CSP2 during backfilling to 

simulate the effects of significant soil deterioration and no soil deterioration, respectively. Table 

5.1 shows the backfill properties used in the two experiments. A well-graded sandy gravel at 95% 
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density relative to the maximum standard Proctor dry density (SW95) was used for all backfilling 

except the sidefill for CSP1 (density was assessed using a nuclear density gauge, which has been 

found to provide dry unit weight for this soil from 14% lower to 8% higher than a sand cone, 

Lougheed, 2008). The sidefill material for CSP1 was, on average, 86% of standard Proctor. The 

soil modulus for the 95% of standard Proctor fill was calculated according to the method 

proposed by Scott et al. (1977). The soil modulus for the sidefill around CSP1 was calculated 

based on confined pressure (Selig, 1990). The analysis neglected the possible effect of filling to 

0.9m, then excavating to 0.6m while estimated the soil modulus at 0.6 m cover. Even though the 

soil modulus between the sidefill and the bedding or the cover was different in the CSP1 

experiment, constant soil modulus with depth was assumed to simplify the finite element 

analysis. It would be more realistic to include a depth dependent soil modulus in the analysis, but 

the thrust force in the culvert is not sensitive to the soil modulus (e.g. the soil modulus is not 

included for the thrust force calculation given by AASHTO (2007)). Also, the investigation 

reported in Chapter 2 indicates that constant modulus led to simpler calculations and produced 

conservative thrust force.  

5.3.2 Culvert properties 

The section modulus, Ep, and the structural properties (cross-sectional area per unit length, Ap, 

and second moment of area per unit length, Ip) of the culvert wall in the circumferential direction 

influence the stability against yield of the deteriorated culvert (e.g. El-Taher and Moore, 2008). 

Two-dimensional analysis of a corrugated structure requires the culvert to be modeled as a plain 

shell, with equivalent section modulus, E , and equivalent wall thickness, t , converted from the 

section modulus and the wall thickness of the corrugated steel culvert using the following 

equations (El-Taher and Moore, 2008): 
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5.3.3 Corroded culvert properties 

Two finite element packages, CANDE and ABAQUS, were used to predict the remaining 

capacity of both deteriorated corrugated steel culverts prior to the experiments using two-

dimensional plane strain analysis. In both cases, beam elements were used to model the culvert as 

discussed in greater detail in Chapter 2.In order to construct a beam element model in ABAQUS, 

Equations 5-1 and 5-2 were used to calculate the equivalent elastic modulus and remaining wall 

thickness of a plain shell structure from the corrugated structure's properties. Table 5.2 introduces 

the structural properties, including the bending and hoop stiffness, used in both the ABAQUS 

(denoted as "Beam element approach") and CANDE (denoted as "Corrugation properties") 

analyses for CSP1. ABAQUS allows the user to define various thicknesses around the 

circumference and so the culvert model in ABAQUS uses the ultrasonic thickness gauge 

measurements of remaining wall thickness averaged over the length of each specimen. The 

haunch of the culvert was divided into 8 sections (denoted from S1 to S8 as illustrated in Figure 

5.2(a)), and the properties of those sections are specified in Table 5.2. The top of the culvert 

(from haunch to haunch) uses the "intact" properties in Table 5.2. Since the CANDE Level 2 

analysis only allows the user to define one thickness for the culvert, the average minimum 

thickness was used to model the whole culvert. While CANDE Level 3 analysis permits modeling 

of thickness variations, this makes the calculations considerably more difficult and almost all 

users likely employ Level 2 analysis only.  The current study uses ABAQUS for the more 
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complex conditions, and the CANDE calculations are used to represent a more widely available 

and straightforward approach (CANDE is available as a free download and is designed for non-

expert users). 

5.3.4 Interface and soil models 

Taleb and Moore (1999) performed an analysis on an intact metal culvert under earth load and 

found that the influence of slip across the soil-structure interface was small, and conservative 

answers result when it is neglected. Furthermore, an initial analysis was run in CANDE that 

allowed for slip using a coefficient friction of 0.3 and the thrust force from that analysis was 

found to be 12% lower than a similar analysis using a no-slip culvert-soil interface model. As 

discussed in Chapter 2, analyses based on elastic-plastic soil behaviour produced lower thrust 

forces in the culvert versus analyses based on elastic soil behaviour, and previous research has 

also indicated that the elastic solution produces a reasonable estimate of thrust (Burns and 

Richard, 1964; Moore, 2001). Hence, all the numerical analyses in this study use a bonded soil-

culvert interface assumption and an elastic soil model to minimize model complexity and provide 

conservative estimates of thrust.   

5.3.5 Elements 

Two types of models were developed in ABAQUS: i) the culvert-only model and ii) the buried 

culvert model. The culvert-only model was used to predict the performance of CSP1 during the 

preliminary loading test and to evaluate the accuracy of the CSP1 model (with varying wall 

thicknesses) in ABAQUS. The buried culvert model was used to predict the performance of both 

CSP1 and CSP2 during tests with 0.6 m and 0.9 m cover. The culvert in ABAQUS is represented 

using B22 elements, three-noded planar quadratic beam elements. The soil is represented by 
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CPE6M elements, two-dimensional six-node quadratic elements with hourglass control. All of 

these elements are available in the standard ABAQUS element library.  

CANDE Level 2 analysis was used to model the buried culvert (the culvert-only load test was not 

modeled). CANDE Level 2 analysis uses beam elements and provides an automated mesh. The 

user can also specify variations in soil properties for different layers (i.e. bedding, backfill, and 

overfill) and backfilling increments. The elements used to model the soil and the culvert in the 

CANDE Level 2 analyses are two-dimensional four-node elements.  

5.3.6 Boundary conditions and loading 

In order to simulate the effect of backfilling in ABAQUS for both CSP1 and CSP2, a culvert 

model was placed on the bedding, and then soil layers between the invert and the crown were 

turned on in 150 mm layers for CSP1 and 300 mm layers for CSP2. Layers of 300 mm thickness 

were used when backfilling above the crown for both specimens.  

For the culvert-only model in ABAQUS, the horizontal displacement was restrained at the invert 

and the crown while the vertical displacement was restrained at the invert. A uniform pressure 

with width of 150 mm (equal to the size of the wooden joist) was applied at the crown in order to 

simulate live load during the preliminary bending test for specimen CSP. The culvert-only model 

is shown in Figure 5.2(a). 

For the buried culvert model in ABAQUS, the vertical displacement was restrained along the 

bottom boundary and the horizontal displacement was restrained along the left and the right 

boundaries. A uniform pressure with width of 250 mm (equal to the width of the load pad) was 
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applied at the centerline of the model (at the soil surface and on top of the crown) to simulate the 

effects of live load with different burial depths.   

In order to convert three-dimensional surface live loads to two-dimensional live loads for use in a 

2-D FE model, an equivalent line load is calculated using the axle load and single wheel load 

taken over a spreading length in the third dimension. For the single axle load, two approaches for 

converting the 3-D load effects into a 2-D load were used: i) the approach originally associated 

with CANDE (Katona 1986) with a spreading factor of F = 1.33 and ii) the approach proposed by 

Moore (see Appendix E from McGrath et al. 1998) with spreading factors of F = 11.5 (ten times 

that specified by AASHTO, 2006) and F = 1.15 (the value specified by AASHTO for coarse 

grained backfills of this type) used to calculate deflection and thrust force, respectively. For the 

single wheel pair load, an approach developed by Petersen et al. (2010) was used to convert 3-D 

load effects into 2-D load.  

In CANDE, the trench backfill function was used for CSP1 while the homogenous backfill 

function was used for CSP2. The trench function allows the user to have different backfill 

properties, which was necessary to represent the different properties used for CSP1 (i.e. dense 

cover and bedding, and loose sidefill). The homogenous function allows the user to define only 

one type of soil which was adequate to model the CSP2 experiment. The surface live load was 

converted from 3-D into 2-D using the Katona (1976) spreading factor and the approach 

developed by Petersen et al. (2010) in the CANDE models for the single axle tests and single 

wheel pair tests, respectively.  

5.4 Calculations using design codes 

5.4.1 AASHTO 
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The AASHTO (2007) LRFD Bridge Design Specifications define the springline thrust as equal to 

half the soil prism load as given in Equation 5-3. 











2

S
PT                                                                                                                      (5-3) 

where: 

T  = factored thrust force per unit length, N/mm; 

S = culvert span, mm; and 

P  = factored crown pressure, MPa. 

Equation 5-3 could lead to unconservative estimates of thrust under the effects of earth load since 

the soil weight acting on the shoulder and the effects of soil-structure interaction during staged 

construction are not considered. The pressure at the crown elevation was calculated based on the 

depth of cover. Wheel loads are uniformly distributed over a rectangular area that is equal to the 

tire contacted area increased by a factor of 1.15 times the depth of cover.   

5.4.2 Canadian Highway Bridge Design Code (CHBDC) 

The CHBDC (CSA, 2006) thrust equation takes into account the weight of the soil above the 

shoulder and the soil-pipe interaction that develops during backfill. The thrust force per unit 

length from the CHBDC (CSA, 2006) is calculated using Equations 5-4 and 5-5 for dead and live 

load thrusts respectively. 

TD = 0.5(1.0-0.1Cs)AfW                                                                                                              (5-4) 

TL= 0.5 times the lesser of (Dh or lt) σLmf                                                                                                                               (5-5) 

where: 

T = maximum thrust in a conduit wall per unit length, kN/m; 
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Cs = the axial stiffness parameter; 

Af = factor used to calculate the thrust due to dead load in a conduit wall;  

W   = the weight of the column of earth above the conduit, kN/m; 

Dh  = horizontal dimension of the structures, m; 

lt = distance between the outermost axles including the tire footprints, m; 

σL = uniformly-distributed pressure at the crown of the structure, kPa; and 

mf = modification factor for multi-lane loading.  

The calculation based on the CHBDC procedure can also include the effect of reduced wall 

thickness in the dead load thrust calculation but not the live load thrust calculation. The 

distributed load at the crown was calculated based on a slope of one-to-one horizontal-to-vertical 

load spreading in the transverse direction of the culvert and a slope of one-to-two horizontal-to-

vertical load spreading in the longitudinal direction.    

5.5 Predictions from finite element models 

5.5.1 Deflection 

The single axle load in this chapter has been divided by two in order to provide load for an 

equivalent wheel pair for comparison purposes, unless otherwise stated. Figure 5.3 shows the 

change in diameter of CSP1 in both the vertical and horizontal directions during the preliminary 

culvert-only load test. Since the culvert contracted in the vertical direction and expanded in the 

horizontal direction, positive values and negative values for the deflection indicate the change in 

horizontal and vertical diameter, respectively. The analysis was performed to evaluate the culvert 

model prior to predicting the effects of backfill and surface live load on the soil-culvert system. 

The predictions from ABAQUS were conservative compared to the actual changes in culvert 
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diameter at all three measurement locations. The culvert model in ABAQUS was developed 

based on the average thickness measurements along the full length of specimen CSP1, and thus 

the predictions were expected to be an average of the measurements at different sections of CSP1. 

However, the predictions are in fact an upper bound estimate of the measured displacements. At 

the maximum applied load, the predicted diameter changes at the 0.9 m South location are 4.6% 

and 5.8% higher than the measured changes in the vertical and horizontal directions, respectively. 

One potential reason for the differences between the predictions and the measurements is the 

complexity of the geometry in the corroded regions. Using an average thickness potentially does 

not capture the effects of local behaviour in heavily corroded areas and any 3-D effects that may 

be present. That being said, considering the complexity of the geometry in the corroded regions, 

there was a relatively small difference between the prediction from ABAQUS and the 

experimental results and the overall behaviour was captured well. As such, the ABAQUS model 

will now be used to predict the changes in diameter and the thrust forces for the buried culvert 

experiments.  

The changes in diameter in both the horizontal and vertical directions under the single axle load 

are plotted in Figure 5.4 for specimen CSP1 and in Figure 5.5 for specimen CSP2 under 0.6 m of 

cover. The changes in diameter showed a similar trend but with differences in magnitude for a 

cover of 0.9 m and thus only the displacement results for the tests with 0.6 m cover are presented. 

The displacement results from the CANDE analysis were small and thus are not plotted in 

Figures 5.4 and 5.5.  

In Figure 5.4, it can be seen that the deflection predictions from ABAQUS using both the Katona 

(1976) and Moore (McGrath et al., 1998) spreading factors are both linear but the experimental 



 

130 

 

results are non-linear above applied loads of 50 kN. One potential reason for not capturing this 

non-linear behaviour is that the 2-D ABAQUS model did not correctly capture the complex 

effects of the perforations along the haunches as discussed for the culvert-only test. However, the 

primary reason is likely due to the use of linear elastic modeling in the ABAQUS analysis for 

both the culvert and soil behaviour, and so the significant non-linear behaviour of the actual 

culvert cannot be captured correctly by these models. The ABAQUS model also predicted that 

the horizontal and vertical displacements would be of a similar magnitude whereas the 

experimental vertical displacements were considerably higher (by a factor of 2.18) than the 

horizontal displacements (likely due to the local bending induced across the crown of the test 

culvert at this shallow cover). The displacement predictions using Katona's spreading factor are 

conservative compared to the experimental results for applied loads less than 75 kN per wheel 

pair. However, the measured changes in vertical diameter were 22.2% and 107.9% higher than 

the predictions using Katona's spreading factor under the AASHTO design truck load and the CL-

625 load, respectively. The horizontal displacement predictions using Katona's spreading factor 

were 63.18% and 1.93% higher than the experimental results under the same loading conditions. 

The predictions obtained using the Moore approach are much better at low load levels, but, as 

explained earlier, fail to capture the nonlinear effects that resulted in the experiments.  

In Figure 5.5, it can be seen that the ABAQUS models with both spreading factors, Katona and 

Moore, once again predict a linear relationship between applied force and deflection, and use of 

the Moore spreading factors correlate well with the observed experimental behaviour up to an 

applied load of approximately 70 kN. However, above this load the culvert behaviour again 

becomes non-linear and so the linear models do not capture this behaviour (including the 

significant increase in displacements from -3.5 mm to -6.6 mm between 91 kN, the AASHTO 
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design truck load, and 112 kN, the CL-625 load). Also presented in this figure is the displacement 

of CSP2 during the 2
nd

 load cycle (both load cycles went up to 112 kN). The rate of change in 

vertical culvert diameter for the 2
nd

 load cycle was smaller than for the 1
st
 load cycle. This can be 

explained by the increased stiffness of the soil-culvert system created by compaction of the soil 

under loading during the first load cycle. When the displacements from this second load cycle are 

compared to the ABAQUS model with the Moore spreading factor, there is much better 

agreement between the two values at loads below 70 kN, and above 70 kN, the culvert response is 

much closer to linear, and thus also shows better agreement with the ABAQUS output. 

Predictions using the Katona spreading factor, however, were consistently conservative compared 

to experimental results in all cases (i.e. 32% higher at the peak applied load during the 1
st
 load 

cycle). 

5.5.2 Thrust force 

Figure 5.6 shows the maximum incremental thrust force along the circumference of CSP1 during 

tests with a single wheel pair and 0.9 m of cover. The equivalent line load used in finite element 

analysis, both CANDE and ABAQUS, for single wheel pair load was based on the approach 

developed by Petersen et al. (2010). Even though the results from CANDE are more conservative 

than the experimental results, the predicted thrust forces are closest to the experimental results 

(e.g. 0% and 7.8% higher under 60 kN and 100 kN respectively) despite the use of the minimum 

culvert thickness for the entire culvert. The thrust forces calculated using CANDE were all within 

5% of the ABAQUS results. The calculated thrust forces from the CHBDC and ABAQUS were 

36.2% and 11.6% higher than the experimental results under a 100 kN single wheel pair, 

respectively. The AASHTO results were the most conservative compared to the experimental 

results (e.g. the thrust force from AASHTO was 99.4% higher than experimental result at 100 
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kN). The location of the maximum experimental thrust force was at the crown whereas both 

CANDE and ABAQUS predicted the maximum force would occur at the shoulder. The maximum 

calculated thrust forces using AASHTO and CHBDC are both assumed to be located at the 

springline.  

Figure 5.7 shows the maximum incremental thrust force for CSP1 during single axle load tests 

with 0.6 m cover. The maximum thrust force from the finite element models and the design code 

calculations show a linear increase with increasing surface live load, which is to be expected from 

linear elastic models. However, the relationship between experimental thrust force and applied 

force was non-linear and showed a dramatic increase in thrust with applied force between 50 kN 

to 85 kN (going from -87.3 kN/m to -204.5 kN/m). After 85 kN, the crown of the section directly 

under the applied load had yielded (the total strain was approximately 1400 µɛ at this load), 

which further indicated that the use of elastic models for this specimen under these loads is not 

appropriate. The experimental thrust forces after yield (at 85 kN) are not shown in this figure.         

Figures 5.8 and 5.9 show the maximum incremental thrust force in CSP2 during single axle load 

tests with 0.9 m and 0.6 m cover, respectively. All the numerical models predicted a linear 

response, which in this case was in good agreement with the experimental results up until the 

AASHTO design truck load. After that load, the culvert response is non-linear while all the 

models continue to indicate a linear response. Both loading cycles for the specimen are plotted on 

the figure and the AASHTO equations produce values of thrust that were accurate in terms of 

capturing the thrust forces during the first load cycle for the test with 0.9 m cover. For example, 

the thrust force from the AASHTO equations was 16.4% lower than the experimental thrust force 

at a surface live load of 87.5 kN. However, AASHTO produced unconservative thrust force 
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compared to experimental results at shallow burial depth (0.6m cover), Figure 5.9. For instance, 

the calculated thrust forces using AASHTO were 35.8% lower than the experimental thrust force 

under AASHTO design truck load. The CHBDC significantly underestimated the experimental 

thrust force for CSP2 (i.e. 50.3% and 68.9% lower at CL-625 loads with 0.9m and 0.6m cover, 

respectively) . CANDE produced the most accurate thrust force values compared to the 

experimental results during the 1
st
 loading cycle at 0.9 m cover (i.e. 9.8% higher and 2.2% lower 

than the experimental results at applied loads of 87.5 kN and 106 kN). However, during the 

second load cycle CANDE did not predict the non-linear plastic behaviour of the culvert but 

produced reasonable thrust force values beyond 87.5 kN (within 10%). Although CANDE 

produced a value of thrust that was 20.7% lower than experimental thrust force at 112 kN in the 

1st load cycle during test with 0.6m cover, results using CANDE were in good agreement (all 

within 6%) with experimental results prior to the CL-625 load in the 1st load cycle. The 

ABAQUS models using both the Katona and Moore spreading factors were conservative 

compared to the experimental results except during the first portion of the second load cycle for 

tests with both covers. ABAQUS using the Moore spreading factor produced a value of thrust that 

was 12.8% higher than experimental thrust force under the AASHTO design truck load during the 

2
nd

 load cycle of the test with 0.9m cover. Even though predicted results using Katona's spreading 

factor were conservative for the 1
st
 load cycle during the test with 0.6m cover (beyond CL-625 

load), it underestimated the thrust force when the surface live load was equal or greater than the 

75 kN during the 2
nd

 load cycle (i.e. 12.7% lower than experimental thrust force at 112 kN). 

Results using ABAQUS with Katona and Moore spreading factors agreed with the experimental 

results beyond AASHTO design truck during 2
nd

 load cycle with 0.9 m cover and 0.6 m cover 

respectively.  
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All the models used in this study produced linear relationships between thrust force and applied 

load whereas the experimental results demonstrated non-linear behaviour especially at higher 

loads or advanced levels of deterioration. None of the models were able to capture the yielding 

that occurred during the CSP1 tests with 0.6 m cover. Generally the AASHTO and CHBDC 

design equations underestimated the thrust forces as compared to the experimental results except 

for the CSP1 test with the single wheel pair and 0.9 m cover. Since CSP2 was a properly installed 

and essentially intact culvert, this result suggests that the code predictions may in fact be 

unconservative. The ABAQUS model using the spreading factor recommended by Moore (the 

current AASHTO approach for live load spreading with depth) produced the most conservative 

results in all loading cases and in most cases (other than the CSP1 test with 0.9 m cover) it 

produced a conservative upper bound to the thrust forces. The CANDE and ABAQUS models 

that employed both Katona's spreading factor and the approach developed by Petersen et al. 

(2010) produced similar and in general the most accurate, although sometimes unconservative, 

results. These results suggest that heavily deteriorated culverts cannot be adequately modeled 

with current methods and that CANDE can be used in favour of more complex analysis packages 

to predict the thrust forces for relatively intact culvert structures. However, it also important to 

note that CANDE significantly underestimated the culvert deflections and so may not be an 

appropriate choice for assessing serviceability. 

5.6 Conclusions 

The responses of two deteriorated metal culverts, CSP1 and CSP2, under live loads were 

predicted using numerical analysis and calculated using design code equations. The percentages 

of wall thickness remaining on either side of the invert were 70% (West haunch) and 48% (East 

haunch) for CSP1, and 83% (West haunch) and 90% (East haunch) for CSP2. Two types of 
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experiments were modeled in this investigation: i) a culvert-only load test of CSP1 and ii) a 

buried culvert with surface live load test for CSP1 and CSP2. Two finite element analysis 

packages, CANDE and ABAQUS, were used with linear elastic soil models and two different 

sidefill conditions (loose for CSP1 and dense for CSP2). For the single axle load, the Katona 

(1976) live load spreading factor was used with both ABAQUS and CANDE, while the Moore 

(McGrath et al., 1998) spreading factors were used with ABAQUS to convert the 3-D surface 

load into a 2-D line load. The approach developed by Petersen et al. (2010) was used to convert 

3-D surface load to a 2-D line load for the single wheel pair tests. The culvert displacement and 

thrust forces from each of these analyses were compared to the experimental results. The 

AASHTO and CHBDC design equations were also used to predict the thrust force in both culvert 

specimens, and these were also compared to the measurements.  

The culvert models in ABAQUS were developed based on the average ultrasonic thickness 

measurement along the full length of the specimens, and the model produced a value of deflection 

that was an upper bound estimate of measured deflection. The culvert-only model provided 

deformations within 6% compared to measured defections, and was thus used in the buried 

culvert models. Since all the analysis techniques employed linear elastic material models, they 

were unable to capture the non-linear behaviour seen in the experiments, especially the highly 

nonlinear response observed for specimen CSP1. The deflection results from ABAQUS using 

Moore's spreading factor captured the linear elastic deflection behaviour but were unconservative 

compared to the experimental results once the behaviour became non-linear. The deflection 

results from ABAQUS using Katona's spreading factor in general provided a very conservative 

upper bound to the deflection results when the culvert was in the linear elastic range, but 

performed better once nonlinear deformations occurred (though it did not capture the non-linear 



 

136 

 

nature of the CSP1 deflections ). The comparisons of predicted and observed deflections suggest 

that ABAQUS analysis using the Moore spreading factor performs best when predicting the 

linear elastic deflection behaviour under the first load cycle, or incremental response during 

subsequent load cycles, but that Katona's spreading factor provided a better upper bound to the 

displacement measurements, when inelastic response during the first load cycle requires 

consideration (though this may not be relevant to a culvert that has deteriorated after years of 

service).  

The finite element analyses in general produced conservative values for the thrust forces but none 

of the models captured the yielding behaviour of CSP1 at 0.6 m of cover. The ABAQUS analysis 

using Moore's spreading factor (the current load-spreading approach specified by AASHTO for 

coarse grained soils) produced the most conservative thrust force results and for most cases 

represented an upper bound. An approach developed by Petersen et al. (2010) specifically for 

wheel pairs produced a value of thrust that was in good agreement and conservative compared to 

measured thrust force .For axle loading, the Katona spreading factor, used either with CANDE or 

ABAQUS, produced similar results that were, in general, the most accurate (they were less 

conservative than those based on the Moore spreading factors currently specified by AASHTO). 

This suggests that CANDE could be used in this manner to predict thrust forces in less 

deteriorated metal culverts.  

Incremental thrust forces obtained using the CHBDC design equations were unconservative for 

most of the tests (except the CSP1 test with 0.9m of cover) while the AASHTO design equations 

produced unconservative results at shallow burial depth and at high surface live loads (i.e. loads 

greater than the AASHTO design truck load on CSP2 with 0.9 m cover). Under the CL-625 load, 



 

137 

 

the CHBDC design equations produced estimated thrust forces that were 50.3% and 68.9% lower 

than the experimental thrust forces in CSP2 at 0.9 m and 0.6 m cover, respectively. At the same 

burial depth, results from the AASHTO method were 16.4% and 35.8% lower than the 

experimental results for CSP2 under the single axle AASHTO design truck. Based on the current 

results, the use of either CANDE or ABAQUS with either the Katona or Moore spreading factor 

for single axle load and the Petersen et al. approach for single wheel pair load would seem to be 

appropriate approaches for assessing existing culverts. However, more work is required to 

produce accurate models for severe deterioration. 
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Table 5.1 Backfill properties for CSP1 and CSP2. 

 Specimen CSP1 Specimen CSP2 

 0.6 m cover 0.9 m cover 0.6 m cover 0.9 m cover 

Bedding and Cover 

Density (kN/m
3
) 21.30 21.30 21.90 21.90 

Modulus of elasticity  (MPa) 60 60 60 60 

Poisson’s ratio  0.3 0.3 0.3 0.3 

Sidefill 

Density (kN/m
3
) 17.94 17.94 21.90 21.90 

Modulus of elasticity  (MPa) 11 13 60 60 

Poisson’s ratio  0.3 0.3 0.3 0.3 

Table 5.2 Bending stiffness (EI) and hoop stiffness (EA) of corrugated and plain shell 

section for CSP1. 

 Beam Element Approach Corrugated Section 

 
E

(GPa) 

t   

(mm) 

EI x10
3
 

(Nm
2
/m) 

EA x10
6 

(N/m) 

E
(GPa) 

t   

(mm) 

EI x10
3
 

(Nm
2
/m) 

EA x10
6 

(N/m) 

S1  51.48 15.30 15.34 787.26 200 3.64 15.34 787.26 

S2  46.88 15.30 13.92 716.13 200 3.31 13.92 716.13 

S3  53.36 15.30 15.93 816.49 200 3.78 15.93 816.49 

S4  61.66 15.30 18.50 945.04 200 4.37 18.50 945.04 

S5  57.32 15.30 17.15 877.78 200 4.06 17.15 877.78 

S6  36.98 15.20 10.85 562.61 200 2.60 10.85 562.61 

S7  33.52 15.20 9.76 507.96 200 2.35 9.76 507.96 

S8  48.92 15.30 15.55 747.63 200 3.46 15.55 747.63 

Intact 63.61 15.30 19.10 975.17 200 4.51 19.10 975.17 
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(a)                                                             (b) 

Figure 5.1 Pipe preparation for testing, CSP1: a) Culvert-only test and b) CSP1 tests with 

single axle and 0.6 m cover. 
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Figure 5.2 Finite element in ABAQUS, culvert only model. 
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Figure 5.3 Deflection of CSP1 during preliminary bending test.  
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CSP1 SA with 2ft cover
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Figure 5.4 Horizontal and vertical deflection of CSP1 during test with axle load and 0.6 m 

cover. 
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CSP2 SA 2ft cover
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Figure 5.5 Horizontal and vertical deflection of CSP2 during test with axle load and 0.6 m 

cover. 
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Figure 5.6 Maximum thrust force under live load for CSP1 with single wheel pair and 0.9 m 

cover. 
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Figure 5.7 Maximum thrust force under live load for CSP1 with axle load and 0.6 m cover. 
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Figure 5.8 Maximum thrust force under live load for CSP2 with axle load and 0.9 m cover. 



 

148 

 

CSP2 SA 2ft 

Applied force (kN)

0 20 40 60 80 100 120 140 160

T
h
ru

st
 f

o
rc

e 
( 

k
N

/m
)

-180

-160

-140

-120

-100

-80

-60

-40

-20

0

Applied force (kips)

0 5 10 15 20 25 30 35

T
h
ru

st
 f

o
rc

e 
(k

ip
/f

t)

-12

-10

-8

-6

-4

-2

0

Katona 

Moore 

CANDE 

Experiment-1st 

AASHTO 

CHBDC 

Experiment-2nd 

Col 15 vs Col 16 

CANDE

CHBDC

AASHTO

Moore

Experiment 1st

Experiment 2nd

Katona

 

Figure 5.9 Maximum thrust force under live load for CSP2 with axle load and 0.6 m cover. 
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Chapter 6 

Discussion and Conclusions 

6.1 Discussion 

The stability of deteriorated metal culverts under the effects of earth load was studied using two 

finite element analysis packages: ABAQUS and CANDE. The results from the analyses were 

compared to two design methods (i.e. CHBDC and AASHTO) to determine which method 

produced the most conservative thrust forces for a given burial depth and level of deterioration 

due to corrosion. An ultrasonic thickness gauge was used to measure the remaining wall thickness 

of two deteriorated metal culverts, and those measurements were used to develop a two-

dimensional finite element model that was used to predict the remaining structural capacity of 

deteriorated metal culverts. Large-scale experiments on two deteriorated metal culverts were 

conducted to evaluate the predictions from the finite element analysis and to study the response of 

the culverts under surface live loads at different burial depths. A procedure to assess the stability 

of deteriorated metal culverts was developed based on quantitative data: 

1. Measure the diameter of the culvert. 

2. Determine the height of the cover depth.   

3. Measure the period and amplitude of the corrugation profile. 

4. Measure the remaining wall thickness using an ultrasonic thickness gauge:  

a. Create a grid over the length of the culvert. The distance between two 

measurement points in the circumferential direction should equal the period of 
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the corrugation profile in corroded areas and three times the period of the 

corrugation profile in the intact area; distances between points in the longitudinal 

direction should equal the period of the corrugation. Measurements should be 

taken in areas that do not look corroded in case corrosion of the culvert is present 

on the soil side. 

b. Clean the surface at each measurement location by using sand paper or wire 

brush to remove any dirt or corrosion product and then wipe the steel surface to 

remove any dust.  

c. Calibrate the ultrasonic device for the type of steel being measured. 

d. Apply acoustic coupling gel to the surface to improve the contact between the 

steel surface and the sensor. 

e. Perform the measurements over the marked grid and record the results.  

f. Average the data points together over the effective length (defined in section 6 

below) in order to develop average or 2-D wall thickness for use in the analysis. 

5. Identify the soil properties for bedding, sidefill and cover (including unit weight, 

elastic modulus and Poisson’s ratio).  

6. Create the finite element model: 

a. Identify the effective length of the culvert for either a single wheel pair or single 

axle load. For well graded coarse grained soil, the effective length of the culvert 
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is equal to the tire contact length parallel to the pipe axis increased by a factor of 

1.15 times the depth of cover.  

b. If the finite element analysis program ABAQUS is used, a series of beam 

elements around the circumference should be used to model the deteriorated 

culvert. The equivalent elastic modulus and remaining wall thickness of a plain 

shell structure can be calculated from the corrugated structure's properties using 

equations 5-1 and 5-2. 

c. If the finite element analysis program CANDE is used, the minimum average 

wall thickness averaged along the effective length parallel to the axis at any point 

around the culvert circumference is used.  

7. Convert the three-dimensional surface live loads to equivalent two-dimensional line 

loads by the following method: 

a. To predict the deflection of the culvert either of the following spreading factors 

can be used for single axle loads (but not for a single wheel pair): 

i. Katona's spreading factor, F = 1.33 (preferred for deflection at ultimate load).  

ii. Moore's spreading factor, F = 11.5 (preferred for deflection at service load).  

b. To predict the thrust forces in the culvert, the following approaches may be used: 

i. If the thrust force due to a single wheel pair is required, the equivalent line 

load is calculated using the method developed by Petersen et al. (2010). 



 

152 

 

ii. If the thrust force due to a single axle load is required, the spreading factors 

proposed by either Katona or Moore could be used. Moore's spreading factor, 

F=1.15, is the same as current AASHTO practice, and produces a conservative 

upper bound of the thrust forces. Katona's spreading factor, F=1.33, produces 

less conservative thrust force results as compared to Moore's predictions but 

are more accurate when compared with the experimental results.  

8. Choice of finite element analysis program: 

a. To predict deflections: the use of ABAQUS is recommended since CANDE 

significantly underestimated the observed experimental deflections. 

b. To predict thrust forces: the use of CANDE for less deteriorated steel culverts is 

recommended since CANDE produces similar results to ABAQUS but is more 

user friendly.  

9. Values for use in assessment: evaluate the deteriorated culvert under both single wheel 

pair and single axle loads and then choose the most conservative results.  

6.2 Conclusions 

6.2.1 Experimental results 

An initial verification study of the ultrasonic thickness gauge was conducted on two 1.8m 

diameter deteriorated steel culverts that had been exhumed from the field. Overall, the gauge 

produced similar results to a micrometer during the verification process. It was found that in order 

to produce accurate measurements, the corrosion product should be removed by sanding small 
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areas on the culvert in the area where readings will be taken. The thickness gauge produced 

results that were in good agreement with a micrometer for material that was intact or moderately 

corroded. However, the results from the thickness gauge did not correlate well with the 

micrometer readings in heavily corroded areas due to the poor condition of the steel surface. It 

was concluded that the ultrasonic thickness gauge can be used to provide the necessary thickness 

data for use in a numerical assessment.  

Both CSP1 and CSP2 contracted in the horizontal direction and expanded in the vertical direction 

during the placing of backfill from the invert to the crown elevation, but the change in horizontal 

diameter for CSP1 was 53% higher than that for CSP2, which was likely due to the lower 

stiffness of the more deteriorated steel culvert. However, the responses of both specimens were 

completely different when the backfill height was above the elevation of the crown.  Specimen 

CSP1 started to contract significantly in the vertical direction and to expand in the horizontal 

direction, while specimen CSP2 experienced very little change in diameter. This difference in 

behaviour was likely due to the difference in stiffness of the fill supporting the sides of each 

specimen.   

The experiments demonstrated a non-linear relationship between bending moment and applied 

force for all the experiments. However, the relationship between thrust and applied force tended 

to be linear except under the single axle load with 0.6 m of soil cover, where the behaviour was 

non-linear. The thrust force in CSP2 was 71.6% and 27.2% higher than the thrust force in CSP1 

under a 100 kN single wheel pair load with 0.9 m cover and a 90 kN single wheel pair load with 

0.6 m cover, respectively. This is attributed to positive arching promoted by the lower soil 

stiffness beside CSP1. The thrust forces calculated from measured strains were very small in the 
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corroded areas for CSP1. The results also indicated that both specimens did not fully recover after 

the initial load tests (e.g. the specimen CSP1 had residual bending moments of -0.696 kN.m/m 

and -0.404 kN.m/m during the single wheel pair load tests with 0.9 m cover and 0.6 m cover 

respectively). Under a single axle load of 112 kN with 0.6 m cover, CSP1 contracted by 49 mm in 

the vertical direction while CSP2 contracted by only 6.66 mm, likely due to the differences in 

both specimen and soil stiffness. The experiments confirmed that more force was transferred to 

the culvert in the case of shallow burial depth (0.6 m cover), and the results suggest that both 

thrust forces and bending moments in the culvert were increased if 0.3 m of cover was removed. 

For instance, the thrust forces in CSP2 with 0.6 m cover were 63% and 137.3% higher than the 

thrust forces with 0.9 m cover under a 100 kN single wheel pair and the CL-625 single axle loads, 

respectively. 

The results also suggest that despite the shallow cover used in these experiments, the load from 

one of the single axle wheel pads influences the behaviour of the culvert under the other single 

axle wheel pad, resulting in more load spreading along the culvert than would be calculated using 

current design codes. The changes in vertical diameter under a single axle load with 0.6 m cover 

for CSP1 and CSP2 were 400% (at 91 kN) and 257% (at 112 kN) higher than at the same loads 

for a single wheel pair.  

At the peak force during ULS test, CSP1 contracted by 87.5 mm in the vertical direction, which 

represented a change in the diameter after backfilling of 4.8 %. However, this does not imply that 

all deteriorated culverts that experience a diameter change of approximately 5% are on the verge 

of failure because the failure of CSP1 (at the diameter change of 4.8%) in the experiment was the 

result of high surface live loads. During the failure test, the small strips of steel between the 
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perforations in the corroded area of the haunches began to buckle near the ultimate load while at 

the same time a plastic hinge mechanism developed across the crown of the culvert. These results 

suggest that immediate steps should be taken to ensure the culvert remains stable if either 

yielding at the crown or local buckling in the corroded area of the culvert is noted during a visual 

inspection. Although CSP1 was a heavily deteriorated metal culvert (with 48% and 70% 

remaining wall thickness on either side of the invert), it was able to carry the single axle working 

load and did not fail until reaching 340 kN, which was equal to 90% of the fully factored single 

axle load based on both the Canadian and AASHTO design trucks. This result suggests that less 

deteriorated metal culverts (as compared to CSP1) may have the required capacity although CSP 

1 clearly did not. However, more research is required to conclude whether or not deteriorated 

metal culverts are able to carry the required loads thus ensuring public safety.  

6.2.2 Numerical analysis results 

The finite element analysis indicated that models based on elastic-plastic soil behaviour produced 

lower thrust forces in the culvert when compared to models based on elastic soil behaviour. 

However, the difference in thrust force was less than 10% and since the elastic approach was 

conservative there seems to be little benefit to using a more complex elastic-plastic model (at 

least for cases where only earth loads are considered). 

Results obtained using design codes were all unconservative compared to the results from the 

numerical analyses when comparing the predicted thrust forces for deteriorated steel culverts 

under the effects of earth loading. The CHBDC (CSA 2006) and the proposals of McGrath et al. 

(2002) produced estimates of thrust force for a 4m diameter deteriorated culvert (with a 

remaining wall thickness of 12.5%) that were about 24% and 15% lower than the finite element 
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analyses at a burial depth of 1.5m and 3m, respectively. The current AASHTO equation provided 

thrust values that were about 46% and 33% lower than the finite element analyses at those burial 

depths. Although the thrust forces from CANDE were slightly lower than those produced by 

ABAQUS, the two programs were in reasonably good agreement suggesting that CANDE could 

be used to estimate the reduced thrust forces due to corrosion.  

The culvert models in ABAQUS were developed based on the average ultrasonic thickness 

measurement along the full length of the specimens, and the model produced a value of deflection 

that was an upper bound estimate of measured deflection. The culvert-only model provided 

deformations within 6% compared to measured defections, and was thus used in the buried 

culvert models. Since all the analysis techniques employed linear elastic material models, they 

were unable to capture the non-linear behaviour seen in the experiments, especially the highly 

nonlinear response observed for specimen CSP1. The deflection results from ABAQUS using 

Moore's spreading factor captured the linear elastic deflections behaviour but were 

unconservative compared to the experimental results once the behaviour became non-linear. The 

deflection results from ABAQUS using Katona's spreading factor in general provided a very 

conservative upper bound to the deflection results when the culvert was in the linear elastic range, 

but performed better once nonlinear deformations occurred (though it did not capture the non-

linear nature of the CSP1 deflections ). The comparisons of predicted and observed deflections 

suggest that ABAQUS analysis using the Moore spreading factor performs best when predicting 

the linear elastic deflection behaviour under the first load cycle, but that Katona's spreading factor 

provided a better upper bound to the displacement measurements, when inelastic response during 

the first load cycle requires consideration (though this may not be relevant to a culvert that has 

deteriorated after years of service).   
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The finite element analyses in general produced conservative values for the thrust forces but none 

of the models captured the yielding behaviour of CSP1 at 0.6 m of cover. The ABAQUS analysis 

using Moore's spreading factor (the current load-spreading approach specified by AASHTO for 

coarse grained soils) produced the most conservative thrust force results and for most cases 

represented an upper bound. An approach developed by Petersen et al. (2010) specifically for 

wheel pairs produced a value of thrust that was in good agreement and conservative compared to 

measured thrust force. For axle loading, the Katona spreading factor, used either with CANDE or 

ABAQUS, produced similar results that were, in general, the most accurate (they were less 

conservative than those based on the Moore spreading factors currently specified by AASHTO). 

This suggests that CANDE could be used in this manner to predict thrust forces in less 

deteriorated metal culverts.  

Incremental thrust forces obtained using the CHBDC design equations were unconservative for 

most of the tests (except the CSP1 test with 0.9m of cover) while the AASHTO design equations 

produced unconservative results at shallow burial depth and at high surface live loads (i.e. loads 

greater than the AASHTO design truck load on CSP2 with 0.9 m cover). Under the CL-625 load, 

the CHBDC design equations produced estimated thrust forces that were 50.3% and 68.9% lower 

than the experimental thrust forces in CSP2 at 0.9 m and 0.6 m cover, respectively. At the same 

burial depth, results from the AASHTO method were 16.4% and 35.8% lower than the 

experimental results for CSP2 under the single-axle AASHTO design truck. Based on the current 

results, the use of either CANDE or ABAQUS with either the Katona or Moore spreading factor 

for single axle load and the Petersen et al. approach for single wheel pair load would seem to be 

appropriate approaches for assessing existing culverts. However, more work is likely required to 

produce accurate models for severe deterioration. 
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Appendix A 

Input Data for Numerical Analysis 

The following table details the input data used to perform numerical analysis in both the "block of 

soil" and "staged construction" approaches in Chapter 2, as well as the thrust force results from 

the "staged construction" analysis of undeteriorated pipe.  

Table A.1 Data input for D= 4m and H = 3m with 100% t in ABAQUS. 

Thickness remaining, % 100.00% 

Unit Weight, kN/m
3
 22.00 

Cover, m 3.00 

Vertical Load, kPa 66.00 

Poisson's Ratio 0.25 

Ko 0.33 

Horizontal Load, kPa 23.10 

Soil Modulus, MPa 16.90 

Diameter, m  4.00 

Equivalent wall thickness, t', mm 60.00 

Equivalent section modulus, E', kPa 11,740.00 

Maximum thrust force, kN -229.76 

 

Table A.2 Data input for D= 4m and H = 1.5m with 100% t in ABAQUS. 

Thickness remaining, % 100.00% 

Unit Weight, kN/m
3
 22.00 

Cover, m 1.50 

Vertical Load, kPa 33.00 

Poisson's Ratio 0.25 

Ko 0.33 

Horizontal Load, kPa 11.55 

Soil Modulus, MPa 16.90 

Diameter, m  2.00 

Equivalent wall thickness, t', mm 60.00 

Equivalent section modulus, E', kPa 11,740.00 

Maximum thrust force, kN -142.18 
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Table A.3 Data input for D = 4m and H = 10m with 100% t in ABAQUS. 

Thickness remaining, % 100.00% 

Unit Weight, kN/m
3
 22.00 

Cover, m 3.00 

Vertical Load, kPa 66.00 

Poisson's Ratio 0.25 

Ko 0.33 

Horizontal Load, kPa 23.10 

Soil Modulus, MPa 16.90 

Diameter, m  4.00 

Equivalent wall thickness, t', mm 60.00 

Equivalent section modulus, E', kPa 11,740.00 

Maximum thrust force, kN -657.77 

 

Table A.4 Data input for D = 4m and H = 3m with 12.5% t in ABAQUS. 

Thickness remaining, % 12.50% 

Unit Weight, kN/m
3
 22.00 

Cover, m 3.00 

Vertical Load, kPa 66.00 

Poisson's Ratio 0.25 

Ko 0.33 

Horizontal Load, kPa 23.10 

Soil Modulus, MPa 16.90 

Diameter, m  4.00 

Equivalent wall thickness, t', mm 60.00 

Equivalent section modulus, E', kPa 1,468.00 

Maximum thrust force, kN -196.77 

 

  



 

161 

 

Table A.5 Data input for D = 4m and H = 1.5m with 12.5% t in ABAQUS. 

Thickness remaining, % 12.50% 

Unit Weight, kN/m
3
 22.00 

Cover, m 3.00 

Vertical Load, kPa 66.00 

Poisson's Ratio 0.25 

Ko 0.33 

Horizontal Load, kPa 23.10 

Soil Modulus, MPa 16.90 

Diameter, m  4.00 

Equivalent wall thickness, t', mm 60.00 

Equivalent section modulus, E', kPa 1,468.00 

Maximum thrust force, kN -122.13 

 

Table A.6 Data input for D= 4m and H = 10m with 12.5% t in ABAQUS. 

Thickness remaining, % 12.50% 

Unit Weight, kN/m
3
 22.00 

Cover, m 3.00 

Vertical Load, kPa 66.00 

Poisson's Ratio 0.25 

Ko 0.33 

Horizontal Load, kPa 23.10 

Soil Modulus, MPa 16.90 

Diameter, m  4.00 

Equivalent wall thickness, t', mm 60.00 

Equivalent section modulus, E', kPa 1,468.00 

Maximum thrust force, kN -553.94 
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Table A.7 Data input for D = 4m and H = 3m with 100% t in CANDE Level 2. 

Thickness remaining, % 100% 100% 

Soil Height 5.0015 m 16.409 ft 

Soil Young's Modulus  16,900 kPa 2,451.138 psi 

Soil Density  22 kN/m
3
 140.000 lb/ft

3
 

Soil Poison Ratio  0.25 0.25 

Average diameter  4.003 m 157.598 in 

Area of pipe wall = 3.522 mm
2
/mm 0.139 in

2
/in 

Moment of inertia  1,057.25 mm
4
/mm 0.065 in

4
/in 

Section modulus   39.42 mm
3
/mm 0.061 in

3
/in 

Maximum thrust force, kN -226.40 kN/m -15.51 kip/ft 

 

Table A.8 Data input for D = 4m and H = 1.5m with 100% t in CANDE Level 2. 

Thickness remaining, % 100% 100% 

Soil Height 3.5015 m 11.488 ft 

Soil Young's Modulus  16,900 kPa 2,451.138 psi 

Soil Density  22 kN/m
3
 140.000 lb/ft

3
 

Soil Poison Ratio  0.25 0.25 

Average diameter  4.003 m 157.598 in 

Area of pipe wall = 3.522 mm
2
/mm 0.139 in

2
/in 

Moment of inertia  1,057.25 mm
4
/mm 0.065 in

4
/in 

Section modulus   39.42 mm
3
/mm 0.061 in

3
/in 

Maximum thrust force -143.37 kN/m -9.82 kip/ft 

 

Table A.9 Data input for D = 4m and H = 10m with 100% t in CANDE Level 2. 

Thickness remaining, % 100% 100% 

Soil Height 12.0015 m 39.375 ft 

Soil Young's Modulus  16,900 kPa 2,451.138 psi 

Soil Density  22 kN/m
3
 140.000 lb/ft

3
 

Soil Poison Ratio  0.25 0.25 

Average diameter  4.003 m 157.598 in 

Area of pipe wall = 3.522 mm
2
/mm 0.139 in

2
/in 

Moment of inertia  1,057.25 mm
4
/mm 0.065 in

4
/in 

Section modulus   39.42 mm
3
/mm 0.061 in

3
/in 

Maximum thrust force -630.50 kN/m -43.20 kip/ft 
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Table A.10 Data input for D = 4m and H = 3m with 12.5% t in CANDE Level 2. 

Thickness remaining, % 12.5% 12.5% 

Soil Height 5.0015 m 16.409 ft 

Soil Young's Modulus  16,900 kPa 2,451.138 psi 

Soil Density  22 kN/m
3
 140.000 lb/ft

3
 

Soil Poison Ratio  0.25 0.25 

Average diameter  4.0056 m 157.702 in 

Area of pipe wall = 0.44025 mm
2
/mm 0.017 in

2
/in 

Moment of inertia  132.15 mm
4
/mm 0.008 in

4
/in 

Section modulus   4.927 mm
3
/mm 0.0076 in

3
/in 

Maximum thrust force -192.98 kN/m -13.22 kip/ft 

 

Table A.11 Data input for D = 4m and H = 1.5m with 12.5% t in CANDE Level 2. 

Thickness remaining, % 12.5% 12.5% 

Soil Height 3.5015 m 11.488 ft 

Soil Young's Modulus  16,900 kPa 2,451.138 psi 

Soil Density  22 kN/m
3
 140.000 lb/ft

3
 

Soil Poison Ratio  0.25 0.25 

Average diameter  4.0056 m 157.702 in 

Area of pipe wall = 0.44025 mm
2
/mm 0.017 in

2
/in 

Moment of inertia  132.15 mm
4
/mm 0.008 in

4
/in 

Section modulus   4.927 mm
3
/mm 0.0076 in

3
/in 

Maximum thrust force -123.25 kN/m -8.45 kip/ft 

 

Table A.12 Data input for D= 4m and H = 10m with 12.5% t in CANDE Level 2. 

Thickness remaining, % 12.5% 12.5% 

Soil Height 12.0015 m 39.375 ft 

Soil Young's Modulus  16,900 kPa 2,451.138 psi 

Soil Density  22 kN/m
3
 140.000 lb/ft

3
 

Soil Poison Ratio  0.25 0.25 

Average diameter  4.0056 m 157.702 in 

Area of pipe wall = 0.44025 mm
2
/mm 0.017 in

2
/in 

Moment of inertia  132.15 mm
4
/mm 0.008 in

4
/in 

Section modulus   4.927 mm
3
/mm 0.0076 in

3
/in 

Maximum thrust force -533.58 kN/m -36.56 kip/ft 
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Figure A.1 Normalized thrust versus burial depth for D = 4m with 100% remaining wall 

thickness (calculations based on “staged construction”). 
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Appendix B 

Results from Ultrasonic Thickness Measurement  

This appendix provides data on thickness measurements employed in Chapter 3. 

Table B.1 Calibration results for light corrosion sample #1.  

Point Ultrasonic (mm) Micrometer (in.) Micrometer(mm) Difference (%) 

1 1.45 0.0552 1.40 3.3 

2 1.43 0.055 1.40 2.3 

3 1.43 0.055 1.40 2.3 

4 1.43 0.0555 1.41 1.4 

5 1.43 0.056 1.42 0.5 

6 1.43 0.056 1.42 0.5 

7 1.44 0.055 1.40 3.0 

8 1.43 0.0552 1.40 2.0 

9 1.42 0.0552 1.40 1.3 

10 1.41 0.055 1.40 0.9 

 

Table B.2 Calibration results for light corrosion sample #2.  

Point Ultrasonic (mm) Micrometer(Inch) Micrometer(mm) Difference (%) 

1 1.42 0.0555 1.41 0.7 

2 1.42 0.0555 1.41 0.7 

3 1.42 0.0555 1.41 0.7 

4 1.42 0.0555 1.41 0.7 

5 1.44 0.056 1.42 1.2 

6 1.4 0.0552 1.40 -0.1 

7 1.42 0.0552 1.40 1.3 

8 1.43 0.056 1.42 0.5 

9 1.42 0.0555 1.41 0.7 

10 1.42 0.0555 1.41 0.7 
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Table B.3 Calibration results for heavy corrosion sample #1.  

Point Ultrasonic (mm) Micrometer (in.) Micrometer(mm) Difference (%) 

1 1.45 0.0552 1.40 3.3 

2 1.43 0.055 1.40 2.3 

3 1.43 0.055 1.40 2.3 

4 1.43 0.0555 1.41 1.4 

5 1.43 0.056 1.42 0.5 

6 1.43 0.056 1.42 0.5 

7 1.44 0.055 1.40 3.0 

8 1.43 0.0552 1.40 2.0 

9 1.42 0.0552 1.40 1.3 

10 1.41 0.055 1.40 0.9 

 

 

Table B.4 Calibration results for heavy corrosion sample #2.  

Point Ultrasonic (mm) Micrometer (in.) Micrometer(mm) Difference (%) 

1 1.31 0.051 1.30 1.1 

2 1.29 0.0502 1.28 1.2 

3 1.26 0.049 1.24 1.2 

4 1.27 0.0493 1.25 1.4 

5 1.28 0.049 1.24 2.8 

6 1.3 0.0505 1.28 1.3 

7 1.29 0.0495 1.26 2.5 

8 1.27 0.049 1.24 2.0 

9 1.24 0.048 1.22 1.7 

10 1.25 0.049 1.24 0.4 
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Table B.5 Calibration results on the North edge of CSP1.  

Point Ultrasonic (mm) Micrometer (in.) Difference (%) 

1 0.175 0.171 2.3 

2 0.17 0.172 -1.2 

3 0.174 0.172 1.1 

4 0.171 0.173 -1.2 

5 0.168 0.17 -1.2 

6 0.17 0.17 0.0 

7 0.1685 0.169 -0.3 

8 0.169 0.171 -1.2 

9 0.17 0.17 0.0 

10 0.163 0.163 0.0 

11 0.149 0.147 1.3 

12 0.137 0.133 2.9 

13 0.113 0.11 2.7 

14 0.173 0.175 -1.2 

15 0.172 0.175 -1.7 

16 0.1735 0.175 -0.9 

17 0.1735 0.175 -0.9 

 

Table B.6 Calibration results for the soil side corrosion of CSP1.  

Point Ultrasonic (mm) Micrometer (in.) Difference (%) 

1 1.75 1.60 8.70 

2 1.45 1.32 8.77 

3 1.73 1.37 20.59 

4 1.47 1.35 8.62 

5 1.57 1.52 3.23 

6 1.42 1.35 5.36 

7 1.57 1.52 3.23 

8 1.50 1.40 6.78 

9 1.91 1.55 18.67 

10 1.50 1.37 8.47 

11 2.72 2.18 19.63 

12 1.45 1.42 1.75 
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Table B.7 Calibration results on the South edge of CSP2.  

Point Ultrasonic (mm) Micrometer (in.) Difference (%) 

1 0.172 0.172 0.00% 

2 0.172 0.169 1.78% 

3 0.172 0.17 1.18% 

4 0.172 0.17 1.18% 

5 0.167 0.173 -3.47% 

6 0.168 0.174 -3.45% 

7 0.172 0.173 -0.58% 

8 0.166 0.1635 1.53% 

9 0.169 0.17 -0.59% 

10 0.166 0.163 1.84% 

11 0.167 0.1675 -0.30% 

12 0.164 0.163 0.61% 

13 0.172 0.173 -0.58% 

14 0.167 0.168 -0.60% 

15 0.171 0.169 1.18% 

16 0.169 0.1675 0.90% 

17 0.171 0.1695 0.88% 

18 0.17 0.167 1.80% 
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Table B.8 Calibration results on the North edge of CSP2.  

Point Ultrasonic (mm) Micrometer (in.) Difference (%) 

1 0.176 0.175 0.57% 

2 0.175 0.175 0.00% 

3 0.171 0.176 -2.84% 

4 0.173 0.176 -1.70% 

5 0.13 0.135 -3.70% 

6 0.173 0.172 0.58% 

7 0.168 0.173 -2.89% 

8 0.165 0.166 -0.60% 

9 0.16 0.169 -5.33% 

10 0.16 0.169 -5.33% 

11 0.164 0.165 -0.61% 

12 0.168 0.1675 0.30% 

13 0.172 0.169 1.78% 

14 0.171 0.1715 -0.29% 

15 0.177 0.1715 3.21% 

16 0.171 0.1715 -0.29% 

17 0.173 0.171 1.17% 

18 0.175 0.172 1.74% 
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Table B.9 Thickness measurement in inches for Section 1 – CSP1, raw data.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.033 0.052 0.063 0.063 0.063 0.063 0.168 0.17 0.168 0.169 0.168 

Rib 2 0.144 0.086 0.083 0.083 0.083 0.083 0.171 0.173 0.172 0.173 0.171 

Rib 3 0.147 0.158 0.139 0.139 0.139 0.139 0.172 0.173 0.172 0.173 0.174 

Rib 4 0.163 0.169 0.155 0.155 0.155 0.155 0.176 0.174 0.177 0.176 0.174 

Rib 5 0.155 0.123 0.118 0.118 0.118 0.118 0.176 0.176 0.177 0.175 0.176 

Rib 6 0.154 0.110 0.109 0.109 0.109 0.109 0.175 0.174 0.176 0.176 0.176 

Rib 7 0.127 0.069 NaN
1
 NaN NaN NaN 0.172 0.176 0.175 0.177 0.175 

Rib 8 0.116 0.061 NaN NaN NaN NaN 0.172 0.175 0.174 0.176 0.176 

 

Table B.9 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.166 0.17 0.17 0.168 0.165 0.152 0.15 0.082 0.091 0.071 0.172 

Rib 2 0.173 0.173 0.173 0.174 0.168 0.158 0.118 0.074 0.075 0.075 0.176 

Rib 3 0.175 0.175 0.174 0.173 0.171 0.136 0.082 0.065 0.06 0.059 0.179 

Rib 4 0.175 0.174 0.176 NaN 0.16 0.161 0.122 0.063 NaN NaN 0.18 

Rib 5 0.176 0.176 0.176 NaN 0.178 0.143 0.105 0.077 0.049 NaN 0.181 

Rib 6 0.177 0.177 0.177 NaN 0.139 0.135 0.087 0.08 0.064 NaN 0.181 

Rib 7 0.175 0.177 0.176 NaN 0.176 0.136 0.106 0.054 0.09 NaN 0.183 

Rib 8 0.176 0.177 0.176 NaN 0.168 0.109 0.078 0.052 NaN NaN 0.181 

  

                                                      

1
 NaN indicates that no meaningful data was obtained. 
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Table B.10 Thickness measurement in inches for Section 2 – CSP1, raw data.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.179 0.09 0.089 0.069 0.071 0.167 0.173 0.173 0.173 0.172 0.17 

Rib 2 0.184 0.089 NaN NaN NaN 0.158 0.178 0.176 0.175 0.175 0.173 

Rib 3 0.176 0.098 NaN 0.077 0.095 0.146 0.178 0.176 0.176 0.174 0.175 

Rib 4 0.179 0.146 0.078 0.12 NaN 0.118 0.179 0.176 0.178 0.177 0.171 

Rib 5 0.176 0.138 NaN NaN 0.068 0.108 0.154 0.171 0.179 0.175 0.174 

Rib 6 0.176 0.178 NaN NaN NaN NaN 0.145 0.175 0.178 0.176 0.174 

Rib 7 0.175 0.123 NaN NaN NaN NaN 0.126 0.165 0.177 0.177 0.176 

Rib 8 0.177 0.144 0.115 0.152 NaN NaN 0.113 0.146 0.183 0.179 0.174 

 

Table B.10 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.172 0.172 0.175 0.136 0.146 0.082 0.081 0.074 0.088 NaN 0.175 

Rib 2 0.175 0.176 0.176 0.168 0.132 0.085 0.091 0.102 NaN NaN 0.174 

Rib 3 0.175 0.177 0.177 0.175 0.154 0.07 0.096 0.083 NaN NaN 0.175 

Rib 4 0.177 0.179 0.179 0.173 0.113 0.075 0.073 NaN 0.084 0.114 0.184 

Rib 5 0.178 0.181 0.183 0.166 0.081 0.077 NaN NaN 0.071 0.079 0.179 

Rib 6 0.178 0.181 0.174 0.157 0.079 0.126 NaN NaN NaN 0.118 0.178 

Rib 7 0.179 0.178 0.161 0.144 0.11 0.074 NaN 0.096 0.088 0.081 0.178 

Rib 8 0.177 0.17 0.163 0.162 0.123 NaN NaN 0.104 0.092 NaN 0.177 
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Table B.11 Thickness measurement in inches for Section 3 – CSP1, raw data.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.173 0.174 0.111 NaN NaN NaN NaN 0.091 0.153 0.171 0.168 

Rib 2 0.175 0.178 0.119 NaN NaN NaN NaN 0.095 0.155 0.172 0.172 

Rib 3 0.176 0.176 0.17 0.124 0.124 0.124 0.124 NaN 0.157 0.173 0.171 

Rib 4 0.176 0.175 0.175 0.133 0.133 0.133 0.133 0.112 0.156 0.174 0.172 

Rib 5 0.176 0.176 0.175 0.134 0.134 0.134 0.134 NaN 0.084 0.175 0.173 

Rib 6 0.177 0.176 0.175 0.146 0.146 0.146 0.146 0.086 NaN 0.174 0.173 

Rib 7 0.176 0.177 0.176 NaN NaN NaN NaN 0.075 NaN 0.174 0.174 

Rib 8 0.177 0.177 0.176 0.169 0.169 0.169 0.169 0.065 NaN 0.175 0.173 

 

Table B.11 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.168 0.153 0.135 0.122 0.104 0.104 0.104 0.104 0.129 0.176 0.171 

Rib 2 0.169 0.158 0.152 0.102 0.102 0.102 0.102 0.089 0.136 0.176 0.183 

Rib 3 0.172 0.17 0.133 0.104 0.053 0.053 0.053 0.084 0.085 0.176 0.174 

Rib 4 0.175 0.163 0.111 0.12 0.065 0.065 0.065 0.071 NaN 0.177 0.178 

Rib 5 0.174 0.166 0.148 0.109 0.111 0.111 0.111 0.092 0.116 0.177 0.177 

Rib 6 0.174 0.159 NaN 0.122 0.129 0.129 0.129 0.113 0.136 0.177 0.176 

Rib 7 0.172 0.172 NaN 0.118 0.08 0.08 0.08 0.104 0.165 0.175 0.177 

Rib 8 0.171 0.17 NaN NaN 0.068 0.068 0.068 0.116 0.169 0.176 NaN 
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Table B.12 Thickness measurement in inches for Section 4 – CSP1, raw data.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.173 0.18 0.179 0.099 NaN NaN NaN 0.074 0.173 0.177 0.172 

Rib 2 0.184 0.089 NaN NaN NaN 0.158 0.178 0.176 0.175 0.175 0.173 

Rib 3 0.178 0.177 0.178 0.131 0.086 NaN 0.089 0.087 0.179 0.177 0.173 

Rib 4 0.176 0.175 0.176 0.173 0.089 NaN NaN NaN 0.182 0.174 0.176 

Rib 5 0.178 0.176 0.177 0.181 0.101 0.061 NaN 0.156 0.182 0.175 0.173 

Rib 6 0.18 0.181 NaN 0.181 NaN 0.085 0.123 0.127 0.172 0.175 0.175 

Rib 7 0.182 0.184 0.18 0.182 0.174 NaN 0.137 0.146 0.179 0.176 0.174 

Rib 8 0.179 0.179 0.178 0.182 0.182 0.095 0.155 0.185 0.18 0.176 0.173 

 

Table B.12 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.176 0.178 0.143 0.155 0.123 NaN NaN NaN 0.177 0.18 0.175 

Rib 2 0.175 0.176 0.176 0.168 0.132 0.085 0.091 0.102 NaN NaN 0.174 

Rib 3 0.179 0.18 0.179 0.159 0.096 NaN 0.079 0.093 0.181 0.175 0.174 

Rib 4 0.176 0.181 0.178 NaN 0.138 NaN NaN 0.123 0.18 0.18 0.177 

Rib 5 0.178 0.179 0.18 NaN 0.113 0.067 0.12 0.182 0.175 0.181 0.175 

Rib 6 0.175 0.18 0.178 NaN 0.108 0.099 0.082 0.175 0.179 0.179 0.177 

Rib 7 0.179 0.181 0.179 0.116 0.125 0.105 0.073 0.182 0.176 0.176 0.176 

Rib 8 0.176 0.179 0.181 0.159 NaN NaN 0.163 0.181 0.177 0.177 0.175 
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Table B.13 Thickness measurement in inches for Section 5 – CSP1, raw data.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.179 0.174 0.179 0.172 0.173 0.172 0.177 0.173 0.176 0.172 0.171 

Rib 2 0.173 0.174 0.174 0.174 0.175 0.179 0.173 0.174 0.175 0.172 0.171 

Rib 3 0.181 0.177 0.177 0.174 0.175 0.177 0.177 0.183 0.173 0.174 0.173 

Rib 4 0.179 0.176 0.177 0.177 0.174 0.174 0.172 0.175 0.177 0.169 0.168 

Rib 5 0.177 0.176 0.177 0.177 0.176 0.172 0.175 0.176 0.174 0.175 0.164 

Rib 6 0.176 0.177 0.178 0.177 0.175 0.076 0.143 0.171 0.152 0.175 0.169 

Rib 7 0.179 0.176 0.178 0.176 0.175 0.1 0.113 0.171 0.176 0.175 0.174 

Rib 8 0.176 0.175 0.178 0.174 0.174 0.069 0.173 0.131 0.134 0.165 0.167 

 

Table B.13 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.173 0.172 0.181 NaN 0.078 0.148 0.171 0.173 0.17 0.174 0.172 

Rib 2 0.174 0.177 0.177 0.063 0.163 0.17 0.183 0.173 0.172 0.177 0.173 

Rib 3 0.174 0.176 0.151 0.149 0.15 0.157 0.184 0.184 0.176 0.176 0.176 

Rib 4 0.176 0.176 0.176 0.166 0.116 0.17 0.176 0.174 0.175 0.176 0.176 

Rib 5 0.174 0.176 0.178 0.149 0.095 0.176 0.177 0.177 0.174 0.176 0.176 

Rib 6 0.172 0.171 0.167 0.155 0.124 0.177 0.175 0.173 0.175 0.175 0.175 

Rib 7 0.168 0.164 0.136 0.15 0.111 0.175 0.175 0.176 0.178 0.177 0.173 

Rib 8 0.162 0.129 0.126 0.156 0.139 0.175 0.175 0.174 0.176 0.175 0.175 
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Table B.14 Width of the corrugation in inches for Section 2 – CSP1, raw data.  

Point 6 7 8 9 10 11 

Rib 1 2.756 2.756 2.165 1.575 1.181 1.575 

Rib 2 2.756 2.756 1.969 1.575 0.984 0.866 

Rib 3 2.756 2.362 1.772 1.378 0.984 1.181 

Rib 4 2.756 2.362 1.378 1.378 0.984 0.787 

Rib 5 2.756 2.362 1.575 1.378 0.984 0.787 

Rib 6 2.756 2.165 1.181 1.181 1.181 0.787 

Rib 7 2.559 1.575 0.787 0.787 0.787 1.181 

Rib 8 2.756 2.362 1.969 0.984 0.984 1.575 

  

Table B.15 Width of the corrugation in inches for Section 3 – CSP1, raw data.  

Point 5 6 7 8 9 10 

Rib 1 2.756 1.181 1.181 0.984 0.787 1.575 

Rib 2 2.756 1.181 1.181 0.984 1.181 1.969 

Rib 3 2.756 1.969 1.969 1.772 1.181 1.969 

Rib 4 2.362 1.969 2.165 1.772 1.378 1.969 

Rib 5 2.362 1.575 1.969 1.575 0.984 1.575 

Rib 6 2.362 1.575 1.575 1.575 1.378 1.575 

Rib 7 2.362 1.969 1.969 1.969 1.575 1.575 

Rib 8 2.756 1.772 1.575 1.772 1.969 2.362 

  

Table B.16 Width of the corrugation in inches for Section 4 – CSP1, raw data.  

Point 5 6 7 8 9 

Rib 1 2.756 1.181 1.181 1.181 0.787 

Rib 2 2.756 1.181 0.787 0.984 1.969 

Rib 3 2.756 0.787 0.984 0.591 0.984 

Rib 4 1.772 1.181 1.181 1.181 0.787 

Rib 5 1.575 0.787 0.787 0.787 1.575 

Rib 6 2.756 0.787 0.394 0.787 2.756 

Rib 7 2.756 1.181 0.787 1.969 2.756 

Rib 8 1.969 1.969 1.772 1.575 2.756 
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Table B.17 Width of the corrugation in inches for Section 5 – CSP1, raw data.  

Point 6 

Rib 1 2.756 

Rib 2 1.181 

Rib 3 2.756 

Rib 4 2.756 

Rib 5 2.756 

Rib 6 2.756 

Rib 7 2.756 

Rib 8 2.756 

 

Table B.18 Calculated thickness in inches for Section 2 – CSP1, raw data.  

Point 6 7 8 9 10 11 

Rib 1 0.146 0.082 0.061 0.029 0.038 NaN 

Rib 2 0.132 0.085 0.052 0.046 0.027 0.029 

Rib 3 0.154 0.060 0.059 0.042 NaN NaN 

Rib 4 0.113 0.064 0.034 NaN 0.030 0.026 

Rib 5 0.081 0.066 NaN NaN 0.025 0.023 

Rib 6 0.079 0.099 NaN NaN NaN 0.030 

Rib 7 0.102 0.042 0.028 0.025 0.021 0.018 

Rib 8 0.123 NaN NaN 0.029 0.018 NaN 

 

Table B.19 Calculated thickness in inches for Section 3 – CSP1, raw data.  

Point 5 6 7 8 9 10 

Rib 1 0.122 0.036 0.045 0.037 0.024 0.064 

Rib 2 0.102 0.044 0.044 0.036 0.038 0.097 

Rib 3 0.104 0.038 0.038 0.034 0.032 0.061 

Rib 4 0.103 0.046 0.051 0.042 0.036 NaN 

Rib 5 0.093 0.063 0.079 0.063 0.030 0.066 

Rib 6 0.105 0.074 0.074 0.074 0.052 0.078 

Rib 7 0.101 0.057 0.057 0.057 0.034 0.077 

Rib 8 NaN 0.044 0.039 0.044 0.071 0.145 
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Table B.20 Calculated thickness in inches for Section 4 – CSP1, raw data.  

Point 5 6 7 8 9 

Rib 1 0.124 0.053 NaN NaN NaN 

Rib 2 0.168 0.024 0.024 0.031 0.073 

Rib 3 0.159 0.021 0.021 0.008 0.033 

Rib 4 NaN 0.031 NaN 0.039 0.035 

Rib 5 NaN 0.032 0.019 0.017 0.104 

Rib 6 NaN 0.023 0.014 0.023 0.175 

Rib 7 0.116 0.028 0.026 0.052 0.182 

Rib 8 0.114 NaN NaN 0.070 0.181 

 

Table B.21 Calculated thickness in inches for Section 5 – CSP1, raw data.  

Point 6 

Rib 1 0.078 

Rib 2 0.070 

Rib 3 0.150 

Rib 4 0.116 

Rib 5 0.095 

Rib 6 0.124 

Rib 7 0.111 

Rib 8 0.139 
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Table B.22 Thickness measurement in inches for Section 1 – CSP1.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.033 0.052 0.063 0.063 0.063 0.063 0.168 0.17 0.168 0.169 0.168 

Rib 2 0.144 0.086 0.083 0.083 0.083 0.083 0.171 0.173 0.172 0.173 0.171 

Rib 3 0.147 0.158 0.139 0.139 0.139 0.139 0.172 0.173 0.172 0.173 0.174 

Rib 4 0.163 0.169 0.155 0.155 0.155 0.155 0.176 0.174 0.177 0.176 0.174 

Rib 5 0.155 0.123 0.118 0.118 0.118 0.118 0.176 0.176 0.177 0.175 0.176 

Rib 6 0.154 0.110 0.109 0.109 0.109 0.109 0.175 0.174 0.176 0.176 0.176 

Rib 7 0.127 0.069 NaN NaN NaN NaN 0.172 0.176 0.175 0.177 0.175 

Rib 8 0.116 0.061 NaN NaN NaN NaN 0.172 0.175 0.174 0.176 0.176 

 

Table B.22 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.166 0.17 0.17 0.168 0.165 0.152 0.15 0.082 0.091 0.071 0.172 

Rib 2 0.173 0.173 0.173 0.174 0.168 0.158 0.118 0.074 0.075 0.075 0.176 

Rib 3 0.175 0.175 0.174 0.173 0.171 0.136 0.082 0.065 0.06 0.059 0.179 

Rib 4 0.175 0.174 0.176 NaN 0.16 0.161 0.122 0.063 NaN NaN 0.18 

Rib 5 0.176 0.176 0.176 NaN 0.178 0.143 0.105 0.077 0.049 NaN 0.181 

Rib 6 0.177 0.177 0.177 NaN 0.139 0.135 0.087 0.08 0.064 NaN 0.181 

Rib 7 0.175 0.177 0.176 NaN 0.176 0.136 0.106 0.054 0.09 NaN 0.183 

Rib 8 0.176 0.177 0.176 NaN 0.168 0.109 0.078 0.052 NaN NaN 0.181 
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Table B.23 Thickness measurement in inches for Section 2 – CSP1.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.179 0.090 0.089 0.069 0.071 0.167 0.173 0.173 0.173 0.172 0.17 

Rib 2 0.184 0.089 NaN NaN NaN 0.158 0.178 0.176 0.175 0.175 0.173 

Rib 3 0.176 0.098 NaN 0.077 0.095 0.146 0.178 0.176 0.176 0.174 0.175 

Rib 4 0.179 0.146 0.078 0.120 NaN 0.118 0.179 0.176 0.178 0.177 0.171 

Rib 5 0.176 0.138 NaN NaN 0.068 0.108 0.154 0.171 0.179 0.175 0.174 

Rib 6 0.176 0.178 NaN NaN NaN NaN 0.145 0.175 0.178 0.176 0.174 

Rib 7 0.175 0.123 NaN NaN NaN NaN 0.126 0.165 0.177 0.177 0.176 

Rib 8 0.177 0.144 0.080 0.152 NaN NaN 0.113 0.146 0.183 0.179 0.174 

 

Table B.23 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.172 0.172 0.175 0.136 0.146 0.082 0.061 0.029 0.038 NaN 0.175 

Rib 2 0.175 0.176 0.176 0.168 0.132 0.085 0.052 0.046 0.027 0.029 0.174 

Rib 3 0.175 0.177 0.177 0.175 0.154 0.060 0.059 0.042 NaN NaN 0.175 

Rib 4 0.177 0.179 0.179 0.173 0.113 0.064 0.034 NaN 0.030 0.026 0.184 

Rib 5 0.178 0.181 0.183 0.166 0.081 0.066 NaN NaN 0.025 0.023 0.179 

Rib 6 0.178 0.181 0.174 0.157 0.079 0.099 NaN NaN NaN 0.030 0.178 

Rib 7 0.179 0.178 0.161 0.144 0.102 0.042 0.028 0.025 0.021 0.018 0.178 

Rib 8 0.177 0.17 0.163 0.162 0.123 NaN NaN 0.029 0.018 NaN 0.177 
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Table B.24 Thickness measurement in inches for Section 3 – CSP1.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.173 0.174 0.111 NaN NaN NaN NaN 0.091 0.153 0.171 0.168 

Rib 2 0.175 0.178 0.119 NaN NaN NaN NaN 0.095 0.155 0.172 0.172 

Rib 3 0.176 0.176 0.170 0.124 0.124 0.124 0.124 NaN 0.157 0.173 0.171 

Rib 4 0.176 0.175 0.175 0.133 0.133 0.133 0.133 0.112 0.156 0.174 0.172 

Rib 5 0.176 0.176 0.175 0.134 0.134 0.134 0.134 NaN 0.084 0.175 0.173 

Rib 6 0.177 0.176 0.175 0.146 0.146 0.146 0.146 0.086 NaN 0.174 0.173 

Rib 7 0.176 0.177 0.176 NaN NaN NaN NaN 0.075 NaN 0.174 0.174 

Rib 8 0.177 0.177 0.176 0.169 0.169 0.169 0.169 0.065 NaN 0.175 0.173 

 

Table B.24 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.168 0.153 0.135 0.122 0.036 0.045 0.037 0.024 0.064 0.176 0.171 

Rib 2 0.169 0.158 0.152 0.102 0.044 0.044 0.036 0.038 0.097 0.176 0.183 

Rib 3 0.172 0.17 0.133 0.104 0.038 0.038 0.034 0.032 0.061 0.176 0.174 

Rib 4 0.175 0.163 0.111 0.103 0.046 0.051 0.042 0.036 NaN 0.177 0.178 

Rib 5 0.174 0.166 0.148 0.093 0.063 0.079 0.063 0.030 0.066 0.177 0.177 

Rib 6 0.174 0.159 NaN 0.105 0.074 0.074 0.074 0.052 0.078 0.177 0.176 

Rib 7 0.172 0.172 NaN 0.101 0.057 0.057 0.057 0.034 0.077 0.175 0.177 

Rib 8 0.171 0.17 NaN NaN 0.044 0.039 0.044 0.071 0.145 0.176 NaN 
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Table B.25 Thickness measurement in inches for Section 4 – CSP1.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.173 0.180 0.179 0.099 NaN NaN NaN 0.074 0.173 0.177 0.172 

Rib 2 0.184 0.089 NaN NaN NaN 0.158 0.178 0.176 0.175 0.175 0.173 

Rib 3 0.178 0.177 0.178 0.131 0.086 NaN 0.089 0.087 0.179 0.177 0.173 

Rib 4 0.176 0.175 0.176 0.173 0.089 NaN NaN NaN 0.182 0.174 0.176 

Rib 5 0.178 0.176 0.177 0.181 0.101 0.061 NaN 0.156 0.182 0.175 0.173 

Rib 6 0.180 0.181 NaN 0.181 NaN 0.085 0.123 0.127 0.172 0.175 0.175 

Rib 7 0.182 0.184 0.180 0.182 0.174 NaN 0.137 0.146 0.179 0.176 0.174 

Rib 8 0.179 0.179 0.178 0.182 0.182 0.095 0.155 0.185 0.18 0.176 0.173 

 

Table B.25 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.176 0.178 0.143 0.124 0.053 NaN NaN NaN 0.177 0.18 0.175 

Rib 2 0.175 0.176 0.176 0.168 0.024 0.024 0.031 0.073 NaN NaN 0.174 

Rib 3 0.179 0.18 0.179 0.159 0.021 0.021 0.008 0.033 0.181 0.175 0.174 

Rib 4 0.176 0.181 0.178 NaN 0.031 NaN 0.039 0.035 0.18 0.18 0.177 

Rib 5 0.178 0.179 0.18 NaN 0.032 0.019 0.017 0.104 0.175 0.181 0.175 

Rib 6 0.175 0.18 0.178 NaN 0.023 0.014 0.023 0.175 0.179 0.179 0.177 

Rib 7 0.179 0.181 0.179 0.116 0.028 0.026 0.052 0.182 0.176 0.176 0.176 

Rib 8 0.176 0.179 0.181 0.114 NaN NaN 0.070 0.181 0.177 0.177 0.175 
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Table B.26 Thickness measurement in inches for Section 5 – CSP1.  

Point 1 2 3 4 5 6 7 8 9 10 11 

Rib 1 0.179 0.174 0.179 0.172 0.173 0.172 0.177 0.173 0.176 0.172 0.171 

Rib 2 0.173 0.174 0.174 0.174 0.175 0.179 0.173 0.174 0.175 0.172 0.171 

Rib 3 0.181 0.177 0.177 0.174 0.175 0.177 0.177 0.183 0.173 0.174 0.173 

Rib 4 0.179 0.176 0.177 0.177 0.174 0.174 0.172 0.175 0.177 0.169 0.168 

Rib 5 0.177 0.176 0.177 0.177 0.176 0.172 0.175 0.176 0.174 0.175 0.164 

Rib 6 0.176 0.177 0.178 0.177 0.175 0.076 0.143 0.171 0.152 0.175 0.169 

Rib 7 0.179 0.176 0.178 0.176 0.175 0.100 0.113 0.171 0.176 0.175 0.174 

Rib 8 0.176 0.175 0.178 0.174 0.174 0.069 0.173 0.131 0.134 0.165 0.167 

 

Table B.26 cont’d. 

Point 12 13 14 15 16 17 18 19 20 21 22 

Rib 1 0.173 0.172 0.181 NaN 0.078 0.148 0.171 0.173 0.17 0.174 0.172 

Rib 2 0.174 0.177 0.177 0.063 0.070 0.17 0.183 0.173 0.172 0.177 0.173 

Rib 3 0.174 0.176 0.151 0.149 0.150 0.157 0.184 0.184 0.176 0.176 0.176 

Rib 4 0.176 0.176 0.176 0.166 0.116 0.17 0.176 0.174 0.175 0.176 0.176 

Rib 5 0.174 0.176 0.178 0.149 0.095 0.176 0.177 0.177 0.174 0.176 0.176 

Rib 6 0.172 0.171 0.167 0.155 0.124 0.177 0.175 0.173 0.175 0.175 0.175 

Rib 7 0.168 0.164 0.136 0.15 0.111 0.175 0.175 0.176 0.178 0.177 0.173 

Rib 8 0.162 0.129 0.126 0.156 0.139 0.175 0.175 0.174 0.176 0.175 0.175 
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Table B.27 Thickness measurement in inches for Section 1 – CSP2.  

Point Rib 1 Rib 2 Rib 3 Rib 4 Rib 5 Rib 6 Rib 7 Rib 8 Rib 9 

01 0.174 0.175 0.176 0.176 0.174 0.175 0.174 0.169 0.171 

02 0.174 0.175 0.175 0.176 0.173 0.172 0.172 0.171 0.170 

03 0.174 0.175 0.175 0.174 0.172 0.162 0.174 0.173 0.169 

04 0.173 0.172 0.163 0.148 0.154 0.142 0.145 0.116 0.129 

05 0.174 0.164 0.176 0.176 0.171 0.165 0.164 0.147 0.155 

06 0.174 0.175 0.176 0.175 0.173 0.172 0.175 0.175 0.170 

07 0.173 0.173 0.176 0.174 0.175 0.174 0.175 0.173 0.174 

08 0.173 0.174 0.175 0.174 0.174 0.174 0.173 0.174 0.174 

09 0.173 0.174 0.175 0.174 0.174 0.174 0.174 0.174 0.175 

10 0.173 0.175 0.175 0.174 0.175 0.173 0.174 0.174 0.174 

11 0.174 0.175 0.175 0.173 0.174 0.177 0.176 0.175 0.175 

12 0.173 0.176 0.178 0.174 0.174 0.175 0.176 0.175 0.175 

13 0.171 0.175 0.177 0.174 0.173 0.174 0.175 0.174 0.174 

14 0.174 0.175 0.176 0.173 0.174 0.175 0.175 0.175 0.174 

15 0.173 0.174 0.176 0.174 0.174 0.175 0.174 0.174 0.173 

16 0.173 0.176 0.176 0.175 0.174 0.176 0.175 0.174 0.174 

17 0.172 0.175 0.171 0.172 0.166 0.161 0.157 0.158 0.171 

18 0.173 0.175 0.167 0.173 0.174 0.165 0.179 0.164 0.170 

19 0.172 0.175 0.175 0.165 0.167 0.171 0.167 0.172 0.174 

20 0.173 0.175 0.176 0.172 0.169 0.155 0.171 0.167 0.172 

21 0.173 0.175 0.177 0.174 0.174 0.165 0.168 0.174 0.173 
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Table B.28 Thickness measurement in inches for Section 2 – CSP2.  

Point Rib 1 Rib 2 Rib 3 Rib 4 Rib 5 Rib 6 Rib 7 Rib 8 Rib 9 

01 0.172 0.173 0.166 0.171 0.171 0.173 0.174 0.175 0.175 

02 0.172 0.173 0.170 0.173 0.176 0.173 0.175 0.175 0.175 

03 0.172 0.170 0.153 0.109 0.109 0.127 0.130 0.143 0.174 

04 0.116 0.087 0.129 0.102 0.096 0.131 0.116 0.120 0.150 

05 0.125 0.127 0.133 0.157 0.137 0.138 0.135 0.120 0.161 

06 0.171 0.175 0.174 0.174 0.176 0.175 0.178 0.175 0.175 

07 0.172 0.174 0.174 0.174 0.175 0.174 0.177 0.175 0.175 

08 0.172 0.174 0.174 0.175 0.175 0.175 0.175 0.175 0.173 

09 0.173 0.174 0.174 0.175 0.176 0.177 0.176 0.176 0.175 

10 0.172 0.174 0.174 0.175 0.175 0.177 0.176 0.175 0.176 

11 0.172 0.174 0.175 0.175 0.173 0.176 0.175 0.175 0.176 

12 0.172 0.174 0.175 0.175 0.175 0.175 0.173 0.175 0.176 

13 0.173 0.174 0.174 0.175 0.174 0.176 0.174 0.175 0.175 

14 0.171 0.174 0.175 0.175 0.175 0.175 0.176 0.174 0.175 

15 0.172 0.175 0.174 0.175 0.175 0.175 0.176 0.175 0.174 

16 0.172 0.173 0.174 0.174 0.175 0.176 0.175 0.175 0.175 

17 0.178 0.173 0.166 0.168 0.165 0.176 0.171 0.171 0.173 

18 0.152 0.150 0.159 0.153 0.175 0.167 0.160 0.157 0.174 

19 0.171 0.170 0.173 0.173 0.174 0.176 0.175 0.176 0.175 

20 0.175 0.172 0.172 0.174 0.175 0.174 0.174 0.176 0.173 

21 0.171 0.174 0.174 0.174 0.175 0.177 0.175 0.176 0.174 
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Table B.29 Thickness measurement in inches for Section 3 – CSP2.  

Point Rib 1 Rib 2 Rib 4 Rib 5 Rib 6 Rib 7 Rib 8 Rib 9 

01 0.171 0.174 0.173 0.172 0.175 0.174 0.174 0.174 

02 0.172 0.171 0.174 0.175 0.174 0.174 0.174 0.174 

03 0.172 0.172 0.175 0.174 0.174 0.173 0.174 0.175 

04 0.171 0.173 0.174 0.173 0.175 0.173 0.174 0.174 

05 0.169 0.145 0.151 0.173 0.175 0.165 0.169 0.174 

06 0.172 0.172 0.167 0.173 0.167 0.163 0.154 0.172 

07 0.172 0.175 0.174 0.175 0.173 0.171 0.175 0.173 

08 0.167 0.172 0.175 0.173 0.170 0.171 0.176 0.174 

09 0.171 0.171 0.173 0.174 0.174 0.174 0.173 0.173 

10 0.170 0.171 0.173 0.171 0.173 0.173 0.174 0.173 

11 0.170 0.180 0.174 0.172 0.173 0.173 0.176 0.174 

12 0.168 0.180 0.171 0.173 0.175 0.178 0.175 0.174 

13 0.169 0.170 0.170 0.172 0.174 0.174 0.176 0.174 

14 0.169 0.171 0.171 0.174 0.174 0.175 0.174 0.173 

15 0.171 0.172 0.173 0.172 0.174 0.174 0.175 0.173 

16 0.172 0.171 0.174 0.173 0.174 0.172 0.176 0.172 

17 0.173 0.165 0.166 0.167 0.167 0.166 0.170 0.172 

18 0.169 0.161 0.162 0.173 0.174 0.174 0.174 0.174 

19 0.173 0.171 0.174 0.174 0.174 0.173 0.174 0.174 

20 0.170 0.173 0.174 0.174 0.174 0.174 0.174 0.174 

21 0.171 0.172 0.174 0.173 0.174 0.173 0.175 0.174 
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Table B.30 Thickness measurement in inches for Section 4 – CSP2.  

Point Rib 1 Rib 2 Rib 3 Rib 4 Rib 5 Rib 6 Rib 7 Rib 8 Rib 9 

01 0.171 0.173 0.173 0.173 0.174 0.174 0.174 0.173 0.175 

02 0.171 0.172 0.172 0.173 0.174 0.174 0.174 0.174 0.174 

03 0.171 0.173 0.173 0.173 0.173 0.174 0.174 0.174 0.174 

04 0.173 0.172 0.173 0.175 0.173 0.171 0.172 0.142 0.174 

05 0.171 0.171 0.174 0.137 0.109 0.120 0.124 0.109 0.170 

06 0.166 0.126 0.149 0.149 0.110 0.157 0.167 0.167 0.172 

07 0.170 0.172 0.174 0.173 0.174 0.174 0.174 0.173 0.174 

08 0.171 0.172 0.173 0.173 0.173 0.174 0.174 0.173 0.174 

09 0.168 0.172 0.173 0.172 0.172 0.168 0.174 0.174 0.174 

10 0.171 0.173 0.174 0.174 0.174 0.173 0.174 0.174 0.174 

11 0.165 0.173 0.173 0.174 0.174 0.173 0.174 0.174 0.174 

12 0.175 0.173 0.173 0.174 0.174 0.175 0.174 0.174 0.174 

13 0.171 0.173 0.173 0.173 0.176 0.174 0.173 0.175 0.174 

14 0.171 0.173 0.174 0.173 0.174 0.173 0.173 0.174 0.174 

15 0.170 0.172 0.174 0.174 0.174 0.174 0.173 0.174 0.174 

16 0.169 0.165 0.171 0.173 0.174 0.174 0.173 0.173 0.173 

17 0.167 0.171 0.169 0.172 0.163 0.168 0.169 0.167 0.174 

18 0.171 0.172 0.173 0.173 0.174 0.174 0.173 0.174 0.174 

19 0.171 0.173 0.173 0.174 0.174 0.175 0.174 0.174 0.174 

20 0.174 0.173 0.173 0.174 0.174 0.174 0.174 0.174 0.174 

21 0.172 0.172 0.174 0.174 0.175 0.174 0.174 0.174 0.173 
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Table B.31 Thickness measurement in inches for Section 5 – CSP2.  

Point Rib 1 Rib 2 Rib 3 Rib 4 Rib 5 Rib 6 Rib 7 Rib 8 Rib 9 

01 0.182 0.174 0.175 0.174 0.174 0.174 0.175 0.175 0.175 

02 0.172 0.173 0.175 0.175 0.174 0.175 0.176 0.175 0.175 

03 0.171 0.174 0.174 0.174 0.174 0.175 0.174 0.174 0.175 

04 0.171 0.173 0.173 0.174 0.174 0.175 0.175 0.175 0.174 

05 0.172 0.172 0.174 0.175 0.175 0.175 0.175 0.174 0.175 

06 0.170 0.172 0.173 0.174 0.175 0.173 0.177 0.174 0.173 

07 0.171 0.173 0.175 0.174 0.173 0.174 0.174 0.174 0.173 

08 0.170 0.173 0.171 0.174 0.174 0.174 0.168 0.175 0.172 

09 0.172 0.176 0.174 0.173 0.172 0.174 0.174 0.176 0.173 

10 0.172 0.172 0.172 0.174 0.174 0.174 0.173 0.171 0.174 

11 0.172 0.172 0.174 0.173 0.176 0.178 0.176 0.174 0.175 

12 0.172 0.173 0.175 0.174 0.175 0.176 0.179 0.179 0.175 

13 0.169 0.174 0.173 0.175 0.177 0.175 0.176 0.177 0.175 

14 0.174 0.172 0.174 0.173 0.174 0.173 0.175 0.174 0.171 

15 0.171 0.173 0.174 0.174 0.174 0.174 0.174 0.174 0.174 

16 0.171 0.174 0.174 0.174 0.173 0.174 0.174 0.172 0.175 

17 0.169 0.173 0.173 0.173 0.175 0.172 0.172 0.171 0.172 

18 0.171 0.173 0.174 0.174 0.174 0.175 0.175 0.174 0.172 

19 0.172 0.174 0.174 0.174 0.176 0.175 0.174 0.175 0.173 

20 0.172 0.173 0.174 0.174 0.174 0.174 0.174 0.175 0.174 

21 0.171 0.173 0.174 0.173 0.173 0.173 0.174 0.174 0.174 
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Figure B.1 Section layout during thickness measurement exercise for both specimens.  

 
Figure B.2 Measurement location during ultrasonic thickness measurement exercise, CSP1. 
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Figure B.3 Measurement location during ultrasonic thickness measurement exercise, CSP2. 
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Appendix C 

Instrumentation 

The layouts of strain gauges, string potentiometers, survey prisms and PIV targets that were used 

in both specimens CSP1 and CSP2 are provided in the following figures. The appendix also 

includes pictures of that instrumentation during installation.  
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Figure C.1 Strain gage layout and numbering plan, CSP1. 

 

    South      Centre   North     South 
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Figure C.2 Strain gage layout and numbering plan, CSP2. 

 

 

 

    South     Centre      North 



 

193 

 

 

Figure C.3 Surveying prism layout and numbering plan, CSP1. 
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Figure C.4 Surveying prism layout and numbering plan, CSP2. 



 

195 

 

 

 
Figure C.5 Surveying string potentiometer layout and numbering plan, CSP1. 

 
Figure C.6 Surveying string potentiometer layout and numbering plan, CSP2. 
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Figure C.7 Strain gauges attached to the steel surface after applying M-coat A protection, 

CSP1.  

 

Figure C.8 Strain gauges attached to the steel surface after applying moisture protection, 

CSP1. 
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Figure C.9 Strain gauges attached to the steel surface after applying M-coat A protection, 

CSP2.  

 

Figure C.10 Strain gauges attached to the steel surface after applying moisture protection 

(RTV gasket maker), CSP2. 
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Figure C.11 PIV targets inside the culvert for PIV, CSP1. 

 

Figure C.12 PIV targets on the soil surface, CSP1.  
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Appendix D 

Results from the Experiments 

This appendix provides details of measurements taken during the culvert tests and the 

calculations after the experiments reported in Chapter 4. 

D.1 Average strain and thrust 

The example calculation was performed based on the results at the crown (centre) from CSP1 

tests with 0.6 m cover and single axle load at 182 kN. 

1 = 964.7 micro strain 

2 = -464.4 micro strain 

t = 4.51 mm 

h = 12.7 mm 

  )4.4647.964(
7.12*2

51.47.12
7.964

2
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h

th
ave = -3.59 micro strain 

aveEAN   = 200,000 * 4.88 * (-3.59) *10
-6

= -3.50 kN/m 

D.2 Curvature and bending moment 

The example calculation was performed based on the results at the crown (centre) from CSP1 

tests with 0.6 m cover and single axle load at 182 kN. 

1 = 964.7 micro strain 

2 = -464.4 micro strain 








7.12

7.9644.464)( 12

h


 -112.53 10

-6
/mm

                                                                                                                           
 

310*  EIM    = 200,000*95.50*(-112.53)*10
-6

*10
-3

 = -2.149 kN.m/m                                                                                                                      
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Table D.1 Bedding density data, CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

South 2.055 3.21 2.121 

Centre 2.135 3.67 2.213 

North 1.994 3.25 2.059 

 

Table D.2 Lift 1 density data (0.245 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.850 4.3 81.06 

2 1.915 3.98 83.93 

3 1.892 3.92 82.94 

4 1.788 3.26 78.38 

 

Table D.3 Lift 2 density data (0.425 m from the bedding), CSP1. 

 Location  Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.959 4.79 85.87 

2 2.056 4.32 90.12 

3 2.020 4.76 88.52 

4 1.973 5.13 86.48 

 

Table D.4 Lift 3 density data (0.595 m from the bedding), CSP1. 

 Location  Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.008 4.12 88.00 

2 1.957 3.67 85.79 

3 1.996 4.47 87.48 

4 1.963 4.20 86.05 

 

Table D.5 Lift 4 density data (0.735 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.937 4.61 84.92 

2 1.988 5.2 87.11 

3 1.994 4.98 87.37 

4 2.085 4.8 91.37 
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Table D.6 Lift 5 density data (0.89 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.975 4.23 86.56 

2 1.993 4.07 87.33 

3 2.019 4.88 88.48 

4 1.995 4.75 87.45 

 

Table D.7 Lift 6 density data (1.03 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.99 3.79 87.2 

2 1.957 4.32 85.76 

3 1.999 4.18 87.6 

4 2.013 3.95 88.22 

 

Table D.8 Lift 7 density data (1.185 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.957 4.39 85.77 

2 1.965 3.96 86.12 

3 2 4.34 87.64 

4 1.93 4.11 84.57 

 

Table D.9 Lift 8 density data (1.335 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.907 4.21 83.6 

2 1.978 3.84 86.68 

3 2.015 4.32 88.314 

4 1.986 3.35 87.03 

Table D.10 Lift 9 density data (1.445 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.948 3.74 85.4 

2 1.952 3.45 85.56 

3 2.015 3.29 88.33 

4 1.98 2.9 86.79 
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Table D.11 Lift 10 density data (1.585 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.953 4.17 85.62 

2 1.945 3.54 85.26 

3 1.917 3.4 84 

4 1.993 3.74 87.37 

 

Table D.12 Lift 11 density data (1.715 m from the bedding), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.974 3.45 86.5 

2 1.989 3.79 87.19 

3 1.987 3.88 87.1 

4 1.867 4.17 81.81 

 

Table D.13 Lift 12 density data (1.865 m from the bedding, crown level), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 1.903 3.45 83.4 

2 1.949 3.11 85.44 

3 1.942 4.02 85.14 

4 1.957 3.26 85.78 

 

Table D.14 Lift 13 density data (0.3 m from the crown), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.005 3.97 87.88 

2 2.077 4.18 91.01 

3 2.218 4.16 97.19 

4 2.206 4.41 96.67 
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Table D.15 Lift 14 density data (0.6 m from the crown), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.147 4.51 94.11 

2 2.222 4.08 97.39 

3 2.259 4.59 99.09 

4 2.261 4.78 99.08 

5 2.181 3.68 95.61 

6 2.22 4.79 97.29 

7 2.205 4.33 96.63 

 

Table D.16 Lift 15 density data (0.9 m from the crown), CSP1. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.212 4.76 96.93 

2 2.159 4.53 94.64 

3 2.191 4.43 96.02 

4 2.14 4.52 93.8 

5 2.244 4.85 98.35 

6 2.15 4.16 94.24 

7 2.145 4.35 94.03 

 

Table D.17 Bedding density data, CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

South 2.203 2.78 96.54 

Centre 2.208 3.12 96.75 

North 2.243 3.19 98.32 

 

Table D.18 Lift 1 density data (0.396m from the bedding), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.199 4.28 96.39 

2 2.141 3.89 93.84 

3 2.164 4.72 94.83 

4 2.116 3.37 92.72 
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Table D.19 Lift 2 density data (0.631 m from the bedding), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.112 3.32 92.56 

2 2.116 3.79 92.76 

3 2.142 3.88 93.89 

4 2.145 4.45 95.77 

 

Table D.20 Lift 3 density data (0.921 m from the bedding), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.131 4.16 93.4 

2 2.206 3.58 96.68 

3 2.177 3.38 95.43 

4 2.119 3.76 92.88 

 

Table D.21 Lift 4 density data (1.251 m from the bedding), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.188 4.01 95.89 

2 2.17 4.49 95.2 

3 2.202 4.35 96.5 

4 2.199 4.24 96.39 

 

Table D.22 Lift 5 density data (1.491m from the bedding), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.156 3.73 94.5 

2 2.219 3.9 97.27 

3 2.2 3.89 96.41 

4 2.219 4.17 97.26 

 

Table D.23 Lift 6 density data (1.774 m from the bedding, crown level), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.167 3.69 94.98 

2 2.125 3.65 93.13 

3 2.211 4.18 96.89 

4 2.156 4.13 94.5 
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Table D.24 Lift 7 density data (0.297 m from the crown), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.166 3.6 94.95 

2 2.307 3.53 96.74 

3 2.195 3.77 96.16 

4 2.179 4.12 95.49 

5 2.042 3.89 89.48 

6 2.151 4.08 94.27 

7 2.086 3.98 91.42 

 

Table D.25 Lift 8 density data (0.667 m from the crown), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.291 4.16 100.43 

2 2.208 3.68 96.77 

3 2.347 4.25 108.87 

4 2.209 3.85 96.81 

5 2.25 3.92 98.62 

6 2.183 3.83 95.66 

7 2.209 4.56 96.83 

 

Table D.26 Lift 9 density data (0.972 m from the crown), CSP2. 

Location Dry density (g/cm
3
) Water content (%) % SPMDD 

1 2.154 3.14 94.41 

2 2.105 3.31 92.24 

3 2.155 3.77 94.46 

4 2.12 3.7 92.92 

5 2.086 3.65 91.42 

6 2.111 3.21 92.51 

7 2.118 3.51 92.82 
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Figure D.1 Layout of measurement point for soil properties for both specimens.  
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Figure D. 2 Loading history over time for loading sequence detailed in Table 4-1, CSP1.  

 

Figure D. 3 Loading history over time for loading sequence detailed in Table 4-1, CSP2.  
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Culvert deflection at the centre during backfill
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Figure D.4 Deflection at the centre after backfilling to 0.9 m cover. 

 

Figure D.5 Soil surface after tests with single wheel pair and 0.9m cover, CSP1.  
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Figure D.6 Soil surface at the South load pad after tests with single axle and 0.6m cover, 

CSP1.  

 

Figure D.7 Soil surface at the North load pad after tests with single axle and 0.6m cover, 

CSP1.  
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Figure D.8 Soil surface after ULS test, CSP1.  

 

Figure D.9 Soil surface at the South load pad after ULS tests, CSP1.  
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Figure D.10 Soil surface at the North load pad after ULS tests, CSP1.  

 

 

Figure D.11 Crown elevation after ULS test, CSP1. 
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Appendix E 

Input Data and Results from Two-Dimensional Analysis: Deteriorated 

Metal Culverts Under Surface Live Load 

This appendix provides details of analyses performed in Chapter 5. 

E.1 Culvert properties calculations. 

The section properties for corrugation profile 68 mm x 13 mm were calculated using linear 

interpolation: 

A =1.0817*t-0.0026 

I =21.619*t-2.0007 

S =2.3871*t+0.6971 

For the remaining wall thickness of 3.6414 mm, the equivalent remaining wall thickness and 

section modulus of a plain shell were calculated based on the properties of a corrugated profile. 

A =1.0817*3.6414-0.0026 = 3.94 mm
2
/mm 

I =21.619*3.6414-2.0007 = 76.72 mm
4
/mm 

S =2.3871*3.6414+0.6971= 9.39 mm
3
/mm 

E = 200,000 MPa 

EA = 200,000 * 3.94 * 1,000 = 787,260,476.00 N/m 

EI = 200,000*76.72/1000 = 15,344.55 N.m
2
/m 

pp

pp

AE

IE
t

12
 = 15.3 mm 
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s
t

AE
E

pp
 = 51.48 x 10

9
 Pa = 51.48 GPa 

E.2 Equivalent line load calculations for ABAQUS. 

In order to convert 3-D surface live load to 2-D equivalent line load in ABAQUS, the following 

calculations were performed using the experiment with 0.6 m cover under 224 kN (with single 

axle load) and with 0.9 m cover under 20 kN (with single wheel pair load).  

E.2.1 Katona's spreading factor. 

Soil cover, h = 0.6096 m 

Axle load, P = 224 kN 

Equivalent line load, p = P/(1.33*h) = 224/(1.33*0.6096) = 276.28 N/mm 

Footing width = 250 mm 

Pressure = 276.28/250 = 1.105 MPa 

E.2.2 Moore's spreading factor. 

Soil cover, h = 0.6096 m 

Axle load, P = 224 kN 

Footing width = 250 mm 

Equivalent line load for thrust, p = P/(1.15*h) = 224/(1.15*0.6096) = 319.53 N/mm 

Pressure for thrust = 319.53/250 = 1.278 MPa 

Equivalent line load for deflection, p = P/(11.5*h) = 224/(11.5*0.6096) = 31.95 N/mm 

Pressure for deflection = 31.95/250 = 0.1278 MPa 
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E.2.3 Petersen et al.'s method. 

Constant a = 2.132  

Constant b = 2.379  

Longitudinal dimension of the tire patch, lt = 0.6 m 

Cover depth, H = 0.9144 m 

Transverse dimension of the tire patch, wt = 0.25 m 

Force = 20 kN 

P3d = 20/ (0.6*0.25) = 133.33 kPa 

P2d = 133.33*2.132*0.6/(0.6+2.379*0.9144) = 61.46 kPa (used in ABAQUS) 

Force per unit length = 61.46*0.25 = 15.36 N/mm = 87.72 lbf/in 

If only use half model in CANDE = 87.72/4 = -21.93 lbf/in 

E.3 Equivalent line load calculations for CANDE. 

In order to convert 3-D surface live load to 2-D equivalent line load in CANDE, the following 

calculations (based on Katona's spreading factor) were performed using the experiment with 0.6 

m cover under 224 kN.  

Soil cover, h = 0.6096 m 

Axle load, P = 224 kN 

Equivalent line load, p = P/(1.33*h) = 224/(1.33*0.6096) = 276.28 N/mm = 1,577.57 lbf/in 

Footing width = 250 mm 
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Pressure = 276.28/250 = 1.105 MPa 

Number of element over wheel length = 2 (3 nodes)  

Load per interior node = 1,577.57/2 = 788.79 lbf/in 

Load per exterior node = 788.79/2 = 394.39 lbf/in 

Apply wheel load in increments = 1  

Load per interior node per construction increment = 788.79 lbf/in 

If only use half model (which was used in CANDE) = 394.39 lbf/in 
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Table E.1 Section properties for corrugated steel culvert, corrugation profile: 68 x 13 mm. 

Wall Thickness 

Design, t (mm) 

Area, A (mm
2
/mm) Moment of Inertia, I 

(mm
4
/mm) 

Section Modulus, S 

(mm
3
/mm) 

1.12 1.209 22.61 3.27 

1.4 1.512 28.37 4.02 

1.82 1.966 37.11 5.11 

2.64 2.852 54.57 7.11 

3.35 3.621 70.16 8.74 

4.08 4.411 86.71 10.33 

 

Table E.2 Properties for S1, CSP1. 

Thickness, mm   3.64 

Area, mm
2
/mm 3.94 

Moment of inertia, mm
4
/mm 76.72 

Section modulus, mm
3
/mm  9.39 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 15,344.55 

Hoop stiffness (EA), N/m 787,260,476.00 

Equivalent thickness, mm 15.30 

Equivalent section modulus, GPa  51.48 

 

Table E.3 Properties for S2, CSP1. 

Thickness, mm   3.64 

Area, mm
2
/mm 3.94 

Moment of inertia, mm
4
/mm 76.72 

Section modulus, mm
3
/mm  9.39 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 15,344.55 

Hoop stiffness (EA), N/m 787,260,476.00 

Equivalent thickness, mm 15.30 

Equivalent section modulus, GPa  46.88 
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Table E.4 Properties for S3, CSP1. 

Thickness, mm   3.78 

Area, mm
2
/mm 4.08 

Moment of inertia, mm
4
/mm 79.64 

Section modulus, mm
3
/mm  9.71 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 15,928.69 

Hoop stiffness (EA), N/m 816,488,010.00 

Equivalent thickness, mm 15.30 

Equivalent section modulus, GPa  53.36 

 

Table E.5 Properties for S4, CSP1. 

Thickness, mm   4.37 

Area, mm
2
/mm 4.73 

Moment of inertia, mm
4
/mm 92.49 

Section modulus, mm
3
/mm  11.13 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 18,497.89 

Hoop stiffness (EA), N/m 945,037,238.00 

Equivalent thickness, mm 15.32 

Equivalent section modulus, GPa  61.66 

 

Table E.6 Properties for S5, CSP1. 

Thickness, mm   4.06 

Area, mm
2
/mm 4.39 

Moment of inertia, mm
4
/mm 85.77 

Section modulus, mm
3
/mm  10.39 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 17,153.62 

Hoop stiffness (EA), N/m 877,777,132.00 

Equivalent thickness, mm 15.31 

Equivalent section modulus, GPa  57.32 
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Table E.7 Properties for S6, CSP1. 

Thickness, mm   2.60 

Area, mm
2
/mm 2.81 

Moment of inertia, mm
4
/mm 54.27 

Section modulus, mm
3
/mm  6.91 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 10,854.71 

Hoop stiffness (EA), N/m 562,613,020.00 

Equivalent thickness, mm 15.21 

Equivalent section modulus, GPa  36.97 

 

Table E.8 Properties for S7, CSP1. 

Thickness, mm   2.35 

Area, mm
2
/mm 2.54 

Moment of inertia, mm
4
/mm 48.81 

Section modulus, mm
3
/mm  6.31 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 9,762.52 

Hoop stiffness (EA), N/m 507,965,536.00 

Equivalent thickness, mm 15.19 

Equivalent section modulus, GPa  33.45 

 

Table E.9 Properties for S8, CSP1. 

Thickness, mm   3.46 

Area, mm
2
/mm 3.74 

Moment of inertia, mm
4
/mm 72.76 

Section modulus, mm
3
/mm  8.95 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 14,552.43 

Hoop stiffness (EA), N/m 747,626,988.00 

Equivalent thickness, mm 15.28 

Equivalent section modulus, GPa  48.92 
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Table E.10 Properties for intact section, CSP1. 

Thickness, mm   4.51 

Area, mm
2
/mm 4.88 

Moment of inertia, mm
4
/mm 95.50 

Section modulus, mm
3
/mm  11.46 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 19,100.20 

Hoop stiffness (EA), N/m 975,173,400.00 

Equivalent thickness, mm 15.33 

Equivalent section modulus, GPa  63.61 

 

Table E.11 Properties for S1, CSP2. 

Thickness, mm   4.15 

Area, mm
2
/mm 4.49 

Moment of inertia, mm
4
/mm 87.79 

Section modulus, mm
3
/mm  10.61 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 17,557.77 

Hoop stiffness (EA), N/m 897,998,512.25 

Equivalent thickness, mm 15.31 

Equivalent section modulus, GPa  58.63 

 

Table E.12 Properties for S2, CSP2. 

Thickness, mm   4.27 

Area, mm
2
/mm 4.61 

Moment of inertia, mm
4
/mm 90.25 

Section modulus, mm
3
/mm  10.88 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 18,049.51 

Hoop stiffness (EA), N/m 922,602,780.00 

Equivalent thickness, mm 15.32 

Equivalent section modulus, GPa  60.21 
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Table E.13 Properties for S3, CSP2. 

Thickness, mm   4.41 

Area, mm
2
/mm 4.77 

Moment of inertia, mm
4
/mm 93.32 

Section modulus, mm
3
/mm  11.22 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 18,663.49 

Hoop stiffness (EA), N/m 953,323,060.00 

Equivalent thickness, mm 15.32 

Equivalent section modulus, GPa  62.20 

 

Table E.14 Properties for S4, CSP2. 

Thickness, mm   4.42 

Area, mm
2
/mm 4.78 

Moment of inertia, mm
4
/mm 93.58 

Section modulus, mm
3
/mm  11.25 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 18,715.38 

Hoop stiffness (EA), N/m 955,919,140.00 

Equivalent thickness, mm 15.32 

Equivalent section modulus, GPa  62.37 

 

Table E.15 Properties for S5, CSP2. 

Thickness, mm   4.38 

Area, mm
2
/mm 4.74 

Moment of inertia, mm
4
/mm 92.76 

Section modulus, mm
3
/mm  11.16 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 18,551.08 

Hoop stiffness (EA), N/m 947,698,220.00 

Equivalent thickness, mm 15.32 

Equivalent section modulus, GPa  61.83 
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Table E.16 Properties for S6, CSP2. 

Thickness, mm   4.35 

Area, mm
2
/mm 4.70 

Moment of inertia, mm
4
/mm 92.09 

Section modulus, mm
3
/mm  11.09 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 18,417.04 

Hoop stiffness (EA), N/m 940,991,680.00 

Equivalent thickness, mm 15.32 

Equivalent section modulus, GPa  61.40 

 

Table E.17 Properties for S7, CSP2. 

Thickness, mm   4.50 

Area, mm
2
/mm 4.87 

Moment of inertia, mm
4
/mm 95.28 

Section modulus, mm
3
/mm  11.44 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 19,056.96 

Hoop stiffness (EA), N/m 973,010,000.00 

Equivalent thickness, mm 15.33 

Equivalent section modulus, GPa  63.47 

 

Table E.18 Properties for S8, CSP2. 

Thickness, mm   4.50 

Area, mm
2
/mm 4.87 

Moment of inertia, mm
4
/mm 95.28 

Section modulus, mm
3
/mm  11.44 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 19,056.96 

Hoop stiffness (EA), N/m 973,010,000.00 

Equivalent thickness, mm 15.33 

Equivalent section modulus, GPa  63.47 
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Table E.19 Properties for intact section, CSP2. 

Thickness, mm   4.50 

Area, mm
2
/mm 4.87 

Moment of inertia, mm
4
/mm 95.28 

Section modulus, mm
3
/mm  11.44 

Modulus, MPa  200,000.00 

Bending stiffness (EI), N.m
2
/m 19,056.96 

Hoop stiffness (EA), N/m 973,010,000.00 

Equivalent thickness, mm 15.33 

Equivalent section modulus, GPa  63.47 

 

Table E.20 Data input for CSP1 during tests with 0.9 m and single wheel pair load (100kN) 

in CANDE Level 2. 

Thickness remaining 2.1531 mm 0.085 in  

Soil Height 1.84 m 6.05 ft 

Soil Young's Modulus, bedding and cover 60,000 kPa 8,702 psi 

Soil Young's Modulus, sidefill 13,000 kPa 1,885 psi 

Soil Poison Ratio  0.3 0.3 

Soil Density, bedding 21.29 kN/m
3
 135.5 lb/ft

3
 

Soil Density, sidefill 19.33 kN/m
3
 123.0 lb/ft

3
 

Soil Density, cover 21.39 kN/m
3
 136.1 lb/ft

3
 

Average diameter  1.86 m 73.23 in 

Area of pipe wall = 2.33 mm
2
/mm 0.0916in

2
/in 

Moment of inertia  44.55 mm
4
/mm 0.00272 in

4
/in 

Section modulus   5.84 mm
3
/mm 0.009 in

3
/in 

Maximum thrust force, Petersen et al.'s 

method 

-48 kN/m -3.29 kip/ft 
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Table E.21 Data input for CSP1 during tests with 0.6 m and single axle load (224kN) in 

CANDE Level 2. 

Thickness remaining 2.1531 mm 0.085 in  

Soil Height 1.54 m 5.05 ft 

Soil Young's Modulus, bedding and cover 60,000 kPa 8,702 psi 

Soil Young's Modulus, sidefill 11,000 kPa 1,595 psi 

Soil Poison Ratio  0.3 0.3 

Soil Density, bedding 21.29 kN/m
3
 135.5 lb/ft

3
 

Soil Density, sidefill 19.33 kN/m
3
 123.0 lb/ft

3
 

Soil Density, cover 21.39 kN/m
3
 136.1 lb/ft

3
 

Average diameter  1.86 m 73.23 in 

Area of pipe wall = 2.33 mm
2
/mm 0.0916in

2
/in 

Moment of inertia  44.55 mm
4
/mm 0.00272 in

4
/in 

Section modulus   5.84 mm
3
/mm 0.009 in

3
/in 

Maximum thrust force, Katona's 

spreading factor 

-126 kN/m -8.63 kip/ft 

 

Table E.22 Data input for CSP2 during tests with 0.9 m and single axle load (214 kN) in 

CANDE Level 2. 

Thickness remaining 3.9728 mm 0.156 in  

Soil Height 1.84 m 6.05 ft 

Soil Young's Modulus 60,000 kPa 8,702 psi 

Soil Poison Ratio  0.3 0.3 

Soil Density 21.40 kN/m
3
 136.1 lb/ft

3
 

Average diameter  1.86 m 73.23 in 

Area of pipe wall = 4.29 mm
2
/mm 0.169 in

2
/in 

Moment of inertia  83.89 mm
4
/mm 0.00512 in

4
/in 

Section modulus   5.84 mm
3
/mm 0.016 in

3
/in 

Maximum thrust force, Katona's 

spreading factor 

-96.85 kN/m -6.64 kip/ft 
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Table E.23 Data input for CSP2 during tests with 0.6 m and single axle load (224 kN) in 

CANDE Level 2. 

Thickness remaining 3.9728 mm 0.156 in  

Soil Height 1.54 m 5.05 ft 

Soil Young's Modulus 60,000 kPa 8,702 psi 

Soil Poison Ratio  0.3 0.3 

Soil Density 21.40 kN/m
3
 136.1 lb/ft

3
 

Average diameter  1.86 m 73.23 in 

Area of pipe wall  4.29 mm
2
/mm 0.169 in

2
/in 

Moment of inertia  83.89 mm
4
/mm 0.00512 in

4
/in 

Section modulus   5.84 mm
3
/mm 0.016 in

3
/in 

Maximum thrust force, Katona's 

spreading factor 

-147.5 kN/m -10.1 kip/ft 

 

 

 


