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ABSTRACT

The effects of corrosion on the structural response of round CMP culverts is
investigated using three-dimensional (3D) finite element models.The validity of the
model was assessed by comparingnodel output with results from full-scale
laboratory tests conducted by Mai et al.(2014a). The 3D FE mode$ were then used
to carry out parametric studies forintact and corroded culverts. hput parametersfor

the study of intact culverts were pipe diameter,height of soil cover, solil stiffness, soil
strength, and the strengtlistiffness of the soitCMP interface. tal forces in the pipe
were found to be most sensitive to pipe diameter andeight of soil cover.Input

parameters for the study of corroded culverts included corrosion geometry and

remaining plate thickness.The largest effectson factor of safety against yielding and

buckling occurred when corrosion covered thelocation of maximum normal stress
located atthe haunches.

Keywords: culvert, corrosion, infrastructure, corrugated metal pipe, rehabilitation,
soil-structure interaction
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CHAPTER 1:
INTRODUCTION

Many culverts are currently in service all over the world. Their abundance is a direct
result of their considerable utility; most notably, culverts enable roads tobe
constructed across watercourses without blocking the flow of water. Examples of

typical highway and railroad embankment culvertsare shownin Figure 1.1.

Figure 1.1 Typical culvert applications: a) highway culvert for stream crossing(Contech,
2017); andb) railroad culvert for small vehicle accesgArmtec, 2015)

Unfortunately, many existing culverts have reached orare nearing the end of their
serviceable lifegpans. Many corrugated metal pipe (CMP)culverts suffer from
accelerated rates ofdeterioration, primarily due to abrasion and corrosionof the
metal. It is currently not a straightforward task to determine how the overall stability

of aculvert structure is influenced by pipe degradation of this sortThe main difficulty
arises from the fact that the structural response of a CMP culvarlies onacomplex
interaction between the pipe and its surrounding soil. This problem is of practical
interest to culvert owners, especiallyas funding for infrastructure renewal continues
to be scarcein many parts of the world. A better understanding ofthe effects of
deterioration on CMPculverts would allow owners to more effectively prioritize ?

and engineersto more efficiently desigm their repairs, rehabilitation s, and/or



replacements. The problem ofdeteriorated CMP culverts isurther described in the

next section and forms the basis for the research that follows.

1.1 Historical Background

Although culverts have beenconstructed using a variety of crosssectional shapes
one of thesimplest andmost commonshapesis the round (i.e. circular) pipe. In this
case, the culvert is constructed by first placing the round pipen a layer ofprepared
bedding. Next, the pipe isenveloped by an engineered backfill soil, which is placed
and compacted in successive layefsypically 150 to 300 mmthick) up to someheight

above thecrown (top) of the pipe.

A major part of the design process forculvert structures is the selection of the pipe
material. Corrugated steel pipes (CSP)were developedat the end of the 19 century

and were used asculverts as early as 1896 Corrugated Steel Pipe Institute, 2009)
The corrugated geometry provided the pipe with additional stiffness and strength
without increasing the thicknessof the pipe wall, aswould be necessary if usinga
plain pipe of the same diameter. Due tats lower initial cost and relative ease of
installation, corrugated metalsoon supassedconcreteas the preferred materialfor
culvert construction. However, the design implications of using this new, relatively
flexible pipe remained poorly understood. In 1941, Merlin Spangler developed the
famous lowa formula (Spangler, 1941) which provided a theoretical basis for the
design of buried flexible conduits.3 DAT C1 AO6 O x1 OEh ElpostAl | AET /
World War |l infrastructure boom|T £ OEA p wu i @do thelprlifepatiopat 6 O
corrugated metal culvertsaround the world. Although CMP culerts provided many
advantages during this time, their legacy now presents a widespread probledue

degradation of the pipe metal

1.2 Problem Description

All structures are susceptible to degradation overitne. The main problem associated
with CMP culverts is one of durabiity. The metal pipe plate? typically made of

galvanized steel (aluminum is also used? tends to wear away over time primarily



caused bytwo destructive mechanisms: abrasion and corrosion.The effects of
deterioration can develop anywhere on the surface othe CMP,but they are most
frequently concentratedon the inside (water side)of the pipe, between the invert and
the maximum water level. Bed load abrasion acts to remove thprotective coating (if

present), exposing the underlying metabnd making it susceptibleto corrosion.

A typical corrosion pattern along the invert of a CMP culvelis shownin Figure 1.2.
In this case, the degree of corrosiors so severe thatmuch of the metal has been fully
perforated, and significant erosion of the surroundingsoil is evident. Erosion of the
backfill soil surrounding the CMPis highly undesirable since the soil plays acritical
role in the overall stability of the soiltmetal structure (further explanationis provided
in section 2.2). Once this level of degradation hasbeen reached repair or
rehabilitation of the culvert is usually notfeasible, anda full replacement may be
necessary. Therefore, it isprudent to address deteriorating CMP culverts well before

full perforation of the metal occursanywhere on the pipe

Figure 1.2 CMP culvertin Halifax, Nova Scotiaxhibiting severe corrosion along the
invert (Campbell, 2015)

Deterioration of the metalin CMP culvertsis not always confined to the invert of the
pipe. For example, accelerated rates of corrosion may occalong plate seamsand

connections where stress concentratbns andleakageare prone to exist. Sanitary



sewer culvertsoften suffer from corrosion on the inside and unsubmerged portions

of the pipe (i.e. at the crown and shoulders) due to direct attack by corrosive gases,
such as hydrogersulphide (H2S) andsulphur dioxide (SQ). Deterioration of the metal
can also occur anywhere on the outside (soil side) of the pipe, especially where the
surrounding soil or groundwater conditions are particularly aggressive Figure 1.3
shows a CMP culvert inDartmouth, NS Canadawith inner (water -side) corrosion
along the invert and lower haunches, and outer (so#ide) corrosion at the crown,

shoulders, and springlines.

Figure 1.3 CMPculvert in Dartmouth, Nova Scotigexhibiting corrosion at the crown and
haunches. (Campbell, 2017)

Figure 1.4 shows theresults of a condition survey carried out in 2007 inclusive of
1,931 CSPculverts in Sweden(Mattsson & Sundquist, 2007)plotted by age of the
culvert. Nearly half of all existing (and recently demolished)CSP culvert4925/1,931
= 48%) were between 33 to 47 years old and about half of thosd445/925 = 48%)
needed replacement or repair. A significant portion of culverts between 18 to 32

years old (180/481 = 37%) were also in need of repair or replacement. Design



lifespans for major highway culvertsreportedly range from30 to 75 years(Tenbusch
et al., 2009; United States Army Corps of Engineers, 199Bpwever, the lifespan of a
galvanized corrugated metal pipe can be less than 20 yeardecause ofinvert

corrosion damage(Tenbusch et al., 2009)
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Figure 1.4 Condition of 1,936 CSP culverts in Swlen (Mattsson & Sundquist, 2007)

The economic cost of cwert failures far exceeds that of replacement aloneas
detailed by Perrin and Chintan(2004). Furthermore, failing culverts represent a
seriousrisk to public safety. hcreasing focus over the pastouple ofdecades haghus
been shifted towards the maintenance of existing systemsand away from new
construction projects. Many methods of repairing and rehabilitating deteorated
CMP culverts existfrom the conventional installation of a castin-place reinforced
concrete invert (shown in Figure 1.5) to various contemporary methods of relining

the existing structure.

At this point, most government agencies have realized the importance gbod asset

management; inspection prgrams are generally well established and culvert



conditions are often assessedin qualitative terms. Reliable techniques to
guantitatively evaluate the stability of deeriorated GMP culverts however,are still
evolving. In the absence of unlimitediscal resources, such evaluations araecessary

to efficiently prioritize and design therestoration of theseculvert structures.

Figure 1.5 CMPculvert rehabilitated by the in-placeinstallation of aconcrete invert.

The overall mechanicalbehaviour of a buried flexible pipe is dependent omcomplex
interaction between the structure (pipe) and the surroundingsoil, making it difficult
to predict usinganalytical methods.However, numerical techniques such athe finite
element method? in which a large system is analyzed by discretizinghe overall
geometry into a (finite) number of smaller, simpler components (elements) has
proved very useful in this regard.Two-dimensional, elasticfinite element analyses
have recently been performed (El-Taher & Moore, 2008; Mai, 2013}o evaluate the
stability of corroded corrugated metal culverts. Two-dimensional models however,
rely on simplifying assunptions to approximate certain three-dimensional (3D)
aspects of the real problemsuch adive load spreading through the cover soibnd 3D
corrosion geometries. Moreover,the use of linear elastic constitutive soil modelsnay
be insufficient for modelling the observednon-linear force-displacementresponse of

real flexible culverts subjected toincremental earth and live loading. Linear elastic



soil models neglect the shear strength and stresdependent stiffness of real soilsThe

purpose of this thesis ido investigate the effects otorrosion on the stability of CMP

culverts, through the development andapplication of a3D, non-linear finite element

model.

1.3

Research Objectives

The specific objectives of this researchare as follows.

T

1.4

Developa3Dfinite element (FE) model capable opredicting: a)the structural
forces that develop in intact, round CMP culverts during backfilling and live
loading; and b) the incremental structural forceghat developin aCMPculvert
that has subsequentlycorroded and is subjected to ive loading. The 3DFE
model should account for the construction sequencing compaction effects
behaviour of the soil-pipe interface, andthe non-linear behaviour of the

surrounding soil.

Compare the resultfrom the 3D FEmodel to published results fromfull -scale

laboratory testing.

Compare the resultsfrom the 3D FE model to previously published results

from a2D linear elastic model.

Compare the results from the 3D FE model using three (3) different
constitutive soil models (Linear Elastic (LE), MohCoulomb (MC), and
Hardening Soil(HS));

Use the 3D FE Model to investigate the effects of various input parameters on

the structural response of intact CMP culverts; and

Use the 3D FE Model to investigate the effects of various corrosion parameters

on the stbility of corroded CMP culverts.

Contents

Chapter 2 is areview of some ofthe pertinent research conducted over the last 70

yearswith respect to the behaviour and analysis of round CMP culvertsubjected to



earth and live loading The literature review is divided into two main sub-sections:
experimental studiesand numerical studies Chapter 3describesthe development of
a comprehensive3D non-linear finite element modelthat can simulatethe structural
response of both intact and deterioratedound CVP culvats. The model is calibrated
by comparing its output to experimental resultson a relatively small culvertfrom
Chapter 2.In Chapter 4, thesamemethodology described in Chapter 3 isapplied to
carry out a parametric studyfor intact CMP culvertsA parametric studyfor corroded
CMP culvertsis then carried out in Chapter 5.Findings from the research are
summarizedin Chapter 6§ along with a discussionof limitations and suggestions for

future work .



CHAPTER 2:
LITERATURE REVIEW

2.1 Introduction

This chapter corsists of a brief review of the most pertinent insights that havéeen

gainedto date on the topic of performance and analysis of buried CMP culverts.

2.2 Soil-Structure Interaction

Strictly speaking, any physical system in which a structure is in direct contaavith
the ground involves some degree of se#tructure interaction. In certain situations,
however, the relationship between the response of the soil and the motion of the
structure? and vice versa is more integrated than in others. Buried flexible CMPs
subjected to earth and live loading, for example, interact with the surrounding soil to

such a degree that they behave as composite (sailetal) structures.

2.2.1 Buried Flexible Pipe Behaviour

4EA O& AQDE AEdere@lydefers @ itsAcircBnifadedtial (ring) bending
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unburied flexible pipe subjected to diametrically-opposed vertical bads differs

significantly from that of rigid pipe, as illustrated inFigure 2.1. Rigid pipe experiences

negligible deflections, carrying the load through internal bending moments. Flexible

pipe contracts vertically and expands in the horizontal direction, forming a horizontal
ATTEDOA | A OAODPT 1T OA AAOAOE A Ak buled, thd sidd Al ET Co
fill (soil placed beside the pipe between the invert and crown) provides lateral

restraint, allowing the pipe to maintain its shape without the development of bending

moments. Vertical loads are converted to circumferential axial force in the pipe (a.k.a.

hoop thrust). SinceCMPstypically have high hoop stiffness, the presence aidefill

significantly increases their load-carrying capacity. Denser (stiffer)sidefills provide

more support than loosesidefills. Local bending will still occur at the pipe crown,



where downward deflection of the pipe is unrestrained. Although the bending

stiffness of pipe should le sufficient to prevent excessive deflection, a small amount
of downward movement is desirable, as it induces a phenomenon known as soil
arching, which significantly reduces the load on the pipe (this will be discussed
further in section 2.2.2).

Rigid Pipe [
2 : Flexible Pipe

Figure 2.1 Deflection of rigid versus flexible pipe under vertical loadfrom FHA (1995)).

The early history of buried flexible pipe analysisis descibed by Watkins and
Anderson (1999). In the early 20" century, lowa State College Dean of Engineering
Anston Marston wasconducting research onburied rigid pipes with the goal of
developing design procedures forhighway pipes and culverts. He assigned his
student, M.G. Spangler, the task of burying samples of rigid pipe and measuring the
soil loads on themso that they could be related to the failure loads obtained from
parallel-plate load tests. During this time the prevalence of corrugated steel pipes
(CSPs) was on the rise. Spangler realized that for these flexible pipes, the parallel plate
load tests were not representative of buried conditionsThis led to his development

of the lowa formula (Spangler, 1941) for predicting the increase in horizontal
diameter produced by earth load placed above the crown of the pipe. Decades later,
with the help of his student R.K. Watkins, he published a refined version of the
eqguation which became known as the modified lowa formuldWatkins & Spangler,
1958):

10
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Spangler assumed that ta value of%d® AAAZET AA AO OEA OET OEUI 1
reactiond Was constant for a given soil type and density. Experimental tests later
confirmed suspicions, however, thao & a function of soil depth (confinement) and

ring stiffness, in addition o soil type and density. Obtaining a reliable estimate of this
soil-structure interaction parameter was very difficult, and the formulawas gradually
abandonedin favour of methods based on ring compression theory. Closed form

elastic solutions for buried flexible pipe, such as the one developed by Burns &

Richard (1964), provided a theoretical basis for standard design procedures. The

Burns & Richard solution uses theonventional soil properties Esand us,and provides

not only horizontal pipe deflection, but also vertical pipe deflection, wall thrust,

bending moment, and radial pressure at any point along the pipe circumference.

The advancement of numerical methods particularly the finite element (FE)
method? over the last several decades has allowed greater customization of the
problem geometry and material properties. In 1976, an open source, two
dimensional finite element computer program, CANDE(Katona, 1976) was
developed secifically for the design and analysis of all types of culverts. The Soil
Culvert Interaction (SCI) method(Duncan, 1978)uses formulas and design graphs
based on results from numerous twedimensional finite element analyses. Modern
computing power has greatly enhanced the use of FE models in research and
practice. Currently, many sophisticated 3D FE software packages are commercially
available. Contemporary design codes in North America@SA, 2014) (AASHTO,
2014)) are basedon Limit States design philosophies.

2.2.2 Soil Arching

Some of the earliest insightavith respect to the mechanismof arching in granular
soils were provided by Karl Terzaghi (18831963), through his experimental
investigation (Terzaghi, 1936)and subsequent theoretical work(Terzaghi, 1943). He

considered a stratum of dry sand of deptlD and unit weight r supported by a rigid

11
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to 2B. The initial vertical stress along the entire base is equal to $It hadbeen known
for over a century that the slightest downward movement of a trapdoor in this
scenario reduces the vertical stress on the traploor to a fraction of its initial value.
However, Terzaghi provided one of the first explanations of the mechanism behind

this phenomenm.
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Figure 2.2 Development of arching insandabove a yielding trapdoor (Terzaghi, 1943).

In response to a small downward movement of the trajgloor, the sand immaeliately

above the trapdoor (volume abeif1) expands vertically and contracts horizontally,

inducing the sand adjacent to this volume to extend laterally and contract vertically.

This generates radial shear zones as the inner soil seeks to move past theayoil

towards the trap-door. A portion of the weight of the sand between these shear zones

(equal to the sum of the vertical components of the frictional forces generated$

transferred to the outer, stationary soil. As the trapdoor continues to yield, the

ET AT ET AOETT 1T &£ OEAAO UITAO OEEAZAOO AEOI I 71U
progressive disintegration of the soil structure above the trapdoor, and the vertical

pressure on the trapdoor increases slightly until it reaches an ultimate value.

TertUACEESJ O A @b A@IB6) Admprisdd a @.8 cndvide by 46.3 cmilong

trapdoor in the base of a bin containing approximately 31 cm of sand. The tests were

12



conducted using loose(3 68 xAO 11 0 POl §BAHAAR] tAIIAqQ AGRATAOMS
trapdoor deflected downward, the deflection and total load upon the trapdoor were
measured. Horizontal and vertical stressewere determined at various heights above
the trapdoor based on the friction resistance of tapes placed ithe soil (i.e. the
OAOEAOQEIT 1T (RésbitBof thetedtk reviaded Be following:

1 The reduction invertical pressure due to a slight downward movement of the

trap-door is greater for dense sand than for loose sand.

1 As yielding of the trapdoor contirues, the vertical stress on the trapdoor
increases until an ultimate (maximum) values reached which is equal in the

case of dense and loose sand.

1 For both dense and loose sand, the coefficient of lateral earth pressuf@above
the yielding strip increases from about unity immediately above the centreline
of the strip to a maximum of about 1.5 at approximately2B above the
centreline. At greater heights than aboubB (2.5 times the width of the trap-
door) above the centreline, the yielding strip seems tdnave no effect on the

state of stress in the sand.

Results from fullscale experimental tests have shown that the crown of a flexible
buried pipe is analogous to a yielding trapdoor. A soil arch forms as thdoad is

applied and the crown of the pipe defletsdownward (Figure 2.3).

13



Ring Compression
Figure 2.3 Sail arching overflexible pipe (Corrugated Steel Pipe Institute, 200).

2.2.3 Soil-CMP Interface

Another aspect of soHstructure interaction that impacts the overall behaviour of CMP
culverts is the relative displacement between the soil and the CMP at their contact
surface (the soitlCMP interface). The behaviour of a sedtructure interface is
anisotropic; the responses to changes in stress are very different in theormal
(perpendicular to the contact surface) and shear (parallel to the contact surface)
directions. Typical results obtained from direct shear test@are shownin Figure 2.4.
The normal behaviouris often modelledas linear elastic witha normal stiffness kn,
and the shear behaviour as elastigerfectly plastic with a shear stiffnessks. The
stiffness parameterskn, and ks do not represent real physical soil properies; they are

used to describe the rate of change of stress with displacement (KNAMm).

14
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Figure 2.4 Typical stressdisplacement relationships at the so#structur e interface
measured from direct shear test§Desai & Nagaraj, 1988)

Closedform solutions for buried pipes based on the theory of elasticity (Burns &
Richard, 1964) allow two different slippage conditions at the interface tobe
considered perfectly rough (i.e. rigid, fully bonded, or no slip), operfectly smooth
(i.e. unbonded, or full slip). Actual slippage conditions, however, lie somewhere in
between these two idealizatiors. Also, tensile normal stresses could lead to
separation between the soil and the structure (gapping). Finite element methods can
account for these behaviours usingspecial interface elements, to which unique
material models can be assigned. If the friath angle, adhesion, and normal stress at
the soil-pipe interface are denoted asgii, and a;, respectively, and A; is the normal
stress at the interface, theMlohr-Coulomb failure criterion can be used to establish

the limiting shear strength of the interfae, z;:

t & , OAIl 22

The material parameters typically required as input by commercial finite element
POl COAI O AOA OEAE AITAOT 0GCIGED0 Gd.T Féo@ gibaArdetate
element thicknesst;, the values of5 and & canbe computedfrom the normal modulus
Kn = knti and shear modulusKs = ksti, usingEquations2.3 and 2.4 (Ng, 19949:
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Alternatively, many FE programs allow the shear strengtAnd elastic modulus of the
interface elements tobe specifiedas a percentage of the material properties of the
adjacent soil.This is typically accomplishedby assigning a reduction factoranging
from 1 (in which the interface properties assume 100% ofthe adjacent soil
properties) to 0.001 (0.1% of the adjacent soil properties)Due to the difficulty of
selecting an accurate value for the analysis of CMP culverts, the interface is often
modelled as fully bonded (i.e. infinite strength) or assigned a sngth reduction value

in the range of about 0.80.6 (Allen, Duncan & Snacio, 1988)

2.3 Compaction Effects

2.3.1 Classical Earth Pressure Theories

The ratio of the horizontal tovertical effective stress at a position within asoil mass

is defined as the coefficient of lateral earth pressurék, andis givenin Equation 2.5.

If no lateral strains exist in the ground (i.e. lateral earth stresses are the same as they
were in the undisturbed state), this coefficient is called the coefficient of lateral earth
pressure at rest,Ko. Atrest conditions may exist, for example, in naturally deposited,
undisturbed soils, or in uncompacted backfill soils adjacent to a rigid, unyielding
structure. Jky (1948) developed an empirical relationship for determiningKo for
normally consolidated, cohesionlesssoils (Equation 2.6) in terms of the effective
internal friction angle of the soil,3 8This relationship was later modified by Mayne

and Kulhawy (1982) to accommodate overconsolidated soilsEquation 2.7).

The changes in the stress conditios in a soil as it transitions between the atrest,

s o~ A £ s oA e sz oz s s

shown in Figure 2.5. For a soil element below a horizontal ground surface, the

horizontal effective stress A dunder at-rest conditions is the confining stress (i.e.

16



minor principal stress) A H and the vertical effective stres« \ds the major principal
stressA 10 If the confining stressfA 0= A 1)is decreased (e.g. when a structure deflects
away from the adjacent soil), the shear strength of the soiks will be reduced. The
vertical stress A 1= A Jwill remain unchanged. Consequently, the deviator stresg, 0
= £ 10- K Hwill increase along with the shear stress in any planar orientationz;,
manifestinC ET AT A @DbAT A EHeréfore, & miQGud valuk afASard
thus, K) is quickly reachedasshearfailure of the soil is initiated. This is known as the
active condition, and the associated value @€is the active coefficient of lateral earth
pressure,Ka. The magnitude oK is typically in the range 0f0.2 to 0.5 Conversely, if
(starting from the at-rest condition) the horizontal effective stress is increased (such
as when a structure deflects into the adjacent soil), the deviator stress wileduce
until £ &= K BIf A s increasedfurther, the vertical effective stress suddenly becomes
the confining stress,and the horizontal effective stress becomgthe major principal
stress (i.e.k &= A fand A &= A . The differential stress is increased, causp - | EO8 O
circle to expand until it reaches the failure envelope, at which point the soil fails in
shear.This is known as the passive condition. The value &fis at a maximum in the
passive condition and is known as the passive coefficient of lateral eharpressure,K.

Values ofK; are typically between2 and 6
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Figure 2.5 Mohr's diagram for atrest, active, and passive conditionéadapted from
(Coduto, 1999).

Although many contemporary theories exist for predicting lateral earth pressures, all

of them are born from the classical work of Charles Coulomb (1736806) and

William Rankine (1820-1872). Coulomb (1776) used limit equilibrium theory to

determine the limiting horizontal pressures acting on a retaining wall at failure in
compression and extension, assuming a planar failure surface. His work was later
generalized (Mayniel, 1808);(Muller-Breslau, 1906) to include the wallsoil

ET OAOEZAAA AOEAOQEIT AT CiAh 1 n OEA Efakd ET AOE]
OEA ETAIETAOQOEITT 1T &£ OEA xAll AKQieigive®iA OOEAAI
Equations2.8 and 2.9. The latter is seldom used in practice, however, due to the belief

that it may overestimate the value ofK,. Consequently K, is typically estimated

according to the earth pressure theory of Rankin€l857). Rankine developed a stress

field solution that assumes a frictionless wall, and a vertical wahoil interface.

Simplified versions of his equatbns for active and passive coefficients of lateral earth

pressure (assumingr = 0) are provided inEquations2.10 and 2.11, respectively. Bell

(1915) showed analytically that for soils with cohesion ¢E  nmqh OEA 1 Ei EOQO
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earth pressure are extended byp A E resulting in what are known as the Rankine

Bell earth pressure equations (Equationg.12 and 2.13).
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In addition to soil densification, compaction causekateral strains in the soil that are
largely irrecoverable, and result in increased lateral earth pressuregffectively, the
soil becomes overconsolidated as the vertical compaction loag removed For
flexible CMP culverts, these compactiomduced lateral earth pressures can be

significant, as they magnify the peaking response that occurs durirsidefilling .
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2.3.2 Ingold, 1979

In addition to increasing the magnitude of lateral earth pressures, the compaction of
successive backfill layers around a flexible pipe also has influenceon the resulting
distribution of lateral earth pressures. Ingold (1979) described a simple analytical
method for predicting the magnitudes and distribution of compactiorinduced lateral
earth pressures behind retaining walls.
Thel TCEA AAEET A )T Ci1A80 DOAIS depicediA Figu OAOAI
2.6.If zis the depth below grade, therfor a layer of soil with an effective unit weight
r & O pak&ibehind a smooth retaining wall, thevertical effective stress prior to
APDPI EAAQET T 1T £ ORhis cbrhputedadc@ding to Equatidaiss £ 6

e [a 214

Assuming there is sufficient lateral yield of the wall to reach the active condition,

. R 0 ,ee O [ a 215

When the compaction load is applied, the verticaoil stress at any given point below
the ground surface increases byp(.2 The increase in horizontal soil stressgpfnd is

directly proportional to gpf\8i.e.:

we Uk 2.16

The distribution of this compaction-induced lateral earth pressure below the ground
surface is represented by the solid blue line Figure 2.6. The vertical and horizontal
soil stresses during application of the compactionload, @ and X,

respectively, are given byEquations2.17 and 2.18:

, 2 , 2 we & e 217

, e , e we 07 d L, O I a 2.18
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-.__:

Depth below ground surface, z

Horizontal earth pressure, o', Horizontal earth pressure, o', Horizontal earth pressure, o'y

Horizontal earth pressure induced during compaction Ao’y = K,A0"(q)

Passive limit for horizontal earth pressure after compaction = K,0";(3)

Active limit for horizontal earth pressure after compaction = K,0',(2)
— — -Resultant horizontal earth pressure due to compaction of top layer

Resultant horizontal earth pressure due to compaction of preceeding layers

Locus of maximum horizontal earth pressure from all layers

Figure 2.6 Development of horizantal earth pressure distribution below the ground
surface after compaction of multiple successive backfill layers behind a
retaining wall (after Ingold, 1979).

Once the compaction loads removed, the soil kecomes unrestrained at the ground
surface and can expand vertically. The vertical stressssentially returns to its initial
value, i.eA & A @) | K@) (full recovery is limited due to friction at the soikstructure
interface). Conversely, the soil remains confined in the horizontal plane, and the
compaction-induced lateral earth pressuresare largely retained, i.e A &= A i) | A ).
Exceptions occur near the ground surface, where low confining (vertical) stresses
lead to passivefailure of the soil, and at greater depth, wheractive conditions prevail

due to high confining stresses. A critical deptlg., therefore exists, abovevhich the
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residual horizontal stresses are governed by the passive limii.e.A ip) = KoA @) =
KoA ) (depicted by the solidred line in Figure 2.6). If it is assumedthat the value of
r @idhnegligible compared to that ofpf \Jthenz. can be approximated using Equation
2.19. A critical height of backfill,hc, also exists, below whiclthe residual horizontal
stresses are governed by the active limiti.e.A ) = Kok @) = Kok @) (depicted by the

solid green line inFigure 2.6).
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The dashed black line inFigure 2.6 represents the residual lateral earth pressure
distrib ution resulting from the placement and compaction of a single layer of backfill
soil. The maximum horizontal stressA inax), OCcurs at the criticaldepth and can be

estimated using Equation2.20.
, & L[ a 220

As successive backfill layers are placed and compactdide value ofA rnax) follows a
straight-line locus (the solid black linein Figure 2.6), providing an estimate of the
horizontal stress distribution below the surface of the final compacted backfill soil.
Importantly, the shape of this distribution is uniform, as opposed to the linear
distribution that would be assumed if compaction effectwere not considered Ingold
showed that predictions of wall deflections made using his simple analytical approach

agreed favourably with results taken from three case histories.

2.3.3 Elshimi, 201 3

Elshimi & Moore (2013) made one of the more recent attempts to incorporate the

effects of soil compaction in the finite element modelling of buried pipes. Since
explicit modelling of the compaction process including soil densification introduces

an enormous amount of compleity (especially in the context of a much larger model),

it is preferable to usea simpler method that produces similar results. Previous

researchhas explored means of imposing the anticipated compactieimduced lateral
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earth pressures either directly to he culvert (McGrath, 1999)or to the sidefill soil

(Taleb & Moore, 1999)after each individual layer is placed The technique of Taleb
and Moore worked well, except that imposing assive lateral earth pressures did not
provide an upper limit for the peaking deformations observed in the test structure

they were modelling.

When the soil is compactedbeside a flexible pipe, the pipe will deflect horizontally,
thus relieving a portion of the lateral earth pressure that wouldnormally be sustained
ET OEA AAOA T £# OECEA DPEDPA8 (1 xAOAOh EI
equipment are applied to achieve the desired state of soil compaction. Once plastic
lateral strains havealready developed in the soiltherefore, additional lateral stresses
are introduced, which in turn causes further deflection of the pipe. Elshimi and Moore

appropriately described this phenomenon as soil kneading.

Elshimi considered the effect of soil knading by multiplying the initial lateral
pressure (which was set equal to the passive pressukgA by an empirical kneading
coefficient, Kn. It is shown that this kneading coefficient canbe applied without
violating the shear failure criterion of the ®il, provided a nonzero value of soil

cohesionis usedthat satisfiesEquation2.21, i.e.:
G0 P — ® 221

A small value of soil cohesin (4 kPa) was used, which allowed a maximum value for
Kn of 2, and was sufficient to produce the desired response for the cases considered
in this study. Since the initial lateral pressure is determined using the RankirBell
equation for passive earth pessure, the effects of pipe walboil friction and

inclination of the pipe wall are neglected

Calculated deformations from a 2D FE modelere comparedto the measured values
for five circular pipes employing different materials (2 CMP2 concrete, andl high-
density polyethylene (HDPE)), diameters, relative flexural stiffnesses, compaction
methods, etc. as reported by McGrattet al. (1999). A couple of salient conclusions

were drawn:
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1 The deformations for those piges which were compacted using a rammer were

effectively estimatedwhen a kneading factor of 2vas used

1 It appears that there is no need to model soil compaction (let alone
incorporate a kneading factor) for pipes compacted using a small vibratory

compactar.

2.4 CMP Degradation

Since the structural integrity of CMP culverts depends on the combined behaviour of
the pipe and the surrounding soil, deterioration of either one of these constituents
can lead to instability. However, most problems affecting the serwclives of CMP
culverts are related to the durability of the pipe. CMPs are susceptible to degradation

from the combined forces of abrasion and corrosion.

Corrosion is a natural, electrochemical process in which a refined metal seeks to
return to a more stable form (Roberge, 2008) The mechanism for corrosion of steel
(the metal from which most CMP culvertsare madse is illustrated in Figure 2.7, in
which the anode and cathodare locations on the surface of the etal. The anode and
cathode are connected through the metal byn electronic path, and through the
solution (air, water, or soil) by an ionic path. Electrochemical corrosion involves the
transfer of electrons from theanode to the cathode, inducing a direct current flow

through the corrosion cell.

Steel is an alloy of iron and other elements, primarily carbon. Through a chemical
reaction called oxidation, electrons are removed from the iron atoms in the steel and
flow towards the cathode, where they are used up in the reduction of oxygen. The
reduction reaction requires the simultaneous presence of water and oxygen, the
source of which may be dissolved oxygen in theater, moisture in theair, or water

and air trapped inthe soil. The net effect is that the steel gets converted into hydrated
ferric oxide (rust), which has virtually no strength and will quickly wear away,

resulting in a loss of metal at the surface of the anode.
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Water or Air Flow of anions

Cathode:
0, + 4e~ + 2H,0 — 40H™

Anode:
Fe - Fe®* 4+ 2e~

Flow of electrons

-+ —

Steel

Combined:
4Fe + 30, + 2H,0 — 2Fe;0:H,0
(Steel) + (Oxygen) + (Water) = (Rust)

Figure 2.7 Mechanism of electrochemical corrosion of ste€hdapted from (Roberge,

2008)).

Some of the primary factors affecting the rate at which corrosion develops include:

T

Reactivity of the metal: Metal dbys like steel are highly susceptible to
corrosion, while naturally occurring metals such as gold and silver are

virtually immune to it, even on geological timescales.

Acidity: Acidic (low pH) environments accelerate corrosion by supplying

hydrogen ionsfor the reduction of oxygen.

Resistivity: Dissolved ions, such as those resulting from road deing salts,

decrease resistivity and quicken corrosion.

Temperature: Higher temperatures cause faster corrosion as they are
associated with increased levels dfinetic energy and, thus, rates of chemical

reactions.

Microbiology: The presence of microorganisms on the surface of the metal can
greatly expedite the corrosion process, but igenerally only a problem in soill

or relatively stagnant water.
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The corroded @nes in CMP culverts tend to be concentrated along the invert and on
the inside of the pipe, as showim Figure 2.8. This is because thenvert is typically in
direct contact with water for longer periods of time than any other part of the pipe.
Although many CMP culverts include a protective coating such as zinc (galvanization)
as part of the design, abrasion from streambed sediment transport can remove this
coating over time and expose the underlying metal. Degration of CMP is not limited
to the invert, however. The full circumference of sanitary sewer pipes, for example,
are vulnerable to direct attack by corrosive gases released from the wastewater, such
as HS and S@(EPA, 1991)

Figure 2.8 Invert corrosion of a CMP culver{Hansen, 2007)
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2.5 Experimental Studies

A limited amount of experimental datais available concerninghe response ofround
CMP culvertssubjected toearth and liveloading. Primary sourcesinclude the live load
field testing of two large-diameter, round CMPculverts performed by Bakht (1980),
a series oftrial tests on smalldiameter CMP culvertsduring backfilling by Webb
(1995), andthe laboratory tests of Mai (2013) on both intact and deteriorated, smalk

diameter CMP culvertduring backfilling and live loading.

2.5.1 Bakht, 1980

Perhaps the most often-cited experimental tests on ®IP culverts are those carried
out by Bakht(1980). Three in-service culverts locatedn Ontario, Canada were tested
to determine the circumferential thrusts and bending momentsgeneratedin the CMP
due tolive loading. Unfortunately, no testing was carried outduring construction, so
the pipe response dee to earth loading(backfilling) is unknown. Detailspertaining to
the backfill soil are unavailable, exceptthai® x A O O Aof welEzdrmpdctdhigh-
quality granular material8 Mevertheless, thee testsprovided valuable empirical data

on the behaviour of round CMP culvertssubjected tolive loading.

The first structure tested was the Deux Riiéres culvert (Figure 2.9a), which is
comprised of a round, 777 m-diameter, 31.1 m-long CMP with a maximum cover
height of 2.80 m. The pipe platecorrugation profile was 5.45 mmthick, with a
wavelength (pitch) of 152 mm and an amplitude (depth) of 51 mmThe second
structure tested? the Adelaide Creek culvert will not be discussedhere since it has
a horizontally elliptical cross-section, andthe scope of this thesis is limited to circular
culverts. The third and final structure tested wasthe White Ash Creek culver{Figure
29b), a 7.62 mdiameter round CMP with a length of 23.8 m and a maximum cover
height of 1.25 m.The corrugated plate is 4.67 mrrthick with a pitch and depth of 152

mm and 51 mm, respectively.
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Figure 2.9 Details of thetwo culverts tested by Bakht (a) Deux Rivieres and b)White
AshCreek culverts tested by Bakh{1980).

Figure 2.10 White Ash Creek culvert during live load testingBakht, 1980)

AAE 1 £ @& kstre#mentéd Qvith displacement transducers and niaxial
strain gauges on the inside of the pipes at variodscationsaround the circumference
allowing direct measurement of pipe deflections and indirect measurements of pipe
thrusts and moments The live load wasapplied using a testing vehiclg(shown in

Figure 2.10) whose axle weightscould be adjustedthrough the addition or removal
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of concrete blocks. Sincenost ofthe weight was concentratedon the rear two axles,
the live load can be approximatedas actingover an effective rectangular area with
dimensions measuring2.44 m wide (@long the longitudinal axis of the pipe) by 1.83
long (perpendicular to the longitudinal axis of the pipe). Measurementwere taken
with the centre of the effective loaded arealocated at various positions with respect

to the centreline of the pipe, as illustrated irFigure 2.11.

ROADWAY CENTRE LINE
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Figure 2.11 Positions ofeffectiverear tandem loads used irfield tests by Bakht(1980)

Bakht found that the incrementalcircumferential thrust distribution in the pipe due
to live loading was non-uniform (Figure 2.12(a) and Figure 2.13(a)). Thisobservation
was contrary to thewidely-held assumption at the time (i.e.that circumferential live
load thrusts in flexible culverts are uniformly distributed), which in turn assumed
that friction at the pipe-soil interface is negligible. When therear tandem axleswere
centred over thelongitudinal axis of thepipe (Figure 2.12(a) and Figure 2.13(a)), live
load thrusts were maximum at the shoulders and slightly reduced at the crown. As
the position of the live loadmovedin the direction transverse to the longitudinal axis
of the pipe, the maximum thrust occurredin the portion of the pipeclosest to thelive
load, and dissipated rapidly away from it(Figure 2.12(b) and Figure 2.13(b)).In some

instances,this resulted in tension developing orthe opposite side of the pipe.
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Figure 2.12 Live load thrust distributions in Deux Riviges culvert with variation of the

position of the testing vehicle in the () transversedirection, and (b)
longitudinal direction (Bakht, 1980)
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Figure 2.13 Live load thrust distribut ions in White AshCreek culvert with variation of
the position of the testing vehicle in the (a) transversedirection, and b)
longitudinal direction (Bakht, 1980)

Another interesting finding was that the distance of the live load from a given section
of the pipe had a different influence inthe transverse (Figure 2.14(a)) and
longitudinal (Figure 2.14(b)) directions. Asthe position of the live load moved away
from a given section of the pipe in the longitudinal direction, live load thrusts
dispersed about twice as rapidlyas they did in the transverse direction Live load
bending moments were found to be negligible in boththe Deux Rivéres and White
Ash Creekculverts, because theseCMPsare flexible relative to thdar surrounding

soils.
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Figure 2.14 Live load thrust at haunch withvariation of distance ofthe testing vehiclein
the (a) transversedirection, and (b) longitudinal direction (Bakht, 1980)

2.5.2 Webb, 1995

&EAEOAAT UAAOO AEOAO " AEEOAMS)Adndded & sedek OAT O
of field studies of buried pipe behaviour during backfilling. Several fulkcale field

installations were conducted at the Univerdly of Massachusetts, Amherst, using

different materials and geometries. Pipe materials included reinforced concrete,
corrugated and profile wallhigh-density polyethylene (HDPE), and corrugated metal.

This review will focus on those tests conducted usingocrugated metal pipes.

A total of 14 testswere performed. For each test, all three types of pipe (concrete,
plastic, and metal) wereinstalled end to end in the same excavated trenciithe metal
pipes tested were 3.1 mlong, round CMPs with inside diametes (IDS) measuring
0.914 m and 1.524 mSections of pipe measuring 1.2 m in lengthwere placed atthe
free endsto minimize the effects of the endof the pipes on the test sections Test
pipes were placedinside the trench on a layer of bedding soil then heavily
instrumented prior to being covered with approximately 1.2 m of fill material Forthe
tests onthe CMPs, backfill was placed in equal lifts approximately 305 mm thick.
Imported backfill was usedup to a height of150 mm above the top of the pipeand
in-situ material was used to fill the remainder of the trenchTwo morelifts of sidefill
(backfill placed between the invert and crown elevatior) were placedfor the larger
pipe than for the smaller pipe.The following parameterswere measuredafter placing
each successive lift of backfill material: pipe wall strains, pipe profiles, elevations,-in
situ density and moisture, soil strains, horizontal soil stress at the interface of backfill
and native soil, vertical soil stress, pipesoil interface presaires,and soil penetration
resistance The primary field test variablesconsisted oftrench width, in-situ soil type,
backfill material type, degree of backfill compaction,haunching (compaction of soil
under the hauncheswhich cannotbe accesgd with the samecompaction equipment
used elsewherg techniques, bedding material type, and degree of bedding

compaction.
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The properties of the pipes tested were characterized by their hoop stiffness and
bending stiffness The hoop stiffness is the ratio of loadp) to the diametric strain
(3 $ M $inder external hydrostatic pressure and is defined byEquation 2.1. The
bending stiffness is the ratio of the force per unit length of pipe to the change in inside

diameter in a parallel plate test ASTMD2412) and is defined by Equation 2.2.
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The CMPs used in these tests are considered to have highop stiffness, and are
flexible in bending (as opposedo rigid). Properties of the CMPs used in the field tests

are summarizedin Table2.1.

Table 2.1 CMP properies for field tests by Webl(1995).

Parameter Symbol Units Value
Internal Diameter D m 0.914 1.524
Corrugation profile (pitch x depth) - mm 68 x 13 76 x 25
Pipe plate thickness t mm 1.63 1.63
Weight of pipe Wp KN/m 0.37 0.88
Modulus of elasticity of steel E GPa 205 205
Pipe plate crosssectional area A mmz2/mm 1.64 1.88
Pipe plate moment of inertia I mm4/mm 31.0 142.0
Pipe hoop stiffness PS kN/m/m 730,000 500,000
Pipe bending stiffness PS KN/m/m 429 420

Some ley adbservationsbased onthe test results for the CMPsare as follows.

1 Inall cases, placement (and compaction, if applicable) of the sidefill soil caused
the diameter of the pipe to contract horizontally (negative horizontal
deflection) and expandvertically (positive vertical deflection). This response
is commonly referredtoAO OPAAEET C6
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1 In all cases, placement of backfill soil above the crown of the pipe caused

negative vertical deflection and positive horizontal deflection.

1 The methodof compaction of the sidefill soil had a significant influenceon the
shape andmagnitudes of pipe deflection In general,it seemsthat the use of
equipment delivering a greater amount ofcompaction energy(i.e. rammer vs.
vibratory plate, or vibratory plate vs. no compaction equipment) results in
greater peakingduring sidefilling, and less deflection during backfillingabove

the crown.

1 For rammer-compacted tests, greater peaking during sidefilling (and less
deflection during backfilling above the crown) was obseved for tests that

used silty sand backfill than for tests that used stone backfill. This could be

explained irDAOO AU OEI OU OAT A80O0 AT i PAOAOEOA

therefore higher coefficient of lateral earth pressure K).

1 Greater peaking in terms of both percent and abolute deflectiom? was
observed for the largerdiameter (1.524 m) pipe than for the smaldiameter
(0.914 m) pipe.

1 Horizontal earth pressuresin the backfill soil near the trench wallat the level
of the springline showed little increase until backfill material was placed over

the top of the pipes, after which they increased relatively linearly.

1 Vertical earth pressures in the backfill soil at a level 150 mm above the top of
the pipe showed a reduction of approximately 10% in the sbover the crown

comparedto the soil over thesidefill. Thismay be evidence of positive arching.

2.5.3 Mai, 2014

More recently, Maiet al. (2014a) conducted experimental tests on two steel culverts
with different degrees of corrosion that were exhumed from the field. The first
culvert, denoted CSP, exhibited significant corroson on either side of the invertThe

second culvert,denoted CSR, wasessentially intact with only minor corrosion on
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either side of the invert.Both culverts were buried in an 8m long, 8m wide test pit
ET A 1 AAT OAOT OU A Oteste@uhdeteartd lodslihgratuAive @&ding) h
Both round CSPsn this study measured 1.8 m in diameter and 3.0 m in lengtfThe
corrugation profiles were identical, having a pitch of 67.7 mm, a depth of 12.7 mm,
and an intact plate thickness of 4.5 mm.For CSR, the aserage remaining wall
thicknesses along the east and west side of the invert werd8% and 70%,
respectively. For CSP, average remaining wallthicknesses were90% along the east
side of the invert and 83% along the west side.The intact CSP propertiesare

summarizedin Table2.2.

Table 2.2 CSP propertiedor experimental tests by Mai et al(2014a).

Parameter Symbol Value Units
CSPICSP2

Diameter D 1.8 m
Length (with extension culverts) L 6.0 m
Corrugation profile - 68 x 13 mm
Intact plate thickness t 4.5 mm
Modulus of elasticity of steel E 200 GPa
Pipe plate crosssectional area A 4.87 mmz2/mm
Pipe plate moment of inertia I 95.5 mm4/mm

The backfill material used for both test CSPwas a well-graded sandy gravel (SW-
GW). Soil compaction was achieved using vibrating plate tamper to a compacted
state of 95% StandardProctor Density (SPD). For C3Rthe bedding (soil immediately
underlying the pipe) consisted of a 0.84 nthick layer of compacted material For CSP
2, the beddingconsisted of 100 mm of looseyncompacted) materialunderlain by a
0.6 m-thick layer of compactedmaterial. The sidefill was placed usingl50 mm-thick,
uncompactedlifts for CSA and 300 mm-thick, compacted liftsfor CSR. Above the
crown elevation, both CSPs were backfilled and compad using 300 mm-thick lifts

to a final cover height of 0.9 mLive load testingwas carried out under 0.9 m cover
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before removing 0.3 m of soiland the repeating the live load testing under 0.6 m

cover. Finally, CSR was testedto failure.

Live loads were applied through both a single steel pad simulating the load from a
single wheel pair (SW) and two pads simulating the load from a single axle (SA). The
SW loadwas appliedto the soil surface directly above the centerline (transversely
and longitudinally) of the pipe. The SA load was applied at the soil surface through
two (2) wheel pairs directly over the centreline of the pipdongitudinally, and 0.9 m
on either side of the centrelinen the transverse direction, resulting in a 1.8 m centre
to-centre spacing between wheel pairs. The dimensions of each steel pad measured
250 mm (transversely) by 600 mm (longitudinally). Applied forceswere basedon the
CSA CL:-625 and the AASHTO design trucksncluding dynamic allowances and
multiple presencefactors to produce a full serviceload. A longitudinal cross-section

of the test setupis shownin Figure 2.15. The calculated design loads for various load

casesare givenin Table2.3.
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Figure 2.15 Longitudinal sectionfor experimental tests by Mai et al(2014a)
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Table 2.3  Design loads for eperimental tests by Mai et al(2014a).

Design Load (kN)
Cover Height Load Type

CSA AASHTO
0.6 m SW 112 91
0.6 m SA 224 182
0.9m SW 106 87.5
0.9m SA 214 175

Each CSP was instrumented with string potentionters to measure the change in
diameter, reflective prisms to monitor the deflected shapgvia total station), and
uniaxial strain gauges to permit posttest calculations ofpipe forces, namelythrusts

and bending moments.

Selected esultsfor the tests with 0.9 m coverare displayed graphically inFigure2.16

and Figure 2.17. Someof the key resultsfrom the tests ae as follows

1 During sidefilling, the vertical expansion(peaking) was similar for CSP1 and
CSP2, while the horizontal contraction of CSP1 was 53%higher than that of
CSP2. This difference in pipe response tosidefilling was attributed to the

different stiffnesses of the two pipesand the two sidefill soils.

1 As the backfill heightexceededthe crown elevation, CSHL contracted in the
vertical direction and expanded in the horizontal direction. In contrast, CSP
experienced negligible deflection during backfill above the crown. This
responsewas attributed to the different stiffnesses of the sidefill soils and the

deterioration in CSR1.

91 During live loading, the relationship between thrust and applied force was
approximately linear for both CSPs under 0.9 raover, but nonlinear under
0.6 m cover. Tl thrust in CSP2 was higher than the thrust in CSR at the

same applied force with the same cover height.€, 71.6% higher under a 100
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kN, SW load with 0.9 m cover)Calculated thrust forces in the corroded areas

of CSP1 were very small.

1 Both CSPs exhibited a ncefinear relationship between bending moment and

applied force for alllive load tests.

91 Both thrust and bending moment due tdive loading were increased when the

cover height was reduced from 0.9 m to 0.6 m, confirming the benefits of

deepercover.

91 During the failure test, CSPL contracted vertically by 87.5 mm at the peak
force, which represented a diameter change of 4.8% after backfilling. The
strips of steel between the perforations in the corroded area of the haunches
began to buckle close to the ultimge load, while plastic hinges developed
across the crown at the same time. Despite beirfggavily deteriorated, CSP1
did not fail until reaching a SWload of 170 kN @ SAload of 340 kN), which is
90% of the fully-factored SA load for both the CSA and AA$E design trucks.
This suggests that culverts with less deterioration than CSP may have

adequateremaining structural capacity.
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Figure 2.16 Vertical and horizontal deflections during backfilling and liveloading with 0.9
m cover(Mai, 2013)
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Figure 2.17 Maximum thrusts and bending moments during live loading with 0.9 m cover
(Mai, 2013)

2.6 Numerical Studies

The complex response of flexible culverts subjected to earth and live loading makes
them difficult to analyzeusing analytical methods.The finite element method, on the
other hand, is wellsuited to account for this complex so#structure interaction. Two-
dimensional (2D) finite element analyses of flexible culverts began with Katona
(1976) andthe development of CANDE.Ufther contributions were madeby Duncan
(1979) and Seed& Raines(1988). These 2D methods relied on approximating te
three-dimensional dissipation of live loads through the cover soil by converting the
actual surface load to at©® A N O E @B lindibad Gomparison of these methods with
the results of full-scale field tests(Bakht, 1980) revealed that such approximations

lead to significant overestimations ofcalculated circumferentialthrust.

2.6.1 Moore and Brac hman, 1994

Moore and Brachman(1994) were the first researchers to investigate the use oh
three-dimensional (3D) finite element (FE) model for analysis of flexible circular
culverts subjected to live loading. Thei semi-analytic approachreduced the size of
the three-dimensional problem considerably by usinga two-dimensional finite
element mesh in the transverse direction and harmonicmodelling (a Fourier

Integral) along the longitudinal direction. Two assumptions are implicit in this
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approach: (1) the pipe and embankment endslo not appreciably affectthe overall
response of the pipe(use of prismatic geometry is required), and (2) all material
behawes elastically. The 3D FE procedure was calibrated bysuccessfuly predicting
the stresses for a 3D problem with a known solutionlt was then used, along with
conventional 2D FEmodels, to estimate the response obne of the structures(the

Deux Rivieres culver} previously field tested by Bakht(1980).
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Figure 2.18 Semianalytic FE modelby Moore & Brachman(1994).

The CMPwas modelledas plain pipe using solid rectangular elementsProperties of
the CMP elements were assigned based on two differesttuctural theories: isotropic
and orthotropic. For both cases, theeffective thicknessis calculatedfrom Equation
2.3. The isotropic model assumegshe same elastic modulus in each direction,
caculated per Equation 24. This provides a good approximation of thebending
stiffness El and axial stiffness EAf thereal plate in the circumferential direction, but
significantly overestimates the longitudinal bending stiffness. The orthotropic model
assigns different elastic propertiesin the circumferential and longitudinal directions,
resulting in a longitudinal bending stiffness that is about 150 times lower than the
circumferential bending stiffness(a much better approximation to the actual plate
behaviour that is achievedwith the isotropic model). Given the lack ofavailable

information aboutthe backfill material, two different soil moduli, 30 MPa and 80 MPa
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were selected for the analysis on théasisthat they represent probable upper and

lower-bound valuesfor the depths of backfillconsidered
Moore and Brachman drew the following conclusions based on their study

1 The general pattern d thrust predicted by the 3D FE analysis is superior to 2D

FE analyss.

1 Although circumferential thrust estimates were somewhat influenced by the
modulus of the soil large adjustment of the soil modulus had a reasonably
small effect Other quantities such as circumferential bending moments and
deflections may be more sensitive to soiinodulus but were not considered in

this study.

1 Analysis using the orthotropic structural theory suggested it may not be
essential to model the low longitudinal bending stiffness of the pipe. Hower,
excessive estimates of thrusts at locations away from the vehicle load suggest

that the use of long prismatic geometry may not be valid.

2.6.2 Girges and Abdel-Sayed, 1995

A comparative study of the results obtained from threedimensional and two

dimensional FE analyse®f a circular CMPsubjected to live loading was carried out

by Girges andAbdel-Sayed(1995). The CMP used in the study had a diameter of 7.6

m and a length of 30 m (for the ® analysis). The pipe plate profile was 152 x 51 mm

(pitch by depth) with a wall thicknessof 7.0 mm. The steelvas assumed to have an

AT AGOEA 11T AOI OO0 T &£ ¢nmnm '0A AT A A 071 EOOIT T 6«

Al AOGOEAEOU AT Avere fakerOad 135 NIRa and A.G8E fedpectivelythe

following conclusions were drawn based on the results of the study:

1 Based on the ® FEanalysis vertical pressure in the cover soil dissipated with
a slope of 1 vertical to 1 horizontal (1V:1H) in the transverse direction, which
was the same applied by the OHBDC. In the longitudinal direction, however,
the pressure dissimted at 5V:1H, compared to the slope of 2V:1H
OAAT I T ATAAA AU / ("$# 10 '13(4/60 OPAAEE
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1 The magnitude of thrust did not differappreciatively when comparing the 3D
and 2D models, although there was a significant reduction in bending

moments, especially at the crown.

2.6.3 El-Sawy, 2003

El-Sawy (2003) performed three-dimensional FE analyses of two (2) culverts
previously field tested by Bakht(1980), namelythe circular Deux Riviéresculvert and
the horizontally elliptical Adelaide Creek culvertTwo (2) different geometries were

consideredfor the Deux Riviéres culvert: the actual geometry

Figure 2.19(a)), in which the geometry at the ends of the culvertis explicitly

modelled, and a long prismatic geometry (

Figure 2.19(b)), in which it is implicitly assumed that the ends of the culvert do not
significantly affect the response othe central section.Both isotropic and orthotropic
structural shell (plate) theories were usedfor the CMR For the orthotropic case the
effective plate thickness and elastic modulus in the circumferential directionare
calculated from Equations 2.3 and 2.4. The effective elastic modulus in the
longitudinal direction is calculatedfrom Equation 2.5 This produces a longitudinal
axial stiffness equal to that of theactual corrugated plate, but significantly
overestimates thelongitudinal bending stiffness(it is only possible to satisfy one of
these, along with accurate axial and bending stiffness in the circumferential
direction). This approachcontrastswith that of Moore and Brachmar(1994), whose
orthotropic mod el satisfied the longitudinal bending stiffness but overestimated the

longitudinal axial stiffness.
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Soilwas assumed to behavelastically with the same two values of elasti modulus
used byMoore and Brachman namely30 MPa and 80 MPaNo attempt was made to
model the culvert response during construction and earth loading due to a lack of
available information. Consequently, the results from the FEA are due lve loads

only.

80.0m

plane of symmetry

(@) (b)

Figure 2.19 Geometries used in the 3D FE modets EFSawy(2003): (a) actual; and
b) long prismatic.

The following observations were madébased onthe results of the FE analysesf the

circular Deux Riveres culvert

1 The isotropic culvert model produced poor results (significantly
overestimated the circumferential thrusts and produced unrealistically high

values of longitudinal thrust).

1 The orthotropic culvert model produced circumferential thrust distributions
that agreemore closely with the experimental valuegBakht, 1980) than the
predictions of Moore and Brachmarn(1994). It was suspectedhat this is due
to the different orthotropic plate model used(i.e. accurate longitudinal axial

stiffness instead of accurate longitudinal bending stiffness)

1 The orthotropic 3D FE model provided good estimates of maximum
circumferential thrusts (located at the shoulders) which were about 33%

higher than experimental values. Bending moments showed less agreement,
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indicating that they may be more sensitiveto proper modelling of the soil

behaviour and soil-structure interaction effects.

1 Circumferential thrusts decay in a short distance in the longitudinal direction,

which justifies the useof the long prismatic geometry.

2.6.4 El-Taher and Moore, 2008

EL-Taher and Moore(2008) performed the first numerical study of the remaining
structural capacity of corroded CMP culved. They carried out a parametric study
using 2D FE models that considered circular pipes with corrosion along the bottom
half.
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Figure 2.20 Design cases and typical finite element mesalsedby EFTaher and Moore
(2008)

The five design cases considered in the studye shownin Figure 2.20, along with the

FE mesh for design case Zlest variablesincluded the circumferential extent of

AT OOT OET T AAOT 66 OEA ET OAOO ofjremairdinig plapec v d h
thickness (100%, 42.5%, 12.5%, and 1.5%), pipe diametd2.0 m, 4.0 m, and 6.0 m)

and coverdepth (1.5 m, 3.0 m, and 10 m)A corrugation profile of 152 x 51 mm intact

plate thickness of 3.0 mm elastic modulus of 200 GPajoment of inertia of 1,057.25
mm4/mm, and crosssectional area of 3.522 mymm was used for each analyss.

Four equal rows ofsolid rectangular elements were used to model the CMP with a

total thickness defined by Equation 2.3The effective modulus oflasticity, assigned
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in accordance withEquation 24, producesvalues ofcircumferential normal stiffness,
(EA), and flexural rigidity, (El);, comparable to those of the actual platel'o simulate
the reduction in pipe thickness associated with corrosionwWhich was approximated
as occurring uniformly across the invert), rows of elementsvere progressively

removed from the inside of the pipe

r PODO
: 227
4 00
o 2 0 228
T .

Well-graded granular soil was consideredas the backfill material modelled using
linear-elastic behaviour. The 2D FEanalysesconsidered the CMPs tde buried in
their initial state (i.e. pipe response during construction and earth loadingvas not
modelled), and did not include the application of live loads.Test models(considering
the pipe in an intact, buried state) were successfully calibrated against closed form
solutions prior to simulating corrosion. Changes in the factor of safety against
yielding, FS, and factor of safety againstbuckling, FS, are assessed asorrosion

develops Two primary conclusions are

1 The factor of safetyagainst yieldng FS decreasesalmost linearly with
decreasingplate thickness (Figure 2.21). This occurs because the reduon in
thickness across the invert has minimal effect on thtal thrusts and bending

momentsin the pipe.

1 Yielding remained the critical design condition for the studied cases.
Reductions in buckling stability are not likelyimportant unless the structue

is buried in poor quality backfill soil.
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Figure 2.21 Reductionsin stability against yield versus percentage of original plate
thickness (El-Taher & Moore, 2008)

2.6.5 Mai, 2014

Mai et al.(2014b) conducted 2D FEanalysesto predict the structural responseof two

(2) culverts prior to the experimentsdescribed in section2.5.3(Mai et al., 2014a)

All the analyses in this studyemployed linear-elastic soil behaviour Values of elastic
modulus for the 95% SPD backfill wre calculated using the method proposed by
Scott et al(1977). The soil modulus for the loosaidefill around CSP1 was calculated
based on confined pressurgSelig, 1990) Constant soil modulus with depthwas
assumed to simplify the FE analysisThe interface between the soil ad the

corrugated pipe was modelled as rigid (fully bonded) for all cases.

The carugated pipes were modelledin two dimensions using a plain shell with
O A N O E (plopekibs@alculated from Equations2.24 and 2.25. Two different finite

element software packagesCANDE2007 Level 2and ABAQUS version 6.9vere used
to compare their performance With ABAQUSIt was possible to define various
thicknesses around the pipe circumferenceThe pipe circumference was therefore
divided into nine sections and assigneceffective properties based on the actual

average remaining wall thicknesses, whichwere previously measured using an
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ultrasonic gauge(Mai et al., 2012) Table 2.4 summarizes the properties of the plain
shell used to model CSP1 (denoted &ise ®A AT Al Al AT OaldhdvittheA AE 6 Qh
corresponding properties of the actual, corrugated sectiorModelling the thickness
variations in CANDE isiot possible and therefore the average minimum thickness

was used to model the whole culvert.

Table 2.4  Bending and hoop stiffness of plain and corrugated section for CSP1
(Mai et al., 2014b)

Beam element approach Corrugated section

Angle from the invert E(GPa) f (mm) El = 10% (Nm*[m) EA = 10° (N/m) E (GPa) T (mm) El » 10° (Nm?/m) EA « 10°F (Njm)

51 33.75-45° (L) 515 153 153 787 200 3.64 153 787
52 225-33.75° (L) 46.9 153 139 716 200 331 138 716
53 11.25-225% (L) 534 153 159 816 200 378 159 816
54 0-1125* (L) 617 153 185 945 200 437 185 945
55 0-11.25° (R") 57.3 153 17.2 878 200 4.06 172 878
S6 11.25-22.5° (R) 37.0 15.2 109 563 200 2.60 109 563
57 225-33.75° (R) 335 152 598 508 200 235 9.8 508
58 33.75% 1o 45° (R} 489 153 156 748 200 346 156 748
Intact 45°-45°R° 63.6 153 19.1 975 200 451 18.1 975

* On the left side of the invert in the 2-D model.
" On the right side of the invert in the 2-D model.
© The section haunch-crown-haunch of the 2-D model remains intact.

The finite element mesh used in the buried pipe models shown in Figure 2.22.
Simulation of the effect of backfillingwas achievel by first activating the bedding and
pipe, then activating each soil layer (150 mathick for CSP1 and 300 mnthick for
CSP2) in successive stages. No attempt was made to account for thsidual
horizontal earth pressuresinduced by compaction and their associated effects on
pipe deflectionsduring sidefilling. The vertical boundarieswere setat 3.1 m (or 1.7
times the pipe diameter) from the edge of the pipe, and the distance between the

invert and the bottom boundary was 0.7 m.

B,

Figure 2.22 ABAQUS-Emesh used inanalysesby Mai et al.(2014b).
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The surface liveload was simulatedby applying a uniform pressure with a width of
250 mm positioned at the centreline of the pipeSeveral different approache were
usedto convert the 3D live load infi AT OANOEOAIT Al @éhods By
Katona(1976) and Moore(McGrath et al., 2002¥or the single axle (SA) load, anthe
method of Petersen et al(2010) for the single wheelpair (SW) load

Comparison of ppe deflections and thrust forcesproduced by the 2D FEmodels to

the experimental resultsrevealed the following:

1 All models produced linear relationships between deflection and applied load,
and between thrust force and applied load. Experimentaksults, however,are
non-linear, especially formore deteriorated CSP1This is the main reason for
this difference islikely the linear-elastic material models used to modelthe

soil and pipe

1 Both models overestimate the horizontal diameter change, which was

negligible.

1 The results suggest thaheavily deteriorated culverts cannotbe adequately
modelled with current methods, butthat CANDE caie usedin favour of more

complex software to model relatively intact corrugated metal culverts.
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Figure 2.23 Horizontal and vertical diameter change of CSP2 durintye test with axle load
and 0.6 m cover(Mai et al., 2014b)
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CHAPTER 3:
DEVELOPMENT OF AHREEDIMENSIONAL
FINITEELEMENTMODELFOR
CORRUGATED METAL PIPCULVERTS

3.1 Introduction

In recent years, wo-dimensional (2D)finite element (FE) modellinghasbeen usd to
explore how the structural integrity of a corrugated metal pipe (CMP) culvertis
affected by degradationof one or both of its constituent materials (i.e. the pipe metal
and/or surrounding soil). The stability of deteriorated culverts under dead loading
(ElI-Taher & Moore, 2008) and live loading (Mai et al., 2014b)have been examined
Although much understanding has been gained from this research, several
simplifying assumptions wereinherent in these modelswhich may limit their a bility
to provide further insight into the problem. Mostprominently , perhaps,is the use of
linear elastic constitutive soil modelstogether with fully bonded conditions at the
soil-pipe interface. The mechanical behaviour ofeal soilinvolves asignificant degree
of non-linearity. In soil-structure interaction problems such as the one considered
here, it seemsreasonable to expect thatthe non-linear behaviour of the soik
together with that of the soil-structure interface? would have aneffect on the
response of the structure.Furthermore, 2D models are limited in their ability to
account for certain aspects of thectual, 3D problem. Such aspects includairface
live load spreading through the cover soil, the structural behaviour of acorrugated
pipe, andthe influence ofcorrosion patterns that vary in both the longitudinal and
circumferential directions of the CMP.Although many 3D models have been
developedfor intact corrugated metal culverts subjected to live loadinde.g. Girges &
Abdel-Sayed(1995), EFSawy (2003), MacDonald (2010), Elshimi (2011)), none of
them (to the knowledge d the author) havebeen used tanvestigate the influence of

corrosion. This chapter details the development of a comprehensive, 3D, ndinear
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FE model capable of simulating the behaviour of both intact and corroded CMP

culverts.

3.2 Experimental Details

The full-scale laboratory experimentscarried out by Mai et al.(2014a) AO 1 OAAT 8 O
University are considered here for validation of the new, 3D model Specifically, the
intact culvert from the experiment? which is referred to as CSP2 is modelled
during construction (dead loading) and under live loading conditions, using the
approach described in the following sections.This experiment was selectedfor
calibration purposes due to the availability of well-documented details (e.g.
geometry, material properties, test methodology, etc), in addition to the
comparatively high degree ofaccuracythat might be expectedfor measurements

made in a controlled laboratory environmentversus those made in the field
3.3 Numerical Details

3.3.1 Gerneral

The commercially-available geotechnical engineering finite element software
package Plaxis 3D AE.OBrinkgreve, 2015) was used to develop the model described
herein. Numerical methods such as the finite elment method (Zienkiewicz & Taylor,
2005) are well suited to deal with complex boundary value problems such as those
involving soil-structure interaction. The first step in the finite element methodis to
discretize the entire problem domain into a finite humber of geometric entities
(volumes, areas,and/or lines), which are referred to as Glementsd Adjacent
elements are connected to one another by shared pointsy Modesi which, at a
minimum, are located at tke corners of the elements (for line elemeis, nodesare
located at each end. Equilibrium and compatibility conditions are satisfied at each
node by solving a set of simultaneousquations of the following general form for each

element:
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Where {f} is a vector of nodal forces|K] is the element stiffness matrix, anqu} is a
vector of nodal displacements. The total force is applied in incremental (load) steps,
and the equations for eaclstep are solvedn an iterative manneruntil some specified
convergence criteriaare reached Oncehe displacements are known, then the strains

and stresses can be determined.

3.3.2 Mesh and Boundary Conditions

The total dimensions of the 3D model measured 8.@-long, 6.0 mwide, and 3.4 m
high. The extents of the side and bottom boundaries of the model correspond to those
of the walls and floor of the concrete test pit thatwas usedin the experiment,
respectively. Therefore, any end effects that may influendbke results of the 3D model
should havealso been present in the experiment. Default boundary conditionswere
maintained at all stages of the analyse@.e. top = free, sidess normally fixed, and
bottom = fully fixed).

The soil continuum in Plaxis 3Dis discretized into ten-noded tetrahedral (3D) soill

elements. The CMP wamodelled using plates, whichare discretized into six-noded,

triangular (2D) plate elements. The interface between thesoil and the CMP was

modelled using interface elements, which const of pairs of nodes that are

compatible with the six-noded triangular side of a soil or plate element. The mesias
automatically generated by specifying a global coarseness value @ AET A6 j x EEA
corresponds to a relative element size factorme, equalto 0.7 at the outer regions of

the model, with local refinement ¢e= 0.5)nearthe CMP. The resulting mesh consisted

of 179,069 soil elements and 258,84 nodes.

3.3.3 CMP

Ideally, the geometry of the CMP would be expli¢it modelled in three dimensions

using vdume j 1 O OOT Eil 6q Al Al AT 608 4dorodion 4AUh OE /
progressive reduction in thickness of thepipe plate) could be modelled simply by

deactivating incremental layers of the CMP volume in successive calculation phase

However, since thecorrugation profile of the pipe plate (67.7 mm-pitch by 12.7 mm
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depth by 4.5 mmthick) in this caseis very fine relative to the total dimensions of the
model, this approachwould require an extremely large number of very small
elements In the current vasion of Plaxis 3D, this causethe 3.6 GBRAM memory
limit of the input program to be exceeded.Therefore, the common approach of
modeling OEA AT OOOCAOAA bpi AOGA 1T &£ OEA PEBPA AO
orthotropic material properties was adopted.

The structural responseof a pipeis controlled by its flexural rigidity, El, and axial
stiffness,EA whereE, |, and A are the elastic modulus, moment of inertia, and cross
sectional area of thepipe plate, respectively. A corrugated plate hasnique values of
flexural rigidity and axial stiffness inthe directions perpendicular and parallel to the
corrugations. For a corrugated pipe, these directions correspondotthe longitudinal
and circumferential AAT T OAA AU OBA A @ifeddnd &f Bhé PipeO
respectively. Since the pipeis materially isotropic (it has the same valueof elastic
modulus in all directions, i.e.E. = E = E), its anisotropic behaviour is due to
directionally -dependent geometric properties (L < Iy and AL < A'). Upon @nverting
the corrugated plateto AT O A N Opfatd plateltfie Sabnerectangular cross-section
results in both directions (i.e.h =h =h and@ = @ = @. Therefore,orthotropic values
of elastic moduli, S. and S, are assigned suchhat El. = Stbband Elf = Sh The
properties of the equivalent orthotropic plate were computed using Equations 3.2
through 3.9 (Aagah & Ayannejad, 2014)
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where,
@ = thickness of the orthotropic plate;
r € = unit weight of the orthotropic plate;
S = elastic modulus of the orthotropic plate in the longitudinal direction;
S = elastic modulus of the orthotropic plate in the circumferential direction;
& E OITEOOI T80 OAOET 1T &£ OEA 1T OOEI 601 PEA
[rr  =circumferential out-of-plane shear modulus of theorthotropic plate;
[ 1r = longitudinal out-of-plane shear modulus of the orthotropic plateand
L =in-plane shear modulus of the orthotropic plate

It should be notedthat by usingthe above equationsonly three (3) out of the four (4)
flexural rigidity/ axial stiffness valuesare accurately modéled. While the flexural
rigidity calculated forthe orthotropic plate is equalto that of the actual platein both
directions, the axial stiffness of the orthotropic plate is only accurate in the
circumferential direction (i.e. EAf =S @ butEAL ES @. The longitudinal axial stiffness

of the orthotropic plate, in this caseis underestimated by approximately 25%.

Plaxis 3D uses a local coordinate system for platésat consists of orthogonal axes 1,
2, and 3. The local axes of ¢hplate in the3D model were oriented such that axs 1, 2,
and 3 coincidewith the longitudinal (L), circumferential (J ), and radial(R) directions

of the pipe, respectivelyThe conventiorsfor the structural forces computed by Plaxis

based on the local eordinates are shown in Figure 3.1.
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Figure 3.1 Definition of positive normal forces (N), shear forces (Q), and bending
moments (M) for structural plate elementsbased on a local system of axes
(Plaxisbv, 2013).

Actual (isotropic) properties of the intact CMP plate are givenin Table 3.1. The
equivalent (orthotropic) plate properties are given in Table 3.2. The severity of
corrosion is described in terms of the percentage ofthe intact plate thickness
remaining, P.. Since the objective here is simply to demonstrate that the model is
capable of &counting for the effects of corrosion, analyses are only conducted for
valuesof P, equal to 100 % (i.e. fully intact), 50%, and 10%. For the same reason, the
effects of corrosion are assumed to be uniformly distributed along the length and

around the circumference of the pipe.
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Table 3.1  Actual (isotopic) material properties of the intact and corroded CMF.

Parameter Symbol Value Units
Plate thickness t 450 mm

Unit weight r 77 kN/m 3
Elastic moduus E 200 GPa
Crosssectional area A 4.87 mmz2/mm
Moment of inertia I 95.28 mm4/mm
OTEOOTT180 Cuw 0.3 -

Table 3.2  Equivalent (orthotropic ) material properties of the intact and corrodedCMP.

Parameer Symbol Value Units

Plate thickness @ 15.32 mm

Unit weight r 24.47 kN/m 3
) Circumferential § 63,567,033 kPa

Elastic

moduli

Longitudinal S
OTEOCOT T80 OAwueé

Circumferential [; >

5,066,248 kPa
0 -
24,488,859 kPa

Out-of-plane
Shear_ Longitudinal [ r 1,948,557 kPa
moduli
Out-of-plane
In-plane Ir, 6,902,173 kPa
Crosssectional area @ 15.32 mm2/mm
Moment of inertia b 299.78 mm4/mm
3.3.4 Soll

The actual behaviour of soil canbe simulated to various degrees of accuracy

depending on the constitutivemodel used. Simple soil models are advantageous in

the sense that they require fewer input parameters and result in relatively quick

calculation times. More advanced soil modelgenerally have more inputs (some of

which may be difficult to estimate or meaare) and are computationally expensive,

57



but often produce mae realistic results. Three different constitutive soil models from
the Plaxis 3D librarywere evaluatedin developing the model: Linear Elastic, Mohr

Coulomb, and Hardening Soil.

3.3.4.1 Linear Elastic m odel

The Linear Elastic (LE) model is the simplest of the three soil models used in this
O0OO0AU8 )O EO AAOGAA 11 (TTEA8O ,Ax 1 &£ EOI O
ET DOO DPAOAI AOGAOOEY Al @G ©d & didieAotie@ineStkel h

slope of thenormal stress-strain curve, while the latter defines theratio of normal

strainsthat occurin planes perpendicular and parallelto the direction of the applied

stress.Itis possibleOT OOA 01 EOOI 160 OAOQOET ADGADBEOAIT Uh
construction mode,to obtain soil stress states thatcannot be generatedby gravity

loading alone @s explained insection 3.3.7). All strainsin the LE model are fully

reversible, and the soil is assumed to have imiite strength. Although the LE model is

generally considered to be inalequate for modelling soil, it produces very fast

calculation times and is unlikely toresult in numerical instability. As such, theLE

model may still be useful for obtainingaquick first approximation of the problem and

to help evaluate the modelling procedureThe soil properties used for the LEsoll

model are given inTable 3.3.

Table 3.3  Soil properties used for LE soil model.

Parameter Symbol Value Units
Unit weight fs 21.9 KN/m 3
Elastic modulus Es 60,000 kPa
OTEOOTT80 Cuw 0.3 -

3.3.4.2 Mohr-Coulomb model

The Mohr-Coulomb (MC) model is a linear elastic, perfectly plastic modelnd is of
intermediate complexity. The MC model behaves the same as the LE mogebvided

the maximum shear stressin the soil remains less than theO T EshedrGtrength
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However, at any specific point in the soil, no additional normal stress can be applied
once the $iear strengthis exceededFurthermore, all strains that occur beyond this
point are irreversible. The shear strength of the soiis defined by the well-known

Mohr-Coulomb failure criterion, i.e.:

t O , OAI; 3.10

where A i the effective cohesiong & the effective internal friction angle of the soil,
and A & the effective stress acting normal to the potential failure plae. All soils in
this study are assumed to be dry (i.&X §4). The total strain R, is the sumof the elastic
(fully re coverable) strain, re, and plastic (irrecoverable) strain, rRP. The soil stiffness is

the same during uroading as it is during loadingasillustrated in Figure 3.2.

')
L
r
L

Figure 3.2 Typical linear elastic-perfectly plastic model(Plaxis bv, 2015).

The MC model ha five primary input parameters: E, 4, A,§ & and ¢ 6 The angle of
dilation, € § defines the amount of volumetric strain that occurs during shearing. A
significant shortcoming of the MC model is tha® T O T nmgpdulis is assumed to be
constant with depth. The stiffnessof a real soilis highly dependent onthe stress level.
The assumption of constant stiffness saves on computational effort, but may not
produce realistic deformations incertain situations. The soil properties used for the

MC model are given irmmable3.4.
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Table 3.4  Soil properties used forMCsoil model.

Parameter Symbol Value Units
Unit weight ls 21.9 kN/m 3
Elastic modulus Es 60,000 kPa
0T EOOTT180 Cuw 0.3 -
Cohesion A b 5 kPa
Friction angle 30 40 °
Dilation angle Co 0 °

3.3.4.3 Hardening Soil model

The Hardening Soil (HS) model is an advanced model thiatbasedon the theory of
plasticity, and which is capable of simulating many of themportant aspects of soil
behaviour. Most notably, it accounts for the fact that soil stiffness éependent on the
stress level, as well as on the stress path history of the sailhis is accomplishedby
using three different stiffness parameters: the triaxial loading (secant) modulusso;
the triaxial unloading-reloading modulus, Eyr, and the oedometer loading modulus,
Eoea All three moduli are stressdependent; their input valuesin Plaxis 3D (i.e Eso",
Eoef, and Eur'¢f) each relate to a common reference pressure,pret, for which the
default value of100 kPawas used A total of seven(7) primary input parameters are
required: Eso'®’, Esed®’, Eur'®, 4, A, §and ¢ 6 The over-consolidation ratio, OCRcan also

be specified andaccounted forduring initial stress generation.
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strain (1)
Figure 3.3 Definition of Esye and Eyref for drained triaxial test results (Plaxis bv, 2015).

-01 A

pref

_5‘1
Figure 3.4 Definition of E.def for oedometer test results(Plaxis bv, 2015).

In contrast to the MC model, the yield surface of the$inodel is not fixed; it can
expand due to plastic straining(Figure 3.5). The shear yield surface can expand up to
the ultimate Mohr-Coulomb failure surface, and this phenomenois referred to as
strain hardening. The HS model also includea second type of yield surface to close
the elastic region for iotropic compression. This surface is known as the cap yield
surface and expands as a function of the pmonsolidation stress. The total yield

contour of the HSmodelis shownin Figure 3.6.
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Figure 3.5 Expanding yield loci with increasing plastic shear strair{Plaxis bv, 2015).

_0'2

Figure 3.6 Representation of total yield contour of the HS model in principal stress space
(Plaxisbv, 2015).

Although it demandsgreater computational effort and produces longer calculation
times than the MC and LE model¢he HSmodel may producemore accurateresults
for certain types of problems.It is worth noting that the HS modelstill neglects
severalaspects of real soil behaviourincluding strain softening due to soil dilatancy
and de-bonding effects the effects of cyclic loading and cyclic mobilityand the higher
soil stiffness that exists at small strain levelsThe soil properties used for the HS soil

model are given inTable3.5.
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Table 3.5  Soil properties used forHSsoil model.

Parameter Symbol Value Units
Unit weight ls 21.9 kN/m 3
Secantmodulus Esof 60,000 kPa
Oedometer modulus Eced®f 48,000 kPa
Unloading-reloading modulus  Ey"ef 180,000 kPa
0T EOOT T80 OAOlLwu 0.3 -
Cohesion Ad 5 kPa
Friction angle 30 40 °
Dilation angle Co 0 °

3.3.5 Soil-Pipe Interface

The interface between the soil and the CMP is physically differefrom the contact
between adjacent volumes of soil, and thusstmechanical behaviour is also unique.
Specifically, the strength and stiffness of the interface may be less than that of the soil.
When the shear or tensile strength of the interfaces exceededslippage and gapping

can occurand affectthe forces thatare transmitted to the pipe.

Interfaces have traditionally been modelled using a MohrCoulomb model. The
parametersA @&d 3 &re analogous to the adhesion between the soil and the CMP, and
the interface friction angle, respectively. These parameters cdre obtainedfrom the
results of direct shear tests. In Plaxis 3D, strength and stiffness parameters da@
assigned to the interface independent of the soil parameters. Alternatively, the
strength and stiffness of the interface can be taken as a percentage of the values of the
adjacent soil,using a strength reduction factor,Rnwer (Where 0.01 < Rner < 1.0). When
Rinter IS used, and the adjacent soil is the LE model, only the stiffness of the interfate
reduced, while slippage/gapping cannot occur. When the adjacent soil ilmodelled
using a more advance soil model, such as the HS model, only the relevant parameters
(A,36C §E = Eu, and u) are picked up.In this study, only one interface condition is
considered, in which the interface parameters are taken from the adjacent soil using
Rinter = 0.6 (Allen, et al, 1988)
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3.3.6 Modelling Sequence
4EA T TAAl xAO AT Al UUAA AO OAOEI 6O OOACAO
Three main stateswere examined

1. Dead loadingof intact culvert;

2. Dead Hive loading of intact culvert and

3. Dead +live loading ofcorroded culvert.
Each of thesanajor stateswasfurther subdivided into several phases such that the
model results couldbe analyzedat intermediate stages during dead and live loading.
3.3.6.1 Dead Loading

The modelling sequence for theconstruction (i.e. dead loading) of the culvertis
illustrated in Figure 3.7. Here, a simplified caseés presented in which compaction
effectsare ignored. Incorporating the effects of compaction, as described in section

3.3.7, requires anadditional phase for each layer that is compacted.
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Figure 3.7 Modeling sequence for culvert construction without compaction effects.

In the first phase, the bottom layer (0.6n-thick) was activated. In phase 2, the
100 mm-thick bedding, the CMP, and the seCMP interfacewere activated. The
sidefill was activated in sk (6) layers (approximately 0.3m-thick each) in phases3 to
8. In phases 9 to 11, 0.8 of cover soil is progressively activated, up ta total cover
depth of 0.9m.

3.3.6.2 Live Loading of Intact Culvert

Live loading of CSP2vas moddled for the four load cases shown inTable 2.3. The
total applied forcewas converted to a uniformlydistributed surface load and applied
to a rectangular loading plate at the ground surface. The loading plate was 0.6lomg
by 0.25 mwide (area = 0.15 n?) and positioned at the centreline of the culvert (both

longitudinally and transversely). The total live loadwas applied in incremental
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phases such that the loadleflection response of the model culvert could be analyzed

and compared to the experimental measurements.

3.3.6.3 Live Loadin g of Corroded Culvert

Live loading of the corroded culvert wasnodelled in a similar manner to thatof the
intact culvert, except that the material properties of the orthotropic CMP plate were
adjusted to reflect the reduction in thickness of the actual (isotropic) plate. The
corroded plate properties were computed using equation$.2 to 3.9 for t =toP;, where

tois intact plate thickness.

3.3.7 Compaction Effects

During construction, the soil is placedon either side the pipe (and hence referred to
A Osidédillé @nd compactedin successive layerswhich are typically 150 mm to
300 mm-thick. The compaction process can result in high residual lateral soil
pressures. These pressures effectively squeeze tpge and can cause the crown to
OPAAEOG | E8B8A8 Adna efirkld cle@rBvkethér Ahd @edking @sponse
during side filling has an influence on the resulting stress regimén the pipe.
Therefore, me of the objectives of this model is to explore this questioif.there is an

influence, it would be desirableto account for it in the model.

Explicit modelling of the compaction process including densification of the soil would
add enormous complexity to the model and isot essential to the problem considered
in this study. Therefore the objective hereis simply to accountfor the effectsof sidefill

compactionin terms of the structural response of theCMP.

Recent efforts to incorporate compaction effects in culvert model&lshimi & Moore,

2013) consisted of specifyinga largevalue for the coefficient of lateral earth pressure,

K, which was then used by the software to generate the pesbmpaction stresses in

each layer. In Paxis 3D, however, horizontal stresses areot computed using K,

except during the initial calculationphase (for LE and MGoil models,the horizontal
stressesgenerated from gravity loadingare a function of0 T EOOT T .&lreford OET q

the sameapproach could notbe usedhere.
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(1) (@) 3)

Figure 3.8 New procedure for simulating the effects of compaction next to a culvert
pipe:(1) activate layer and apply load; (2) remove load and(3) repeat for next
layer.

An alternative procedure for incorporating the effects ofcompaction in the 3D model
using theHS soil models illustrated in Figure 3.8. Each compacted layes appliedin
two (2) phases. The first phase consists of activating the new layer and applyiag
effective uniform vertical compaction load to the surface the magnitude of which
must be empirically-determined). In the second phase, the compaction loads
removed. Due to hardening of the soil, residual lateral stresses should be developed,
as in reality. Itis anticipatedthat this technique would na produce the desired results
when either the LE or MC soiimodels are used since their material behaviour is
largely (or entirely) elastic, and removing the compaction load wouldsimply cause

all incremental stresses and stains to be completely reversed

Figure 3.9 shows the horizontal stress distributions producedrom a simple numerical
experiment employing the technique described abovefor three 0.3 mrthick layers of
laterally confined soil and a vertical commction load of 30 kPa Separate tests were
performed using the LE,MC, and HSoil models. Using the LE and MC modelshe
resulting horizontal stress distribution remains unchanged compared to before the
compaction load was appliedUsing the HS model,hte resulting horizontal stress

distribution is close tothat expected(see Ingold(1979)).

67



On  [kn/mz2]
0.00

-2.00
-4.00

-6.00

-8.00

-10.00
0.9m

-12.00

-14.00

-16.00

-18.00

-20.00

-22.00

(a) (b)

Figure 3.9 Horizontal stress distributions resulting from asimple numerical experiment
to assesompaction effects (a) LEand MCmodels; and (b) HSmodel.

3.4 Results and Discussion

3.4.1 Dead Loading

The incremental changes in vertical and horizontal diameters during backfillingre
plotted in Figure 3.10. As expected, both the LE and MC soil models were unable to
accurately capture the peaking response of the pipe thawas measuredin the
experiment. The LE model produced less than 1 mm of deflection in both vertically
and horizontally. This is not surprising since anylateral strains that result from the
application of the compaction loadare completely recoveredupon its removal. The
MC model produced some noticeable peaking responget to a much smaller degree
than was measired experimentally; a vertical expansion of 1.8 mm and horizontal
contraction of 0.5 mmwere computed upon completion of backfilling up to 0.9 m
cover, versus experimental values of 4.2 mm and 6.1 mm, respectivelhis can be
attributed to the fact thatsome portion of the compactionrinduced lateral strains are
not recovered due to local yielding of the soil upon removal of the compaction load.
The HS model capturd the peaking response quite well. Vertical and horizontal

deflections (5.0 mm and 4.3 mm, espectively) were within 19% and 30% of
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experimental values(4.2 mm and 6.1 mm) These results indicate that the strain
hardening behaviour of the HS soil model waseffective at transferring the

compactiorrinduced lateral loads to the pipe

3.4.1.1 Deflections

10 |

—— Experiment (Mai)

m}

3DFEM - LE

3D FEM -

MC

—e--3D FEM - HS /

Deflection (mm)

-10

0.00 0.25 0.50 0.75 1.00 1.25

Normalized height of backfill above the invert, H/D (m)

1.50

Figure 3.10 Vertical and Horizontal deflections during backfilling of CSP2 up to 0.9 m
cover.

3.4.1.2 Thrusts

Figure 3.11 shows the total circumferential thrust distribution around CSP2

predicted by the model upon completion of backfilling up to 0.9 m cover.

Experimental results are shown only near the crown (from shoulder to shoulder)
because, as noted by M&R013) noted that there was unexpected tension measured
in the bottom half of the pipe, which was likely erroneousResults from the 3D FEM
match relatively well with experimental results across the top half of the pipe for all

soil models. However, the thrust at the crown is glihtly underestimated using the LE

Vertical

Horizontal

model. This seems reasonable given that no yielding occurs in the LE soil, and thus

the arching effect would begreater (and resulting thrust in the pipe smaller)
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compared to the MC and HS models. The dead load thrust distition around the
pipe is relatively uniform for the MC and HS models. Maximum valuese observed
at the springlines (about 23 kN versus 19 kN at the crown for the HS model) for both
the MC and HS models. In contrast, the location of maximum dead loadusst for the

LE model was at the haunches (32 kN, compared to 12kN at the crown and 24 kPa at

the invert).
Crown ) )
0° —O0— Experiment (Mai)
kN/m -+~ 3D FEM - LE
-40
330° 30°

o— 3D FEM - MC

—— 3D FEM - HS
300° :

West Springline 270° 90° East Springline

180°
Invert

Figure 3.11 Grcumferential thrust distributions around CSP2 upon completion of
backfilling with 0.9 m covet

3.4.2 Live Loading

3.4.2.1 Deflections

Figure 3.12 showsthe model results for vertical and horizontal deflections during live
loading with the SA load and 0.6 m cover. It is evident that the ndimear relationship
between deflection and applied loadwas not capturedby the 3D FE models using
linear elastic soils. The 2D E modelby Maiet al.(2014b), which also utilized a linear

elastic soil model, was similarly unsuccessfuh capturing this trend. However, the
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trend was captured reasonably well by the 3D FEnodel using either the MC or HS

soil models.
5.0 -~
N
Lt
E 00 B—amwmeses =<
E
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-10.0
0 20 40 60 80 100 120

Applied load (kN)

Figure 3.12 Vertical and horizontal deflections in CSP2 during singlaxle (SA) loading with
0.6 m cover.

3.4.2.2 Thrusts

The incremental circumferential thrust distribution around the pipe due to a single
axle load of 87.5 kN with 0.9 m coves shownin Figure 3.13. Themagnitude of thrust
at the crown for the LE model was only about 36% of the experimental value. Live

load thrust distributions from the MC and HS models were very similar (i.e. within

Horizontal

Vertical

1% of each other), both of which matched the measured values very closely except at

the crown. The experimental thrust distribution indicates a reduction of
approximately 13 kN from the shoulder to the crown, while the 3D FEM results
remain relatively constant between the shoulders, with maximum values occurring
at or near the crown. Notably, aly one experimental data point exists between the
shoulders. Therefore, any error potentially associated with that data point would
have a significant influence on the interpreted thrust distribution across the top of
the pipe. Further supporting this possibility is the fact that a similar reduction of

thrust at the crown was not observedin any of the other experimental load cases.
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Figure 3.13 Incremental thrust distribution around CSP2lue to 87.5kN single axle (SA
load with 0.9m cover.

The maximum thrust force in CSP2 during SA loading with 0.9 m and 0.6 m cover is
plotted in Figure 3.14 and Figure 3.15, respectively. Both cover depths show similar
trends; only the magnitudes of thrust are higheffor the case with 0.6 m coverThe
thrust forces predicted by the 3D FEnodel with the LE soil were significantly less
than measured values (39 kN versus 114 kN at an applied load of 100 kN).
Furthermore, the LE model produced a linear loaghrust trend, in contrast to the
non-linear response measured experimentally. Although the 2D model by Mai also
failed to capture the nonlinear behaviour of the culvert, it did provide a much more
accurate prediction of live-load thrust than the 3D model. The most likely explanation
for this is that the 2D model relied on the use of a loadpreading factor for
AAOAOI ETEIT ¢ AT OANOEOAI AT 6o 1 ETA 1TAA O A
developedto produce (generaly) conservative values of thrustfor typical loading
conditions. Conversely, load spreading in the 3D model is accounted for explicitly.
Since the LE soil model has infinite strength, the load spreading maximizedand a

smaller portion of the applied load is transferred to the pipe. Liveload thrusts from
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the 3D FEM using the MC and HS models are nearly identical (106 kN and 110 kN,
respectively, for an applied force of 100 kN). Both models agregosely with the
experimental resultsin terms of both magnitude and the non-linear trend. However,

the experimental curvediverge from the 3D FEM resultsat the very end of the curve
This could be due to thesmall amount of cohesion(5 kPa) that was necessarily
assigned to the MC and HS modets provide numerical stability. This amount of
cohesion may besufficent to prevent some of the local yielding within the soil,
thereby reducingthe portion of the applied loadthat is transferred to the pipe.
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Figure 3.14 Maximum incremental thrust in CSP2 during single axle (SA) loading with
0.9m cover.
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Figure 3.15 Maximum incremental thrust in CSP2 during single axle (SA) loading with
0.6 m cover.

3.4.2.3 Bending Moments

The inademental circumferential bending moment distribution due to a single axle
load of 87.5 kNis shownin Figure 3.16. The magnitudes of the bending moments are
small (i.e. < #.5 kN-m/m), owing to the relative flexibility of the pipe considered.
Regardlessthe distribution of live load bending moments around the CMRvas well
capturedusing the HS model, and to a lesser degree using the MC modke live load

bending moments were underestimated when the LE model wassad.
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Figure 3.16 Maximum incrementalbending moment distribution around CSP2 due to 87.5
kN single axle (SA) load with 0.9n cover.

The maximum live load bending moment in the pipe during SA loading with & m
cover is shown in Figure 3.17. The general trend (i.e. nodinear) observed in the
experiment was clearly captured by the MC andHS modes, while the results

produced by the LE model were linear anéessaccurate.

Overall, the model predicted the structural response of the culvert observed in the

experimental tests with reasonable accuracy, especially using the HS soil model.
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Figure 3.17 Maximum incrementalbending moment in CSP2 during single axle (SA)
loading with 0.6 m cover.

3.5 Conclusions

The following conclusionsare made

1. The HS soil modehccurately captured the experimental peaking response of
the culvert during backfilling. the MCmodel was less accurae, and the LE
model was imaccurate The HE soil model was thereforeeffective at

transferring the simulated compactiontinduced loads from the soil to the pipe.

2. The LE soil model did nopredict the dead loadthrusts as well as the MC and
HS models.

3. Live-load thrust distributions from the MC and HS models were within 1% of
each other,and both matched the experimental data closely everywhere

except at the crown.

4. The nonlinear load-bending moment curve observed in the experiment was
well captured by the MCand HS modelsthe results produced by the LE model

were linear and inaccurate.
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5. The observed performance of the developed 3D finite element model is
deemed sufficient for proceeding with a parametric study in the following

chapters.
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CHAPTER 4:
PARAMETRIC STUDYORINTACT
CORRUGATED METAPIPECULVERTS

4.1 Introduction

This Chapter presentgesults from a parametric studyfor round (i.e. circular cross
section), intact CMP culvertsThe parametric studywas basedon three-dimensional

finite element analyses, which weresarried out using the software packag®laxis 3D

The purpose of the study was todetermine the most important geometric and
material parameters governing the behaviour of the culvert pipeSpecifically, five (5)
parameters were varied: diameter otthe pipe, height of cover soil,secantmodulus of
backfill soil, internal friction angle of backfill soil, andthe strength reduction factor of
the soil-pipe interface. Eachparameter is examinedin terms of its effects onthrusts

and bending momentdn anintact (i.e. non-corroded) culvert pipe during live loading.
4.2 Numerical Details

4.2.1 Geometry , Mesh and Boundary Conditions

The three-dimensional geometry of the models usedin this study is presented
schematicallyin Figure 4.1 and Figure 4.2. In general, the models contain the same
features described in Chapter 3. One notable difference is the addition of a pavement
surface. The pavement surface(which is present in most culverts) constitutes a
relatively stiff layer at the ground surface and thus has a major influence on the
amount oflive load that gets transferred to the pipe Furthermore,the inclusion of the
pavement surfacehelps toprevent numerical instability associated withlocal bearing

failures of the soil at the locations where live loads are applied

The extent of the overall model boundaries varied as a function of the pipe diameter,
D. In the longitudinalj T O diettiondthe model length was set a8D. Thetransverse
(orO@6 q A BoOniigkyQiinkerision wasalso set at8D, leaving 3.5D between the
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outermost edges of the pipe and thenearestmodel boundaries. In the verticalj T O, OU6 q
direction, the bottom model boundarywas se at 3.5D below the invert of the pipe.
Results of sensitivity analysesindicated that further extension of the overall model
boundarieshad negligible effects on the output from the area of interest(i.e. near the

centre of the model).

|3-5 m 6.6 m 6.6 m
1.2m l i
I N N
Design Truck Wheel Loads 3.0m
1.8 m
Z 0.6m
0.85m
Backiill Soil T
f * 6 @ 0.15D,
|
< % 0.85m
D
8D, Bedding Soil 7 5
Native Soil
' |
< 8D, N

Figure 4.1 Vertical cross-sectionschematic of 3D model geometry
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Figure 4.2 Plan view schematic of 3D finite element model geometry.

Each model consists of three different soil materials: Native Soil, BeddjrSoil, and
Backfill Soil. A 0.6 rthick layer of Bedding Soil was placed directly underneath the
pipe. To avoid poorquality elementsresulting from sharp angles in the geometrythe
top surface of the Bedding Sonvas placed slightly(0.05D) above the invert of the
pipe. Similarly, the bottom surface of the T layer of Backfill Soil was set slightly
below the crown. The Backfill Soil between the invert and crown of the pipaas
divided into 6 layers of equalthickness,or 0.15D. Four (4) more layers of Bckfill Soil
were defined, whose top surfaces correspond to cover heights of 0.6 m, 1.2 m, 3.0 m,
and 6.0 m above the top of the CM®/heelprints for the application of live loads were

created at each of the four cover heights based on the-6R5 design truck, positioned
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such that the centreline of the rear two axlesvas in line with the centreline of the
pipe (and the origin of the model) An interfacefeature was createdaround the entire

circumference of the pipewhere it contactsthe surrounding soil.

A cut section througha typical 3D model displaying element contoursis shown in
Figure4.3. A finite element mest» consisting ofthe sametypes of elementsdescribed
in Section 3.3.2» was automatically generated by the Plaxis software. A relative
element sizefactorre= 1.0} O A A EvBslassighed tomost modelfeatures, whilere
=03j OOAOU £EET Ad q the h@elpdn® GuidGtie faderm@st one half
(longitudinal ly) of the CMPThe pavement surfacavas modelled usingthe same type
of 2D triangular plate elementsused for the pipe.Model boundary conditions were

the same as described iisection3.3.2

Figure 4.3 Cutaway sectionof the three-dimensional finite element mesh used in the
parametric study (D = 5.0 m, = 6.0 m).

4.2.2 Material Properties

The corrugated metal pipe wasmodelled using orthotropic plates, and the same

approach described inSection3.3.3. Input parameters of the CMP platare givenin
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Table4.1 All analyses are based opipes made fromconventional corrugated plates
l.e.with corrugation profiles of 152 mm x 51 mm (pitch x depth). An intact pipe plate
thicknessof 5.0 mmwas usedfor all analyses. Thenfluence ofpipe flexibility on the
model results was investigated by varying the diameter of the pipe, while the

corrugation profile and plate thicknesswere held constant for all analyses.

Table 4.1 Input parameters of the orthotropic plate usedto model the CMP.

Parameter Symbol Value Units
Plate thickness @& d 60.36 mm
Unit weight re r 7.84 kN/m 3
o = Circumferential S=b& 20,373,235 kPa
73
S o
W £  Longitudinal S=g& 113,662 kPa
0T EOOT T80 OAO u@ v 0 -
Circumferential _
_ .. Outof-plane [12=Gs 7,835,860 kPa
s 3 Longitudinal
<3 ongitudina _
P £ Outof-plane [r=Gs 43,716 kPa
In-plane lu=@G 585,282 kPa

Three different soil materialswere included in the model: ®ative Soif Bedding Soif
and @ackfill Soild The Native Soil wasnodelled using the MC soil model (to reduce
computational effort of the model), while the Bedding Soil and Backfill Soil were
modelled using the HS soil model. The soil parameters used in this stueye givenin
Table 4.2. Some of the material parameters (friction angle, secamhodulus, and
interface strength reduction factor) were varied as part of the parametric study, while
the other soil parameters were held constant The oedometermodulus Eqed®f and
unload-reload modulus Ey'¢f of the Backfill Soil were varied in proportin to the
secant modulusEsgf, maintaining a constant relationship between the three stiffness
moduli (Eced®’ =0.8 Eso™f, andE,"ef = 3.0Es0"f). The specified stiffness values for the HS

model are basedon a reference pressure of 10BPa.
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Table 4.2 Soil properties used forthe parametric study.

Values

Parameter Symbol  Native Bedding Backfil UMt

Soll Soll Soll
Soil model - MC HS HS -
Unit weight ls 20.0 18.0 20 kN/m 3
Cohesion CGef 5 5 5 kPa
Internal friction angle 30 36 32 Varies °
91 01 ¢c60O0 11T ADOI OO  %b 60 - - MPa
0T EOOT 180 OAOEI wubd 0.3 - - -
Secant modulus Esoref - 40 Varies MPa
Oedometer modulus Eoedef - 30 0.8Esqref MPa
Unload-reload modulus Erref - 120 3.0Esqref MPa
Interface strength reduction factor  Rinter 0.6 0.6 Varies -

4.2.3 Modelling Sequence and Loading

The model was carried out using a staged construction approach, as in Chapteh.
the initial phase, the native soil, bedding soil, CMP, andsoil-pipe interface were all
activated. All displacementsvere resetto zero at the end of this phase. Conversely,
soil stresses and pipe forcesvere not reset; theinitial stress regimewas developed

during this stage based on gravity loadig.

The backfill soil layerswere activatedin successive steps up to the variouspecified
cover heights. Symmetryis preservedduring this process, i.e. it is assumed that the
backfill on either side of the pipes placedat the same rate and there is ndifferential

loading.

Once the desired cover heighis reached a (weightless) pavement surface andhe

live loads are activated. Live loadings basedon the Cl-625 tandem axledesign truck
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(CSA, 2014)Axle and wheel load for the CL-625 truck are shownin Figure4.4. The

wheel loads indicated were uniformly distributed over the area of eackvheelprint.

2 3 4 5 Axda o
:L_&qﬁ_E % el ] <L BTS [ Wiheal Loade, kN
- 0 125 125 175 150 Aude Loads, N
H H H H H
L ] . 4 L
36 m .L‘im-L B8 J_ 6.6 M
N T b b i
_ 18m N

L 0zkm 240m 1.80m 080 m
1™ il i)

0.25m
Y .

Figure 4.4 CL-625 design truck wheel and axle load¢CSA, 2014)

4.2.4 Study Parameters

The following five (5) parameters were varied to evaluate their influence on the

structural forces (thrust and bending moment) in the pipeduring live loading:

Diameter of Pipe,D
Height of Soil CoverHc
Secant Modulus of SgjEso"f

Internal Friction Angle of Soil,30

= =4 4 4 -2

Strength Reduction Factor for SoiPipe Interface,Rinter

The baseling minimum, and maximumvalues for each of the study parameterare
given in Table 4.3. Twenty (20) simulations in total were carried out as part of the
study. Four (4) different heights of soil coverwere considered: 0.6 m, 1.2 n13.0 m,

and 6.0 m. For each of the remaining parameterye (5) different valueswere used
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Pipe diameters of 2.0 m, 3.5 m, 5.0 m, 6.5 m, and 8.0 m were used. The secant modulus
of the backfill soil was varied between 15, 30, 60, 90, and 120 MPa. The friction angle
of the backfill soil was varied between 32, 34, 36, 3&nd 40°. Strength reduction

factors of 0.2, 0.4, 0.6, 0.8, and 1.0 were considered for the gaijbe interface.

Table 4.3 Baseling minimum, and maximumvaluesusedfor parametric study of intact

culverts.
Values
Parameter Symbol Units
Min Baseline  Max
Diameter of Pipe D 2.0 5.0 8.0 m
Height of Soil Cover Hc 0.6 1.2 6.0 m
Secant Modulus of Soil Esoref 15 60 120 MPa
Internal Friction Angle of Soil 3 6 32 36 40 °
Strength Reduction Factor for Ruer 02 0.6 10 N/A

Soil-Pipe Interface

The parametric study consisted of running a series of 3D FEM simulatiorig. each
simulation, a single input variablewas changedrom its baselinevalue, while all ather
variables were kept constant Interaction effects that may occur when varying
multiple parametersin the same simulationwere not exploredin the current study.
Onenotable exceptionis the three (3) stiffness parameters (Eso'f, Eved®f, andE,"f) of
the backfill soil, which were varied in proportion to one another as explained in
Section4.2.2

Two main output variableswere considered maximum thrust and maximum bending
moment in the pipe. Further distinction is made between dead load forces (i.e.
thrusts/bending moments resulting from the selfweight of the pipe and surrounding
soil), live load forces (i.e. incremental thrusts/bending moments due to live loads
only), and total forces (i.e. thrusts/ bending moments du¢o combination of dead and
live loads). It is important to note that when discussingmaximum forces Sections

4.3.2t0 4.3.7), the maximum total force in the CMP is naimply a summation of the
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maximum dead loadforce and the maximum live loadforce. The reason for this is that
the maximum dead load force and the maximum live load force occur at different

locations on the pipe circumference.

4.3 Results and Discussion

Unless dherwise noted, results digussed in this section pertain to theross-section
of the CMP in the cent of the model,i.e.directly below the centreline of the design

truck, as shown inFigure 4.2.

4.3.1 Baseline Case

The following sections describe the output fom the modelfor the baseline casethe

input parameters for which are givenin Table4.3.

4.3.1.1 Forces

The total circumferential thrust in the culvert at various stagess shownin Figure4.5.
When the backfill just reaches the crown, the thrust distribution is highly non
uniform, with very little thrust at the crown and the maximum thrust at theinvert.
After placement of 1.2m of cover, the thrust is substantially increasedand its
distribution becomes more uniform.Still, the thrust at the springlines is about 67%
and 50%greater thanthe thrust at the crown and invert, respectively. The maximum
thrust is located just below the springlines. The thrust at the crown is increaseby
about 33% when the live load is appliedThis increase in thrust was not uniform

around the pipe;the thrust at the invert remained practically unchanged
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Crown Backfill at Invert
00

kN/m

=120 — == 1.2 m Cover

= = - Backfill at Crown

330 30 — 1.2 m Cover +
Live Load

180°
Invert

Figure 4.5 Total circumferential thrust around the pipe at various stages

Figure 4.6 shows the total circumferentialbending momentin the culvert at various
stages.Under 1.2 m of cover, theéargest bending momentsin the pipe are just below
the springlines and just inside the haunches.While the magnitude of the bending
moments may seem smalltbe maximum total bending moment at this stages only
2.8kN-m/m), these forcesconvert to significant bending stresses in the pipgowing
to the very low moment ofinertia of the corrugated plate.Thetotal calculatedstresses
from bending under 1.2 m oftover are of the same order of magnitudas the stresses
from axial compression (thrust). At the locations ofthe maximum bending moment,

the maximum bending stressis higher than the axial stress
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Backfill at Invert

Crown
0° = = . Backfill at Crown
_lg(N-m/m = =1.2 m Cover
330° -2 30° = 1.2 m Cover +
Live Load
300°
270° 90°

240° 120°

210° 150°

180°
Invert

Figure 4.6 Total bending moment distribution around CMP with 1.2 m cover.
4.3.2 Effect of Pipe Diameter

The diameter of the pipehad the secondlargest influence of any of the study
parameters on the maximum total thrust(next to height of soil cover) and thelargest

influence on the maximum total bending moment.

The relationship between pipe diameter and raximum thrust (dead, live, and total)
is slightly non-linear, as shownin Figure 4.7. Again, it is important to note that the
maximum total thrust is not a summation of the maximum dead and live load thrusts,
since these occur at different locations around the pipe circumferenc®/ith respect
to the dead load thrust curve, the nonlinearity may be due to the volume of soil
directly above the shoulders of the pipe. Tevolume? and thus weight of the soil in
this zone varieswith the square of the pipe diameter, whereas the remaining vame
of soil in the rectangular column directly above the pipe is linearly proportional to

the pipe diameter.With respect tothe live load thrust curve, the nonlinearity may be
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explained by the geometry of the live loadvheelprints. In the baseline case Wwere D
= 5.0 m, each of the rear two axles of the design truck acempletely outside of the
pipe outline (the distance between the two rear axles is 6.6 m). Whdd= 2.0 m, the
rear axles are even further away from the edges of the pip&herefore, it isperfectly
sensible that a smaller portion of the live load would reach the pipe in this case.
Converselya largerportion of the live load reaches the pipe for larger pipe diameters.

When D =8.0 m,the rear two axles areboth completely inside the outline of the pipe.
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Figure 4.7 Effect of pipe diameter on maknum thrust.

The relationship between pipe diameter andnaximum bending moment isshown in
Figure 4.8 and is clearly non-linear. With respect to the dead load bending moment
curve, the nonlinearity may be explainedby the fact that the lateral earth load varies
in proportion to the square of the height (diameter) of the pipeice.area ofsimplified
pressure triangle =+ b § $ T @ €P2 &ince-the moment arm is directly proportional

to the pipe diameter, the resulting moment ¢ ¢D2(D) = K sD3) would be proportional
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to the cube of the pipe diameter. This logic agrees with the trend of the dead load

moment curve shown in theFigure 4.8.
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Figure 4.8 Effect of pipe diameter ornthe maximum bending moment.

4.3.3 Effect of Height of Soil Cover

The height of soil coverhad the largest influence on the maximum total thrust. As
expected, the maximum dead load and live load thrust are both linearly proportional
to the height of soil cover, as shown ifigure 4.9. The dead load thrust increases with
increasing cover height due to the additional volume of soil above the pipe. The live
load thrust decreases with increasing cover height as the load is alie spread out

further and a greaterportion of the total live load is transferred away from the pipe.
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Figure 4.9 Effect of height of soil cover on maximum thrust.

The height of soil cover had a moderate influence on the maximum total bending
moment (Figure 4.20). The reltionship between maximum dead load moment and
height of soil cover is only very slightly norinear, as shown inFigure 4.10. As
expected, maximum dead load moment increases with increasing cover height. The
maximum live load moment decreases with increasingover, and is highly non
linearity for cover heights less than about 2m. A possible explanation for this is that
the maximum live load moment occurs at the shoulders, which is relatively close to
the truck wheelprints in the baseline case. Under shallow cover heights, large
portion of the live load is probably transferred to the shoulders. As the cover height
increases, the live load spreads anis transferred to the pipe in a more distributed

fashion.
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Figure 4.10 Effect of height of soil cover orthe maximum bending moment.
4.3.4 Effect of Secant Modulus of Soll

The secant modulus appears to have only a very minor effect on the maximum thrust
in the pipe (Figure 4.17), and a slightly more significant effecion the maximum

bending moment(Figure 4.20).

Both the maximumdead loadthrust and maximum bending momensincreased with
decreasng stiffness of the backfill soil (Figure 4.11 and Figure 4.12, respectively). A
plausible explanation for this could be that lesspositive arching occurs when the

stiffness of thesidefill soil is reduced

Figure 4.12 shows that the maximum bending moment is comparatively more
sensitive to the secant modulushan is the maximum thrust. Thisis probably because
looser sidefill soil cannot provide as mucHhateral support to the pipe, which forcesa
greater portion of the applied load to be supported through bending versus axial
compression (i.e. thrust).This effectis non-linear; it appears tobe most pronounced

for loose backfill sdls (i.e. whenEsg®'S om - 0 AQ8
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Figure 4.11 Effect of secant modulus of backfill soil on maximum thrust.
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Figure 4.12 Effect of secant modulus of backfikoil onthe maximum bending moment.
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4.3.5 Effect of Internal Friction Angle of Backfill Soill

In general, tie internal frictional angle of the backfilldid not have an appreciable
effect on either the maximum thrust (Figure 4.17) nor the maximum bending
moments (Figure 4.20) in the pipe. These results maye influenced by the small
amount of cohesion (5 kPa) that was used tprevent numerical instability. It is
possible that the ®hesion value wagust large enough to reduce the amount of local
yielding that would have otherwise occurred in the Backfill Soil around the pipby a

non-negligible amount

Figure 4.13 shows that both the maximumdeadand liveload thrusts decreasedvery

slightly as thefriction angle increased This is attributed to the increase in positive
arching thatis expectedwith a reduction in shear strength of the soil directly above
the pipe. A similar relationship was observed between the friction angle and the

maximum dead and live load momentKigure 4.14).
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Figure 4.13 Effect of internal friction angle of backfill soil on maxinum thrust.
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Figure 4.14 Effect of internal friction angle of backfill soil onthe maximum bending
moment.

4.3.6 Effect of Strength Reduction Factor of Solil -Pipe Interface

The drength reduction factor of the soil-pipe interface, Rner, had the third largest
effect on the maximumtotal thrust in the pipe (Figure 4.17) and the second smallest

effect on maximum total bending momentgFigure 4.20).

Figure 4.15 shows howboth the maximum dead and live loadthrust increases with
increasing Rnter. This is attributable to positive soil arching. When thebackfill soil is
able toslip across the ppe more easily, a greaterportion of the applied load can flow
around the pipe, instead of being transferredthrough it. This effect is more
pronounced in the dead load thrust curve than in the live load thrust curve, probably
due to the geometry of the wieelprints in the baseline case (i.e. the wheelprints are
outside of the pipe outline, and a significant portion of the load is already transferred

away from the pipe, without help from arching).
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Figure4.16 doesnot reveal a clear trend betweerRinteer and the maximum dead or live
load bending moments. Furthermore, the small variation ofmagnitude of bending

moment suggestthat it is relatively insensitive to Rinter.
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Figure 4.15 Effect of strength reduction factor ofthe soil-pipe interface on maximum
thrust.
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Figure 4.16 Effect of strength reduction factor ofthe soil-pipe interface onthe maximum

bending moment.

4.3.7 Sengtivity Analysis

Figure 4.17 through Figure 4.21 present a graphical summary of the results in the
Al O T /£ 041 01 AAT o

along the yaxis, and the output variable is plotted on the xaxis. The thick black

"""""" )y T OE
vertical line represents the value of the output variable for the baseline case. In

addition to the baseline values, the plot illustrates the degree to which &éoutput

variable is affected as each input parameter is varied from its minimum to maximum
anticipated value. The input parameters are sorted from top to bottom in order of

largest to smallest total range of the output variable. Thus, the most critical pt

parameter is shown at the top, while the least criticals shownat the bottom.
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Figure 4.17 Sensitivity plot for the maximum total thrust around the pipe.
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Figure 4.18 Sensitivity plot for the maximum dead load thrust around the pipe.
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Figure 4.19 Sensitivity plot for the maximum live load thrust around the pipe.
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Figure 4.20 Sensitivity plot for the maximum total bending moment around the pipe.
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Figure 4.21 Sensitivity plot for the maximum dead load bending moment around the pipe.
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Figure 4.22 Parametric sensitivity plot for the maximum live load bending moment around
the pipe.
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4.4

Conclusions

A 3D finite element model was used to carry out a parametric studpr intact (non-

corroded), round CMP culverts. Five (binput parameterswere consideredin terms

of their effects on the thrusts and bending moments in the culvert pipeUpon

observation of the results, he following conclusionsare made

1.
2.

The maximum dead load thrust always occurregust below the springlines.
The maximum live load thrust alwaysoccurred at the crown.

The maximum dead load bending moments occued in two (2) places: just
below the springlines and justbelow the haunches.

The maximum live load bending momentccurred just above the shoulders

Although maximum total bending moments are smallrhaximum moment for
the baseline case = 2.BN), the bending stresses are generally of the same
order of magnitude as the axiastressesand aregreater than the axial stresses
at the locations ofmaximum bending moment(s).

Overall, the total pipe forces are most sensitive to the pipe diameter and the
height of soil cover. The former suggests that pipe flexibility is a critical input
parameter (i.e. changes to the profile of the corrugated plate would alsathe

a majorinfluence on the pipe forces.

The secant modulus of the soil and the strength reduction factor of the soil
pipe interface had a moderate influence on the total pipe forces.

The soil friction angle had the smallest influence on the total pip@fces.

The height of soil cover had a significantlyarger influence onthe maximum
total thrust (range = 245% of baseline value) than onthe maximum total
bending moment (range = 110% of baseline value).

10.The secant modulus of the soil had a significantliarger influence on the

maximum total bending moment (range = 45% of baseline value) than othe
maximum total thrust (range = 5% of baseline value).
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CHAPTER 5:
PARAMETRIC STUDY FORORRODED
CORRUGATED METAL PIP CULVERTS

5.1 Introduction

Most corrugated metal pipe (CNP) culverts aresubject to degradation of the ppe
material from the combinedeffects ofabrasion and corrosion. Although it isusually a
simple matter to identify the presence of corrosion, it is nobbvious how corroded
zone which canvary in their position, severity, and extent across the surface of the
CMP» affect the overall structural integrity of the culvert. Examples of corroded

culverts are shown inFigure 5.1.

Figure 5.1 Examples of corroded CMP culverts in Canad@ampbell, 2017)
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This chapter presentgresults from aparametric study investigating the effects of pipe
corrosion on the stability of round CMP culverts. Previous worky ElTaher (2009)
concluded that the critical failure mode is wall crushing due to yielding of theipe
plate, provided there are no erosion voids in the backfill soil adjacent to the pipeIn
this study, buckling stability is assessed using thdesign equations from the Canaan
Highway Bridge Design Cod¢CSA, 2014)The current study does not consider the

effects of erosion voids in the backfill soil.

The purpose of the parametric study was to determine how theulvert stability is
influenced by pipe corrosion of various magnitudes and threalimensional
geometries.El-Taher and Mmre (2008) concluded that pipe corrosion (i.e. reduction
in plate thickness) across the inver has negligible effect on thrusts and bending
moments in the CMP and therefore the reduction infactor of safety against yield is
directly proportional to the reduction in plate thickness. Their findings were based
on two-dimensional (2D) finite elementmodels, whichemployed elastic backfill soil
and did not considerthe effects oflive loading. The current studyis basedon three-
dimensional (3D) finite element analyses, which employ a nolinear, strain-

hardening soil model andinclude live-loading.
5.2 Numerical Details

5.2.1 Study Parameters

Four (4) corrosion variables were evaluated in terms of their influence on the
structural forces (thrust and bending moment) and stresses in the pipe under
combined dead and live loading conditions:

1. Circumferential Corrosion Pattern;

2. Percentage of Intact Plate Thickness Remainiri;

3. Circumferential Extent of Corrosion{ ¢; and

4. Longitudinal Extentof Corrosion, L.
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Figure 5.2 illustrates the four (4) different circumferential corrosion patterns

AT 1T OEAAOAA ET OEEO O®OJASBYOODBADRAT O¢ BEBEME EAOA
pattern describes the position(s) of the corroded zone(s) around the CMP. The

position of a corroded zoneis defined by its point of symmetry (angle around pipe

measured clockwise from thecrown). The point of symmetryis locatedat 180° for

OEA OAT OADOBETI T DPAOOAOT AT A nmJd A O OEA O#0I
has two (2) separate corroded zones (one at each haunch), each havingia point
I £ OUITAOOU jpecmd AT A ctmJlq8 akpedalcds&i®l 1 # E (

which the corroded zone is symmetrical about all points around the circumference.
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Figure 5.2 Four (4) circumferential corrosion patterns considered in the parametric
study.

The geometry of the corroded zonés further defined by the circumferential extent of
corrosion, [ ¢, i.e.the angular proportion of the pipe circumferenceoccupied by the
corroded zone (ranging from 0° to 360°). The case€f ¢ = 0° represents theintact
condition, while [ c = 360° isa specialcase that carbe consideredas a unique pattern
j 0&01 1 AGKIOADEI @& 10 Al OPPAO TEIEO 1T &£ OEA (
maximum value off c¢/El O OEA O( AOT AEAOS DA BDAdtwoEO OAA

corroded zones would overlap forf ¢ > 270° (based on the fixed points of symmetry
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that have been somewat arbitrarily assigned to that corrosion pattern). The upper
limit for a corrosion pattern with points of symmetry at 90° and 270° would bef ¢ =
360°

The longitudinal extent of corrosion,L., describes the length of the corroded zone,
which can range fom Om (representing the intact condition) to the full length of the
pipe, L = 40 m.(a check performed in Chapter4 confirmed that, at this length, the
model boundaries have no influence on the pipe at its longitudinaentre, where the

pipe response isbeing evaluated. All corroded zone(s) in this study are symmetrical
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Figure 5.3 Definition of the longitudinal extent of corrosion,L..

The percentage ofntact plate thickness remaining,P, is defined by Equatiorb.1:

Ca
O‘| O)

pTT 5.1
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where to and t are the intact (i.e. precorrosion) and remaining (i.e. postcorrosion)
plate thicknesses, respectively. In theoryP: can range from O to 100%, but the
smallest value ofP: considered in this study is 20%. Since corrosiomends not to
develop perfectly-uniformly, once the average percentage of remaining plate
thickness n the corroded zone reaches 20%here will likely be manylocal areasthat
are fully perforated. In such cases, deterioration of the backfill soil is likely to have
occurred, and additional analysis would be required to properly assess culvert

stability .

The parametric study consisted of running fortyeight (48) simulations in total. The
influence of each of the 4 (four) corrosion parametersvas assessedy varying the
value of a parameter while holding all other variables constant. All resultavere
compared 01T OET OA &I O OERA= 104 A Albrangefol @ikids

considered for each of the four (4) study parameterss given in Table 5.2.

Table 5.1  Variable values used in thgparametric study of corroded culverts.

Parameter Symbol Values Units

Circumferential Corrosion Pattern - Full Circumferencell, -
Invert, Crown, Haunches

Percentage of Intact Plate Thickess P 100, 80, 60, 4020 %
Remaining

Circumferential Extent of Corrosion [ 20, 60, 90, 150, 180360111  °
Longitudinal Extent of Corrosion Lc 0.8, 1.64, 8, 20,40 m
M 4eA 0&0O1 1 #EOABGsmkiddhie Vel . £3600.0A O

5.2.2 Geometry, Mesh, and Boundary Conditions

The three-dimensional geometry of the modelsised in this studyis the same as those
used in the baseline case from Chapter 4, as describedSection4.2.1 The lateral
boundaries were placed about4 times the diameter of the pipe in the two lateral
directions. In the longitudinal direction, the model length was seto be40 m (i.e. 8D).

The bottom model boundarywas placedabout 3.5D below the invert of the pipe.
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Results of sensitivity analyses indicated that further extension of the model
boundaries had negligible effect on the output from the area of interest (i.e. near the

centre of the model).

The natural ground and the backfilling envelope were modelled using higher order
10-node tetrahedral elements. The model comprised aroun®00,898 elements with

an average elemensize around the culvert 0f334 mm. The largenumber of smallt
sized elements assured high accuracy, especially at locations where nonlinear
behaviour was anticipated especially near the pipe. Figure 5.4 shows the FE mesh

from the simulation of haunch corrosion
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Figure 5.4 Cutaway section of the8D finite element mesh used in the parametric study
for corroded CMP culvertg®launcid AT OOT O {=190°B.AIN.OAOT h

The geometry, mesh, and boundary conditions of the models used in this studsre
the same as those used ithe baseline case fronChapter4, as described in Section
4.2.1

5.2.3 Material Properties

The material properties used in the finite element models for this study were

generallythe same as those used ithe baseline case fronChapter4, as described in
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Section4.2.2 The material propertiesused to modelthe corroded pipeare presented
in Table5.2.
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Table 5.2  Input parameters of the orthotropic plate used to model the CMP for various degrees of corrosion.

Percentage of intact pate thickness remaining P

Parameter Symbol Units
100% 80% 60% 40% 20%

Plate thickness @& d 60.36 60.36 60.36 60.36 60.36 mm
Unit weight re r 7.84 6.27 471 3.14 1.57 kN/m 3
. Circumferential S =E 20,373,235 16,298,588 12,223,941 8,149,294 4,074,647 kPa

3 3

S o

W &  |ongitudinal S =& 113,662 58,195 24,551 7,274 909 kPa

01 E &Qdtid 6 & 12 0 0 0 0 0 -

g';f_‘g?_‘;?;ﬁgt'a' [ 1r=Gs 7,835,860 6,268,688 4,701,516 3,134,344 1,567,172 kPa

g5

Q’ U . .

5 2 g‘:ﬂ_ﬁ’)‘}fﬁ;‘nﬂ [ r=Gis 43,716 22,383 9,443 2,798 350 kPa

In-plane . =Gz 585,282 374,580 210,701 93,645 23,411 kPa
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5.2.4 Modelling Sequence and Loading Conditions

The modelling sequence and loading conditions used in this study are the same as

those used in the baseline case from Chaptér

5.3 Results and Discussion

Unless otherwise noted, results discussed ithis section pertain to thecross-section
of the CMP in thecentre of the model, i.ein the same vertical plane as the centreline

of the live load truckwheelprints.

5.3.1 Limiting Case

This section presents the esults for a limiting case representing severecorrosion
over the entire 2D pipe surfacei.e.P; = 20%,[ ¢ = 360°, and L. =L = 40 m. Results for
the limiting caseare comparedto those forthe intact case,.e.P: = 100%. The dfects

of eachindividual corrosion parameter are discussedn sections5.3.2to0 5.3.5.

5.3.1.1 Thrusts

Figure 5.5 shows that the maximum live load thrustin the corroded pipe(-11.8 kN/m
for P. = 20%) was lessthan in the intact pipe (-15.2 kN/m). The reduction in thrust
can beattribut edto positive soil arching over the pipecaused byincreaseddownward

deflection of the crown (@and thusthe soil directly above the crown).
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Figure 5.5 Effectof corrosion on the live load thrust distribution (J = 360°,Lc=Ly).

Although the reduction of live load thrust was substantial(-22.5%), the maximum
total thrust? which occus just below the springliness was barely affected The
maximum total thrust (107.2 kN/m) wasonly 1.5% lessthan in the intact case (108.8
KN/m) .

5.3.1.2 Bending Moments

Figure 5.6 shows that live load bending moments were reduced eerywhere above
the springlines. This observation is also attributed to positive soil arching The
maximum live load bending moment in the corroded pipe-0.131 kN-m/m) was 70%
less than in the intact pipe {0.442 kN-m/m). However,the maximum total bending

moment (located atthe haunches) was unaffected-0.1% of intact).
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=L).

5.3.1.3 Normal Stresses

o --=--Pt=20%
——Pt=100%
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Effect ofcorrosion on thelive load bending momentdistribution (J . = 360°,Lc

The normal stresses at the inner£in) and outer (Aout) extremefibers of the CMPplate

sectionresulting from combined axial () and bending(Aa) stresses were computed

using Equations 5.2 and 5.3, where T and M are the circumferential thrust force and

bending moment in the CMPThe normal stressh

répbrted in this section and

subsequent sectiongefers to the greater of the two extreme fiber stresses(Equation

54). ThseO AT T A OfI

AOT B wiich ik rEse0ds forl the mBxinbm A

normal stressaround theentire circumference of the pipeA sample stress calculation

is provided in Appendix B.

Y 0

” ” o TN 52
0 O
Y O

” ” o TN 53
0 O

i Ag g5 s 5.4
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Figure 5.7 compares the distribution of (maximum) normal stresses around the
corroded and intact pipes.Although even severecorrosion appears to haveminimal
effectonthetotal forces (thrusts and bendingmoments), the normal stressesincrease
due to thereduction in cross-sectional area of the corrugated plateThe maximum
normal stress in the corroded pipevas 398% greater(-256.3 MPa)than in the intact
pipe (-51.5 MPa).

0° - = - Pt=20%
Mpafm —— Pt =100%
-250
330° 30°
-200
-150
300° - =100 LY 60°
- " /“ pa = o 4
s 507 ¢ -
’ v
/“ b -
270° ==~ TS 90
'y k!
\ ]
A =7 1‘--._+_-v"'
Y S e / i
] 1
240 / . ( 120
L 27 Ta \
\‘_. - * Neo \
=4
210° 150°
180°

Invert

Figure 5.7 Effectof corrosion on the maximumnormal stressdistribution ([ .= 360°,L.=
L).

5.3.1.4 Factor of Safety against Yielding

The factor of safety against yieldingrS, was computedaccordingto Equation 5.5

oY — 55

Sincecorrosion causeghe normal stressesto increasewhile the yield strength of the
steelremains the sameFS is reduced as shown inFigure 5.8. The minimum factor of
safety against yielding F§min)? which occurs just bebw the springlines? is 79.9%

lower in the corroded pipe (0.90)than in the intact pipe (4.47).
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Figure 5.8 Effect ofcorrosion on thedistribution of factor of safety against yielihg
around the CMRA(J = 360°,L.=L).

5.3.1.5 Factor of Safety against Buckling

The factor of safety against buckling;S, was calculated usingequation 5.6:

0

oY 56

The bucklingstrength f, was calculated using the method developed by Abd&ayed
(1978), which is the basis for section 7.6.3.2 of the CHBICSA, 2014) The pipe
circumference is dividedinto the following two zones: the lower zone, in which radial
displacements of the wall are toward the soil; and the upper zone, in which radial
displacements of the wall are toward the inside of the pipe. The upper zone extends
MpAEOT I OEA AOI x(ih adiahdd i calddlagd using[Equatiors.7:

— p®» @I T e 57

where Ris the centroidal radius of the pipe andEm is the modified modulus of soil
stiffness. For the lower zone, kis equal to the secant modulus of soil stiffnesks, but
for the upper zone it is calculated using EquatioB.8:

Y

o 58
© Or Towwa e

where R: is the pipe radius at the crown (for round CMP&: = R), H is the height of

N A L o~ N

AT OAOh AT A (6 EO EAI £ OEA OAOOEAAI AEOOATA
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A factor representing the relative stiffness of the conduit wallk, is then computed

from Equation 5.9:

00 8
) S 59
V' Yo
&1 O OEA 11 xA0O UITARh 1 EO ANOAI O1 p8¢gh
Equation5.10:
& ¢pdr 00 ° 5.10
- P& Cp PDH oy .
An equivalent radius, R, is then calculated for both the upper and lower zones as per
Equation5.11:
\ . 8
I @O”
. A 511
Y )
Where r is the radius of gyration of the pipe plateky is the yield stress of the pipe
i AOAOEAT h ATA m EO A OAAOAOQCEITT EAAGI20 £ O
” ” 8
O O
TP TR — P8t 512

Finally, the buckling strength § can be calculated using Equatiof.13 if RS Re (which

refers to inelastic buckling), or Equation5.14 if R > R. (which refers to elastic

buckling).
"Q %0 O oY 513
00 o O - .
0%0” "O'0
T 514

l
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where % = 0.8 for shallowcorrugated plates andFn = 1.0 for single conduit

structures.

The factor of safety against bucklingFS, around the intact andcorroded CMFs are
presentedin Figure 5.9. The minimum factor of safety against bucklingfESymin), again
occurs just below the springlines (the point of maximum total thrust) ands reduced
by 79.0% from P; = 100%(9.79) to P = 20%(2.05). The reduction inbuckling stability
approximately equals the reduction in pipe plate thicknesg-80%). For the limiting
case consideredhere, FS > 1.0at all points around the pipe, ands greater than or
equal toFS everywhere around the pipeexceptwithin +15° from the crown. Because
the maximum total thrust was located just below the springlinesstability against

yielding remains the critical design condition.
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Figure 5.9 Effect of corrosion on the distribution of factor of safety against yielaig
around the CMRA(J . = 360°,L.=L).

5.3.2 Effect of Circumferential Corrosion Pattern

The influence ofthe circumferential corrosion pattern was evaluated byrunning a
series of simulations andvarying the corrosion pattern while holding the other
parameters constant (i.e. P = 20% and Lc = L). One exception to this is the
AEOAOI ZAOAT OEAT A@OAT O T &£ Al OO1T OEi Th
#EOAOI £ZAOAI1AEA 6o goriAIOTBA RIGOH OBERA AOYP( AAD A
J¢=90°.

5.3.2.1 Thrusts

Figure 5.10 shows the influence of the different circumferential corrosion patterns on

the maximum live load thrustin the CMP In all cases, the maximum live load thrust
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Is reduced (not increased) compared to thantact case. The largesreduction in
maximum live load thrustwasZ£l O OEA 0& Ol pattethE-225D)| fodwe@RA 1 A A S
]

closelyby theO # Ol patleré (-16.2%)8 4 EA O( AOT AEAOE PAOOAOD l

22%)8 4EA 1 AGEI Of 1T EOA 1T AA OEOOOOGSx AD OO OAT
(-0.2%).
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Figure 5.10 Influence of the circumferential corrosion pattern onthe maximum live load
thrust (P, = 20%,L.=L =40 m).

5.3.2.2 Bending Moments

Figure5.11 shows the influence of the different circumferential corrosion patterns on

the maximum live loadbending moment in the CMPAs for thrusts, the maximum live

load bending moment was either reduced or unaffected in each case The largest

reduction in maximum live load bending momentx A0 &£ O OEA O0&dOI 1 #E
pattern (-704bqh Al 11 1T xAA Al T OAT Up Al FOESA 4RO 1 & (1480
pattern had a minor effect £28.3%). The maximum live loadbending momentwas

unaffected byeitherthe 0) T ABGEP q 1T O -9 Gitern& A O
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Figure 5.11 Influence of the circumferential corrosion pattern on the maximum live load
bending moment(P; = 20%,L. =L = 40 m).

5.3.2.3 Normal Stresses

The distributions of maximum normal stress around the intact and corroded CMP for
the various circumferential corrosion patternsare shownin Figure 5.12. The shape
of the stress distribution remains the same in all casebut the magnitude of stresses

increasessignificantly in the corroded zones.

The maximumnormal stress in the CMP was affected by all corrosion patterns, as

shown inFigure513.4 EA O( AOT AEAOCS | E6OAOGBERQAARAGOROD
PAOOAOT O AAOOA OEA COAAOAOO ET AOCAAOGAR AT
(+192.6%).
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Figure 5.13 Influence of the circumferential corrosion pattern on the maximum normal
stress (P, = 20%,L. =L =40 m).

5.3.2.4 Factor of Safety against Yielding

Like normal stresses, the factor of safety against yielding was affected by all corrosion
patterns, asshown in Figure 5.14. The minimum factor of safety against yielding,

FS(min), was reducedhe mostforOEA O0&O1 1 #EOAOI AAOAT AAS AT A
79.9% inbothcases)®El 1 1 T xAA A1eb Q) ARDAOGCHEE).x1 6 |
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Figure 5.14 Influence of the circumferentialcorrosion pattern on the minimum factor of
safety against yielding(P. = 20%,L. =L = 40 m).

5.3.3 Effect of Percentage of Intact Plate Thickness Remaining

The influence of the percentage of intact plate thickness remaining;, wasassessed
by running a series of simulations and varying the value d® in each simulation while

holding the other parametersconstantj AEOAOI AAOAT OEAI AT OOT1 OE]
# EOADI AASF6D faAdb:.E L =40 m).

5.3.3.1 Thrusts

The maximum live load thrust was reduced nodinearly with reducing plate
thickness, as shown irFigure 5.15. This trend can be explainedby the fact thatthe
amount of incremental flexural deflection of the pipe crown isinversely proportional

to its flexural rigidity , El (the pipe crown effectively behavesas a horizontal beany,
and that positive soil arching is proportional to the magnitude of flexural deflection.
The amount of positive soil arching {.e. reduction in thrust) would therefore be

inversely proportional to the flexural rigidity of the pipe plate (and thus,P).
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Figure 5.15 Influence ofthe percentage ofintact plate thickness remainingon the
maximum live load thrust (J .= 360°,Lc=L).

5.3.3.2 Bending Moments

The relationship between maximum live load bending momentand remaining plate
thickness wasapproximately linear, as shown in Figure 5.16. This result may be
becausethe maximum live load bending monent occus at the shoulders while the
maximum deflection occurs at the crown The reduction in bending momentwould
therefore not be directly proportional to the reduction in flexural rigidity of the pipe.
In other words, two inversely proportional relationships (deflection vs El, and max
bending moment \s deflection) result in a directly proportional relationship (max

bending moment vsEl).
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Figure 5.16 Influence ofthe percentage ofintact plate thickness remainingon the
maximum live loadbending momentin the CMP(f .= 360°,L. =L).

5.3.3.3 Normal Stresses

The influence ofremaining plate thicknesson the maximum normal stress(combined
axial and bendingstress) in the pipe is shown in Figure 5.17. The relationship
betweenthe percentage ointact plate thickness remainingand the maximumnormal
stress is non-linear; the maximum normal stress increases exponentially with
increasing amount of corrosion This result is reasonabk; the normal stress is
inversely proportional to the cross-sectional area (and thus thickness) of theipe

plate.
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Figure 5.17 Influence ofthe percentage ofintact plate thickness remainingon the
maximum normal stress(J = 360°,Lc=L).

5.3.3.4 Factor of Safety against Yielding

As shown inFigure 5.18, the minimum factor of safdy against yielding, FSmin), was
linearly proportional to the percentage ofintact plate thickness remaining,P:.. The
explanation for this trend is simple:FS isinversely proportional to the normal stress,
and the normal stress is inversely proportional to P.. Considering those two

relationships, FS must bedirectly proportional to P:.
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Figure 5.18 Influence ofthe percentage ofintact plate thickness remainingon the
minimum factor of safety against yielihg ([ . = 360°,Lc. =L).

5.3.3.5 Factor of Safety against Buckling

Figure 5.19 shows that the minimum factor of safety against buckling;zSmin), is also
reduced in direct proportion to the reduction in plate thickness, ad for the same
reason asFSmin). Following the methodology presented in section 7.6.3.2 of the
CHBDC, theomputed buckling strength fy is not significantly affectedby the reduced
flexural rigidity of the pipe plate. In fact,f, was7.1% greater in thecorroded pipe than
in the intact pipe. Normal stresses are inversey/ proportion al to P, while FS, and P

are directly proportion .
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Figure 5.19 Influence of the percentage ointact plate thickness remainirg on the
minimum factor of safety againstouckling (J = 360°,Lc=L).

5.3.4 Effect of Circumferential Extent of Corrosion

The influence of the circumferential extent of corrosion| ¢, was assessed for three
AT OOT OET1T DPAOOAOT O j0O)1 OAOOS HOATEITGh A AT
simulations and varying the value of ¢ in each simulation, while holding the other

parameters constant £; = 20% andLc.=L = 40 m).

5.3.4.1 Thrusts

Figure 5.20 shows the influence of the circumérential extent of corrosion on the

maximum live load thrust in the CMP. The relationship is nonlinear for each corrosion
PAOOAOTI 8 (1 xAOAOh OEA AOOOA &£ O OEA 0O#01 x1
OEA O)1 6A00O6 AT A O( A Ohidcanhextplaibelitty Cohdleriog A OA A
the distribution of live load thrust around the CMP (referto Figure 5.5); the live load

thrust is maximal at the crown, then decreases steadilythrough the shoulders,

springlines, and haunches before reaching minimum at the invert. Therefore, even

at low values offch OEA AT OOT AAA UT T Aspdngthe pdnfof O# OT x 1
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corroded zones begirto span points oflarger thrust as the value of cincreases.
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Figure 5.20 Influence of the circumferential extent of corrosion on the maximum live load
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thrust (P. = 20%,L.=L).

5.3.4.2 Bending Moments

The influence of[. on the maximum live load bendingmoment (Figure 5.21) is

different than that on the maximum live load thrust, bufprobably for a similar reason.

Thecurve £l O OEA O# Btelativdly fldfo@@A OIS ¢ mJ h
1 ETAAOT U AASxAAMIQnAT S AAAT I AO[. %l A@PmeALAEI]

inflection points on this curve match approximately the points of largest live load

bending moment (refer to Figure 5.6). Again, the reduction in maximum live load
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I
pipe.
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Figure 5.21 Influence of the circumferential extent of corrosion on the maximum live load
bending moment(P; = 20%, L. =L).

5.3.4.3 Normal Stresses

The influence off c on the maximum normal stressis shown in Figure 5.22. These

curves make sense when compared to the normal stress distribution around the CMP

(refer to Figure 5.7), and considering the points of symmetry of each corrosion

pattern. F©O A @Al b1l Ah OEA BT ET 00 1T £ OUIIRR&AMOU A& O
240°, which are very close to the location®f maximum normal stress. Therefore,

haunch corrosion ha a huge effect on the maximum normal stress, even when the
circumferential extent of corrosion is small, i.efc1 ¢mMQ@ABET h A& O OEA 0)
O#01 x18 DAOOAOT 6h OEA EIT £ AAOGEIT O bPI ET OO 1

locations of maximum normal stress.
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Figure 5.22 Influence of the circumferential extent of corrosion on the maximunmormal
stress(P; = 20%,Lc =L).

5.3.4.4 Factor of Safety against Yielding

The influence off c on the factor of safety against yielding Figure 5.23) is essentally
the inverse of the influence on maximum normal stres#\gain, the shape of the curves
canbe explainedby comparing themto the distribution of F§ around the CMP (refer
to Figure 5.7). The result suggess that haunch and invert corrosion havelarger

effects onFSmin) than crown corrosion for low values off ¢ (e.g. 20°).
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Figure 5.23 Influence of the circumferential extent of corrosion on the minimum factor of
safety against yielding(P; = 20%, L =L).
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5.3.5 Effect of Longitudinal Extent of Corrosion

5.3.5.1 Thrusts

Figure 5.24 shows the influenceof Lc on the maximum live load thrust The trend
shows that the maximum reduction in thrust occurs when the length of the corroded
zone isvery small (i.e.Lc S0.6 m). Thereduction in thrust decreases nonlinearly with
increasing length of the corrodedzone until reaching a plateau at around_c = 8.0 m.
BeyondL. = 8.0 m, the length of the corrosion zone does nbave an influence orthe

maximum live load thrust.

0% o ;- = -15.2
E 5"-_)‘ ------- > R it nibatatatadat | itttk etttk Atetaietatebats Stttk dadededededade X —_
.._E. I|i ‘E‘
E -10% ! 137 &
s 1 =
& " 2
g h kAT — " ——4%——|—— =T —— 4 ——3 £
£ 20% T — 122 E
& | R N s il R T ————m—- - -——--9 g=
= - Q
a 'l 7 1 - @ - -Full Circumference .
& -30% ¥ - % - [nvert — -107 =
§ '.; —4— Crown %
5 --3-- Haunches =
& _40% : : : 9.1
0 4 8 12 16 20 24 28 32 36 40

Longitudinal Extent of Corrosion, L, (m)

Figure 5.24 Influence ofthe longitudinal extent of corrosionon the maximum live load o
thrust (P.=20%,[.=90°j ol A& O 0&0O).1 #EOAOI AAOAT AA

5.3.5.2 Bending Moments

Figure5.25 shows the influenceof Lc on the maximum live load bending moment. The
curves are like those for the maximum live load thrust, but less pronowed. The
length of the corroded zone does not appear to affect the maximum live load bending

momentwhenlL:l T | 8
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5.3.5.3 Normal Stresses

Figure 5.26 shows the influenceof L. on the maximumnormal stress in the CMPThe
length of the corroded zonehas a negligible &ect on the maximum normal stress

moment for Lc>0 m.
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5.3.5.4 Factor of Safety against Yielding

The longitudinal extent of corrosion also has a negligible effect on tmeinimum factor

of safety against yieldingfor Lc> 0 m), as shown irFigure 5.27.
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5.4 Conclusions

The following conclusionsare made

1. Corrosion of the CMRyenerally causes aslight reductionin live load thrusts
and bending moments in the pipe. However, because the maximuiead load
forces are locaed at different locations than the maximum live load forces
corrosion of the CMP has either minor or negligible effects on the total forces

in the pipe.

2. Although the total forces in the pipe arelargely unaffected by corrosion,
normal stressesare increased due to the reduction in crosssectional area of

the pipe plate.

3. The maximum normal stress in the CMPincreases exponentially with

decreasing plate thickness.

4. The minimum factors of safety against yieldingand bucklingdecreaselinearly
with decreasing plate thickness. Yielding remains the critical design
conditions for 0& 01 1 #EOAOI £ZAOAT AAS8 AT OOWa®ET T 8
not assessedfor other corrosion patterns. However, sinceFS < FS at the
crown, buckling might be the critical failure mode when corrosion is

concentratedat the crown.
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5. The circumferential extent of corrosion has a unique effect on the live load
forces, maximum normal stress, anda minimum factor of safety against
yielding for each different corrosion pattern.For small values of [ ¢ (e.g. 20°),
haunch corrosion hasa larger influence on FSmin) than invert or crown
corrosion, because the minimum factor safety against yielding locatedat the

haunches.

6. The longitudinal extent of corrosion hasonly a small effect on the livdoad
forces, and anegligible effect on the maximum normal stress andninimum

factor of safety against yielding forll corrosion patterns.
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CHAPTER 6:
CONCLUSION

The effects of corrosion on the stability of round, corrugated metal pip€CMP)
culverts were examinedusing 3D finite element(FE) modelling. Firstly, a3D FEmodel
accounting for non-linear soil behaviour, construction sequence,the soil-CMP
interface, anisotropic behaviour of the CMPand live loading was developed The
model was calibrated by comparingesults to experimental data byMai et al.(2014a).
Secondly, gparametric study was carried out for intact (i.e. norcorroded) culverts to
determine the sensitivity of pipe forces to various material and geometric
parameters. Thirdly, a parametric study was performed for corroded culverts to

investigate the effects of diffeent corrosion scenarios onculvert stability.

6.1 Development of a Three-Dimensional Finite Element Model

for Corrugated Metal Pipe Culverts

In Chaper 3, a 3D FE modelwas developedfor round, CMP culverts. The model
accounted for many of themportant aspects of realculverts and could simulatethe
effects of pipe corrosion.Three (3) simulations were carried out using different soil
models (Linear Elastic (LE), MohrCoulomb (MC), and Hardening Soil (HS)) to
evaluate each of their abilities to predict the pipe response measured experimentally.
The output from the model compared reasonably well with the experimental data of
Mai et al.(2014a). The HS soil model accurately captured the experimental peaking
response of the culvert during backfilling.The MCmodel was less accurate, and the
LE model was inaccurate. fiese results suggesthat the HE model waseffective at
transferring the simulated compactioninduced loads from the soil to the pipeThe
LE model did not predict the dead load thrusts @awell as the MC and HS modelsive-
load thrust distributions from the MC and HS models were within 1% of each other,
and both matched the experimental dat&loselyeverywhere except at the crownThe
non-linear load-bending moment curve observed in the experiment was well

captured by the MC and HS model¢he results produced by the LE madel were linear
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and inaccurate.The observed performance of the developed 3D finite element model

Is deemed sufficient for proceeding with a parametrictsidy in the following chapters.

6.2 Parametric Study for Intact Corrugated Metal Pipe Culverts

In Chapter 4, several new models were created (using the same methodology
describedin Chapter 3 to carry out a parametric study on intact CMP culverts. Study
parameters includedthe pipe diameter, height of soil cover, secant modulus of soil,
internal friction angle of soil, and the strength redudbn factor of the soilpipe
interface.Overall, the total pipe forces are most sensitive to the pipe diameter and the
height of soil cover. The former suggests that pipe flexibility is a critical input
parameter (i.e. changes to the profile of the corrugatl plate would also havea major
influence on the pipe forces).The secant modulus of the soil and the strength
reduction factor of the soilpipe interface had a moderate inflence on the total pipe
forces.The soil friction angle had the smallest influene on the total pipe forcesThe
maximum dead load thrust always occurred just below the springlines. The maximum
live load thrust always occurred at the crown. The maximum dead load bending
moments occurred in two (2) places: just below the springlines angust below the
haunches. The maximum live load bending moment occurred just above the
shoulders. Although maximum total bending moments are smalhfaximum moment
for the baseline case = 2.8 kN), the bending stresses are generally of the same order
of magntude as the axialstresses,and are greater than the axial stresses at the
locations of the maximum bending moment(s). The height of soil cover had a
significantly larger influence on maximum total thrust (range = 245% of baseline
value) than on maximum btal bending moment (range = 110% of baseline value).
The secant modulus of the soil had a significantliarger influence onthe maximum
total bending moment (range = 45% of baseline value) than on maximum total thrust

(range = 5% of baseline value).
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6.3 Parametric Study for Corroded Corrugated Metal Pipe

Culverts

In Chapter 5, the same model from Chaptérwas usedo simulate a corroded culvert
and conduct a parametric study on corroded culverts. Study parameters included the
circumferential corrosion pattern [Full Circumference, Invert, Crown, Haunches], the
percentage ofintact plate thickness remaining, and both the circumferential and
longitudinal extents of corrosion.In general, corrosion of the CMP caused a reduction
(not increase) in live load thrusts and bending moments in the pipe. However,
because the maximum dead load forceme locatedat different locations than the live
load forces, corrosion of the CMP has either minor or negligible effects on the total
forces in the pipe. Although the total foces in the pipe werelargely unaffected by
corrosion, normal stresses increased due to the reduction in crossectional area of
the pipe plate. The maximumnormal stress in the CMP increasgexponentially with
decreasing plate thickness.The minimum factors of safety against yielding and
buckling decreasa linearly with decreasing plate thickness. Stability against
buckling was only assessedfor the Full Circumferencecorrosion patterns. Snce
FS<FS at the crown, bucklingcould be the critical failure mode when corrosionis
concentrated at the crown. The circumferential extent of corrosion ha a unique
effect on the live load forces, maximum normal stress, amdinimum factor of safety
against yielding for each different corrosion pattern. For small valuesf [ ¢ (e.g. 20°),
haunch corrosion hal a larger influence on the minimum factor safety against
yielding than invert or crown corrosion, becausethe FS miny occurred at the
haunches.The longitudinal extent of corrosion hal only a small effect on the live lad
forces,and a negligible effect on the maximum normal stress armdinimum factor of

safety against yielding for all corrosion patterns.

6.4 Applicability and Future Work

The results and observations from this researcheinforce thefindings of EI-Taher and
Moore (2008) that, in general, corrosionof CMP culvertseduces the factor of safety

against yielding in direct proportion to thereduction in pipe thickness.The results of
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the parametric study on corroded culvers suggest that haunch corrosion may hawe
larger effect on the factor of safety against yielding than invert or crown corrosion for
narrow circumferential extents of corrosion, sincethe haunches are closer to the

location of maximum stress (just below tle springlines).

Additional research is required to fully understand the influence of pipe deterioration
on the stability of the culvert. The model predictions for corroded culverts presented
herein should be verified against experimental observations. Othe examples of
future work could include modelling the effects ofcorrosion for other shapes of
corrugated culverts (e.g. pipearch, horizontal ellipse, etc.), and modelling the
corrugated geometry of the pipe explicitly. If developed, a superior method for
simulating compaction effects would have wideanging applications to soitstructure

interaction problems.
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