
Engineering Structures 260 (2022) 114217

Available online 5 April 2022
0141-0296/© 2022 Elsevier Ltd. All rights reserved.

A numerical study of erosion void and corrosion effects on the performance 
of buried corrugated steel culverts 

E. Nakhostin *, S. Kenny , S. Sivathayalan 
Department of Civil and Environmental Engineering, Carleton University, 1125 Colonel By Dr, Ottawa, Ontario K1S 5B6, Canada   

A R T I C L E  I N F O

Keywords: 
Corrugated Steel Culvert 
Finite Element Method 
Erosion Voids 
Corrosion 
Buried Culverts 
Shallow Cover Depth 

A B S T R A C T

The mechanical response of a buried corrugated steel culvert, that is deteriorated due to corrosion and/or soil 
erosion, subject to surface loading and overburden is simulated using continuum finite element methods. The 
three-dimensional numerical modelling procedures were verified for culvert diameter changes using third party 
full-scale experimental data. The numerical simulations evaluated the mechanical response in terms of 
displacement, section force and moment, and equivalent plastic strain relative to the intact culvert/soil system 
across a range of design parameters. The sensitivity study evaluated the soil and culvert damage state as defined 
by the location and volume of soil erosion voids adjacent to the culvert perimeter and corrosion at invert with 
different angles. The mechanical response of the culvert exhibited greater sensitivity for soil erosion voids 
located at or above the springline with the higher potential for failure and decreased service life. The impact on 
the mechanical response was localized for soil erosion voids below the springline, and the culvert material can 
approach yield if void creation is combined with corrosion deterioration.   

1. Introduction

Corrugated Steel Culverts (CSC) are core municipal infrastructure
components used as part of a drainage system for watercourse and 
stormwater management. CSC products are thin-walled structures that 
have been used since the 1960 s due to their beneficial economic and 
technical characteristics such as strength and ductility. CSC products 
have a wide range of service life, from 10 to 100 years, depending on a 
number of factors that include geographic location, climate and CSC 
coatings [4]. Physical processes, related to environmental factors and 
ageing, can deteriorate the CSC/soil system and impair the mechanical 
performance and reduce the service life. Erosion voids and corrosion can 
develop in the backfill and CSC due to environmental conditions. The 
deterioration mechanisms are influenced by the presence of moisture, 
and soil characteristics including type, homogeneity, density, clay con-
tent and mineralogy [6,17]. The deterioration of the culvert system can 
result in life-threatening and expensive damage to the culverts and its 
related system [23]. 

The creation of voids within the backfill, particularly adjacent to the 
structure/soil interface, can influence the structure/soil interaction and 
load transfer processes (i.e., both stress amplitude, distribution), and 
failure mechanisms that may affect the stability and integrity of buried 

structures. Operational experience with buried structures, such as 
pipelines and tunnels, indicates the creation of local soil voids distrib-
uted around the structure, which can affect the structural load carrying 
capacity. The soil voids may be created due to water leakage through 
corrosion features at the base of the CSC. Hydraulic pressure and flow 
may washout and transport fines within the backfill leading to the cre-
ation of soil voids. Field observations have indicated that the concen-
tration of solid particles transported with the sewage causes the 
formation of a groove around the pipe [7,34]. 

The erosion void creates a separation, or region of non-contact, be-
tween the structure and surrounding soil backfill. The presence of 
erosion void may result in undesirable deformation and stress within the 
buried structure [40]. The simulation of erosion voids can be achieved 
through considerations of the contact region and interaction mechanics 
between the structure and surrounding soil [16,39]. Local, discrete 
voids (i.e., separation between the structure and soil) may be introduced 
at different locations on the interface. Due to these changes in the 
contact interface, changes in the normal contact pressure were measured 
and the simulations indicated noticeable changes in the magnitude and 
distribution of earth pressure within the region experiencing loss of 
contact [19,36]. The presence of soil voids may reduce structural load 
carrying capacity, induce local soil deformation mechanisms, cause 
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eccentric loading on the structure that can lead to unexpected stresses 
and may cause progressive structure deterioration and failure [24,25]. 

Long-term atmospheric corrosion model of steel was proposed based 
on different atmospheric sites (i.e., rural, urban, industrial, and marine). 
The effect of corrosion was quantified in term of mass loss and the effect 
of environmental parameters considered on the corrosion rate. Large 
data base according to the reported information by different countries 
were used to establish a universal equation [15,10]. The corrosion effect 
of environment on steel was investigated by field observations, full-scale 
and laboratory tests and the steel corrosivity was classified based on 
data obtained in Europe and North America climate conditions 
[7,27,31,33]. 

The results from a numerical study exploring the effects of local soil 
voids on the structure/soil interaction mechanisms and mechanical 
response of a buried thin-walled CSC are presented in this paper. Three- 
dimensional (3D) continuum finite element models, using Abaqus/ 
Standard software, are developed. The culvert corrugation profile is 
modelled with nonlinear constitutive relationships defining the CSC and 
soil material behavior and contact interactions at the CSC/soil interface. 
A single-wheel pair and single axle loads are positioned over the culvert 
crown at the ground surface defined the surface loading condition. 
Confidence in the numerical modeling procedures is established through 
verification with data from third-party physical modeling studies [31]. 
The parametric study investigates the influence of soil erosion void 
volume (i.e., angle, depth, length) and the relative position with respect 
to the culvert (i.e., distance, location), on the mechanical response of 
corrugated culvert buried in shallow cover depth. Shallow cover depth is 
defined as a normalized cover depth less than two [29]. The effects of 
combined erosion and corrosion is studied for two cases. The analysis 
includes an assessment of the culvert serviceability with respect to the 
sectional moment, force, strain, and displacement of CSC and the soil 
pressure in presence of soil voids and corrosion. 

2. Numerical modelling procedures and verification

Continuum finite element modeling procedures were used to
examine the mechanical response of a buried CSC subject to the applied 
surface loads with deteriorated backfill conditions due to soil voids at 
the CSC/soil interface. Based on previous studies [12,20,21,28] the 
corrugated profile of the culvert was modeled explicitly and incorpo-
rated within the model geometry in order to accurately predict the CSC 
section moment and force, particularly for shallow burial conditions. As 
noted previously, shallow burial condition is defined asH/D < 2, where 
H is cover depth and D is culvert diameter [29]. 

2.1. CSC/Soil and loading system 

A 900 mm diameter CSC with a wall thickness of t mm, and corru-
gated profile of depth and pitch was considered in the analysis and the 
CSC profile and the section properties for two CSC profiles which are 
used in this study are presented in Fig. 1 and Table 1. In numerical 
modeling, the culvert section was discretized using fully integrated 
linear 4-node (S4) shell elements for the model space with three ele-
ments from crest to trough to have optimum mesh density. 

The culvert was buried at 900 mm cover depth (H/D = 1) within a 

soil domain representing backfill conditions as shown in Fig. 2a. The soil 
box dimensions were selected based on the convergence sensitivity 
study and third-party experience [21,31,33], requirements for applying 
the surface load [9,21,33] effects on the CSC/soil response, and bedding 
(greater than0.5 D) thickness [13,14,22]. Eight node linear brick ele-
ments (C3D8) were used to discretize the soil domain with the boundary 
conditions which replicate the experimental setup. The soil domain base 
was fixed from motion (i.e., UX = UY = UZ = 0), and the sidewall 
vertical faces were constrained from the transverse lateral motion (i.e., 
UX = UY = 0). 

In the full-scale tests, plastic deformations were observed in the 
culvert for shallow cover depth for H/D = 0.5 [29,33]. In this numerical 
study, the CSC and soil constitutive relationships accounted for 
nonlinear material behavior. The culvert constitutive relationship was 
based on J2 plasticity theory with the von Mises (equivalent stress) yield 
criterion and combined hardening rule [18]. The stress–strain rela-
tionship was constructed using piecewise approximation based on 
Ramberg-Osgood expression assuming Grade A steel was representative 
of the coupon test data with yield strength and ultimate strength of -230 
MPa and 330 MPa, respectively [32,35]. 

The backfill conditions were considered to be poorly-graded granular 
soil [1] with a unit weight of 21 kN/m3. The generation of excess pore- 
water pressure is not modeled in this study. This culvert is buried in 
granular soil and pore water can easily drain out laterally from the soil, 
and hence a drained analysis is considered appropriate. Generally, the 
water table would be below the base of this structure under normal 
conditions. Table 2 summarizes the mechanical properties of the two 
types of soils that are used in the verification study. Soil I is the main soil 
property that is used in parametric study of the numerical analyses. In 
verification procedure, Soil II is used for modeling soil from invert to 
crown in the numerical simulation. Modification in the reduced strength 
parameters (i.e., friction and dilation angle) for Soil II represents the 
general effects of erosion and deterioration of the backfill conditions. 
The defined magnitude for each parameter was based on the conducted 
experimental full-scale tests and some sensitivity numerical studies 
[13,14,22,29,31,33]. A cohesion value of 1 kPa was defined to mitigate 
issues with numerical convergence. The plastic response was governed 
by the Mohr-Coulomb failure criterion with the flow potential was 
defined as a hyperbolic function in the meridional stress plane and 
smooth elliptic function in the deviatoric stress plane. A non-associated 
flow rule was used in the simulation [18,26]. The adopted modified 
Mohr-Coulomb model is capable of simulating soil material hardening 
and softening behavior due to applied stresses and strains [2,18,37]. 

The CSC/soil backfill interface was modelled as deformable with the 
culvert defined as the master surface for the contact pair. Tangential 
interface behavior using the penalty formulation with finite sliding on 
the contact area is used to model CSC/soil interface [18,38]. 

As shown in Fig. 2b and c, the single axle and wheel pair loadings 
based on the Canadian code (CHBDC) is applied as a service load for the 
soil cover depth (H = 900 mm) examined in this study [5,9,11]. To 
apply the truck load, the load pad was modeled based on the experi-
mental program and measured 600 mm in length and 250 mm in width 
[9,31]. 

2.2. Verification study 

The validity numerical modelling procedures were verified using the 
horizontal and vertical diameter changes reported from full-scale ex-
periments [31]. The diameter change of CSC is verified at total 189 kN 
under the single axle load at 900 mm of cover depth. The control pipe 
test examined the response of the corroded culvert with a 900 mm 
diameter and 3140 mm length of a buried culvert subject to changes in 
the service load conditions. The corrugated spiral profile of the control 
pipe had a depth of 12.5 mm, pitch of 67.7 mm, and nominal wall 
thickness of 3.5 mm with no deterioration effects (Profile I in Table 1). 
The culvert material was conventional steel grade with an elastic Fig. 1. Corrugated Steel Culvert (CSC) profile.  
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modulus of 200 GPa, yield strength of 230 MPa and ultimate strength of 
330 MPa. The soil of bedding, invert to crown, and cover (see in Fig. 2a) 
were compacted to almost 88%, 87%, and 93% standard Proctor 
respectively and were classified as a poorly graded sandy gravel soil, 
“GP-SP”, using the unified soil classification system. The simulated 
standard single axle was imposed on the ground surface and positioned 
over the culvert crown (Sections D-D and E-E in Fig. 2b) and was applied 
using the wheel pad (250 mm × 600 mm in plan) based on CHBDC for 
the service load conditions. 

Fig. 3 presents 2D view of the verified model (control pipe) with full- 
scaled test results which are conducted at Queen’s university. In the 
circumferential section of the culvert, crown is located at 12o’clock 

Table 1 
Section properties for CSC (Corrugated Steel Pipe) [8].   

Pitch 
(mm) 

Depth 
(mm) 

Radius 
(mm) 

Wall Thickness, t 
(mm) 

Tangent 
Length (mm) 

Tangent Angle 
(degree) 

Area 
(mm2/mm) 

Moment of Inertia 
(mm4/mm) 

Section Modulus 
(mm3/mm) 

Profile I  67.7  12.7  17.46  3.5  18.269  27.381  3.621  70.16  8.74 
Profile 

II  
67.7  12.7  17.46  1.6  19.578  26.734  1.512  28.37  4.02  

Fig. 2. a) continuum finite element model geometry for the soil backfill domain and kinematic (natural) boundary conditions, x-y plan view of b) single axle loading, 
and c) single wheel pair loading. 

Table 2 
Soil material properties.  

Soil parameters Symbol Soil I Soil II Unit 

Young’s modulus E 14.8 14.8 MPa 
Poisson’s ratio ν 0.3 0.3  
Angle of friction φ 43 30 deg. 
Dilation angle ψ 13 0 deg. 
Cohesion c 1 1 kPa 
Unit weight γ 21 21 kN/m3

Fig. 3. 2D representation of the soil erosion void and corroded culvert for 
verified Control Pipe. 
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position, shoulders are located at 1:30 and 10:30 clock positions, 
springlines are located at 3 and 9o’clock positions, haunches are located 
at 4:30 and 7:30 clock positions and invert is located at 6o’clock posi-
tion. The culvert is heavily corroded at the invert from haunch to haunch 
(with 15% remaining thickness in the numerical models) and the void is 
located on one side of the culvert/soil system from the haunch to the 
springline. These deteriorations are applied along the full length of the 
culvert/soil system [31]. The same geometrical parameters and loca-
tions of erosion void and corrosion deteriorations in the full-scale test 
are used in the numerical simulations. In Model 1, the material of 
backfill soil is Soil I, and the bedding and circumferential soil material 
from invert to crown is Soil II. In Model 2, the soil material for backfill, 
bedding, and circumferential soil is Soil I (Table 2). Fig. 4 presents X-Z 
view of Model 1 and Model 2. The responses of two numerical models 
are compared with the results of full-scaled test. The results of this 
verification is presented in the results section. 

2.3. Soil erosion voids 

Soil voids are associated with erosion mechanisms due to water flow 
that tend to remove fines within the backfill as a result of hydraulic/ 
pressure gradients. The soil voids within the backfill domain are simu-
lated as a discrete geometric feature on or near the CSC/soil interface 
and was modelled as a non-contact region (Fig. 5). The soil material used 
in these simulations are Soil I (Table 2) for all sections of backfill soil and 
for the culvert, Profile II is used (Table 1). The variables for modeling 
void geometry are presented in Fig. 5 including void angle (β), void 
depth (dv), void chord length (cv), void length (Lv), and void distance 
from culvert (rv). 

The soil erosion void geometry (i.e., volume) is defined by the void 
depth (dv) normal to the CSC surface in the radial direction, void angle 
(β) prescribing the circumferential arc length subtended from the CSC 
longitudinal axis, and void length (Lv) parallel to the CSC longitudinal 
axis. The soil void position was defined relative to the CSC perimeter and 
centered at the crown, the left shoulder, the left springline, the left 
haunch, and the invert. The distance of the void edge is measured from 
the CSC wall edge (rv) and the soil void erosion features are illustrated in 
Fig. 5, Fig. 6, and Fig. 7 as 3D and 2D graphical representations. 

The soil void parameters were based on engineering judgement and 
consideration of field observations, experimental data, and numerical 
simulations [3,7,19,25,36]. The soil void was asymmetrically modelled 
on one-side of the CSC/soil system. 

2.3.1. Parameter study of erosion void 
The baseline parameters for the FE models which incorporate the soil 

erosion voids are summarized in Table 3. This table includes five inde-
pendent parameters including the void angle (β), void depth (dv), void 
length (Lv), void distance (rv), and void location. In this analysis, void 

depth (dv) normalized with void chord length (cv), void length (Lv) 
normalized with culvert length (Lc), and void distance (rv) normalized 
with culvert diameter (D). 

A sensitivity study evaluated the influence of each parameter, while 
keeping all other parameters constant, on the CSC mechanical response 
(i.e., section force and moment) for uniform soil conditions and specific 
operational parameters. The sensitivity analysis (Table 4) extended the 
baseline parameters (Table 3) across a range to define different cases of 
soil erosion void size or volume (i.e., angle, depth, length) and relative 
position (i.e., distance from the culvert, location on the culvert perim-
eter). Except for the studies exploring the effects of void length on the 
CSC mechanical response, the numerical simulations incorporated a soil 
void length equal to the culvert length (i.e., Lv/Lc = 1). A shaded 
greyscale legend was defined to map the soil erosion void parameter 
variation (Table 4) with the graphical representations (Fig. 7). A sche-
matic illustration of the soil erosion void position (i.e., distance, loca-
tion) relative to the culvert is shown in Fig. 8. Two auxiliary studies were 
also conducted to evaluate the effects of a distributed soil erosion void 
on the culvert mechanical response (Fig. 8), which included a distrib-
uted soil erosion void extending from the culvert crown to spring line, 
while the other case examined a distributed soil erosion void extending 
from the culvert haunch to haunch. 

Fig. 8 presents two models for evaluating the effect of extended soil 
voids. The distributed soil void examined the loss of contact due to soil 
void extending from the CSC crown to springline (Case1) and haunch to 
haunch (Case2). The Void information for these two cases is presented in 
Table 5. It is recognized that voids in the zone from crown to springline 

Fig. 4. 2D representation of the soil erosion void and corroded culvert for Control Pipe verified with the laboratory test conducted by the third party.  

Fig. 5. 3D view of the soil erosion void characterization, cross-section B-B.  
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may only be transitory in-situ in granular backfills, and the analysis is 
intended to capture the effects of such a void geometry during the short 
time frame of its existence. 

Fig. 6. 2D representation of the soil erosion volume for a change in the void a) angle (β), b) depth (dv), and c) length (Lv).  

Fig. 7. 2D representation of the soil erosion void position for a change in the void a) distance (rv), and b) location.  

Table 3 
Baseline eroded model for sensitivity analysis on soil void geometry 
and location.  

Soil Void Parameters  

Void Angle, β (rad.) π
4 

Normalized Void Depth, dv/cv 0.5 
Normalized Void Length,Lv/Lc 1 
Normalized Void Distance,rv/D 0 
Void Location, VLoc. Springline  

Table 4 
Parameter range for sensitivity analysis on soil void geometry and location.  

Figure Legend 
Color Key (Fig. 7) 

Soil Erosion Void 
Parameters 

Soil Erosion Void Parameter Range 

Void Angle, β (rad.) π/12 π/6 π/4 π/3  
Normalized Void 

Depth, dv /cv 

0.3 0.4 0.5 0.6  

Normalized Void 
Length, Lv /Lc 

1/4 2/4 3/4 1  

Normalized Void 
Distance, rv /D 

1 2/3 1/3 0  

Void Location, VLoc. Invert Haunch Springline Shoulder Crown  

E. Nakhostin et al.                                 
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2.4. Combined erosion and corrosion deteriorations 

Corrosion and erosion deterioration features occur in the culvert 
invert and surrounding soil simultaneously. The influence of combined 
deterioration features was examined in this study. The corrosion de-
teriorations are applied in internal surface of CSC located at invert with 
different corrosion angles (θ). The general corrosion defined at invert 
section with 34% remaining thickness. The corroded section length (Lcr) 
is equal to the culvert length (Lc). Two-dimensional X-Z view of culvert/ 
soil section presented in Fig. 9 for two studied cases and Table 6 presents 
magnitudes of corrosion deterioration variables. 

3. Results and discussion

Results are presented for each component variation of erosion void
(i.e., 3 void geometries, 2 void locations, and 2 extended void profiles), 
combined erosion and corrosion, and effects of cover depth investigated 
in the parameter study. The CSC mechanical response with respect to the 
section force, section moment, combined force and bending moment, 
and soil backfill stress response is examined and compared with the 
intact CSC/soil system. 

The circumferential results reported for the spiral path to present 
internal force of CSC. This spiral path is located at the mid-length of 
culvert around section A-A in Fig. 2a along the helical path from Invert 
to Invert. 

3.1. Verified the numerical simulation results 

Fig. 10 presents the culvert diameter change in vertical and hori-
zontal directions for Model 1 and Model 2 obtained through numerical 
simulations and the laboratory test results of the full-scale experiment 
[31]. The numerical simulations (FEM) and the full-scale physical test 
results are generally consistent. Model 1 and Model 2 predicted culvert 
vertical diameter change with difference of − 14% and 14% respectively, 
and horizontal diameter changes with a variation of 13% and 36% 
respectively. There discrepancy between the FEM result and the Full- 
Scale Test results was attributed to the variability in the CSC/soil 
loading conditions due to unloading activities, which were not 
accounted for during the finite element simulations. 

Fig. 8. 2D representation of the distributed soil erosion void extending from the culvert crown to springline, and from the haunch to haunch.  

Table 5 
Two particular cases of erosion voids.  

Soil Void Parameters Case 1 Case 2 

Void Angle, β (rad.) π/2 π/2 
Normalized Void Depth, dv /cv 0.04 0.04 
Normalized Void Length, Lv /Lc 1 1 
Normalized Void Distance, rv /D 0 0 
Void Location, VLoc. Crown-Springline Haunch-Haunch  

Fig. 9. 2D representation of the distributed soil erosion void and applied corrosion.  

Table 6 
Two particular cases of combined erosion void & corrosion.  

Culvert Corrosion Parameters Case 1&Corrosion Case 2&Corrosion 

Corrosion Angle, θ (deg.) 90oand180o 45o ,90o ,and135o 

Remaining Thickness (%) 34 34 

Corrosion Length,
Lcr

Lc 

1 1 

Corrosion Location Invert Invert  

E. Nakhostin et al.                                 



Engineering Structures 260 (2022) 114217

7

3.2. Soil erosion volume effects (angle, depth, and length) 

The legend “Int.” in the figures presents results for intact CSC/soil 
structure. As shown in Fig. 11, for the intact CSC/soil system the 
maximum section moment and force were predicted at the pipe crown 
and shoulder. 

Across the range of soil void erosion parameters (Table 3, Table 4) 
investigated, the culvert section moment and force response was effec-
tively identical to the intact CSC/soil system response for the righthand 
side (i.e., crown to invert for the 12 to 6 clock positions). Due to the 
presence of the soil erosion voids, the predicted CSC section moment and 
force exhibited an asymmetric distribution that was biased on the left- 
hand side (i.e., clock positions 6 through 12). 

Increasing the soil erosion void angle (β), depth (dv), and length (Lv), 
(Fig. 11a, b, and c), increased the predicted section moment and section 
force with the local maximum change positioned near the springline. 
The soil erosion voids influenced the magnitude and mode (i.e., sense, 
gradient, distribution) of the CSC section moment and force response. A 
local maximum change of response was developed that was focused on 
the culvert springline (i.e., 9 clock position) relative to the intact CSC/ 
soil system predictions. As the soil erosion void parameters increased, 
and reached the study range limits, the magnitudes of local maximum 
force and section moment at the springline (i.e., 9 clock position) 
equaled the peak magnitudes for the CSC/soil system response. Across 
the range of parameters studied, there were observed differences be-
tween the intact and perturbed system for the section moment and force 
response between the culvert invert (i.e., 6 clock position) and crown (i. 
e., 12 clock position). 

For increasing void angle (Fig. 11a), the CSC section behavior ex-
hibits a more generalized CSC response distributed between the invert 
and crown and tended to shift the peak magnitude response away from 
the CSC crown and localize at the springline with a positive section 
moment and negative local force. In response to the culvert section 
forces and deformation mechanisms, a localized response develops at 
culvert haunch due to the coupled interaction effects among the soil 
erosion void, culvert invert and bedding conditions. The soil erosion 
void depth and length ((Fig. 11b, c) have a localized effect at the 
introduced void location and there are not noticeable changes in the 
responses at the crown, invert, and the non-defected half of the culvert. 

The spiral path distribution of the culvert section moment and local 
force response indicates, across the range of parameters investigated, 
that the soil erosion void angle had the greatest influence on the cul-
vert’s mechanical response. This observation is further explored in 

Fig. 12, which presents the variation of normalized internal forces (i.e., 
normalized section moments and forces) as a function of the soil erosion 
void volume parameters (i.e., angle, depth, and length). The culvert 
internal forces are normalized with the intact system response where the 
data is sampled at the culvert springline. Across the range of parameters 
investigated, a nonlinear response was observed and, for a specific 
sensitivity parameter, the relative change on section forces was the 
effectively the same magnitude. The soil void angle (β) exhibited a 
quadratic influence on the normalized section forces with a maximum 
(effective) multiplier value of 4. This indicates the internal forces 
(bending moment and local force) at the springline are approximately 4 
times greater than the intact CSC/soil system response. The soil erosion 
void depth (dv) and length (Lv) initially exhibited a step change in the 
normalized section forces (multiplier of 2) with a relatively lower 
gradient and maximum multiplier of 3. 

Fig. 13a shows the culvert horizontal displacement at the circum-
ferential spiral path (Displacement UX in the X-Z plane) and Fig. 13b 
shows the culvert horizontal displacement at the springline in longitu-
dinal direction (Displacement UY in the X-Y plane) for soil voids with 
different lengths. The horizontal culvert displacement profile is consis-
tent with the internal force response. The culvert with longest soil 
erosion void length (equal to the culvert length) experienced the 
greatest horizontal displacement at the void location and the intact CSC/ 
soil model has the smallest horizontal displacement. All void length 
cases follow the similar pattern of displacement with maximum value at 
the mid-length and minimum values at the far ends of culvert length. 
The voids with finite length have localized effect on the CSC displace-
ment in longitudinal direction and culvert section has a greater hori-
zontal displacement at void location, while other lengths of the culvert 
that has soil support approach the intact culvert horizontal displace-
ment. The normalized length of soil erosion void equal to Â¼ in Fig. 13 is 
consistent with the observed step change in Fig. 12 where the discon-
tinuity enforces tighter curvature and increases section forces. 
Continued increasing void length results in greater flexibility and 
deflection with increased section forces. The reported displacement 
values are for three-meter length of the culvert and these values reach to 
zero at the two far ends of the boundary conditions. 

3.3. Relative position of soil erosion void (distance and location) 

Two void position variables, void distance and circumferential 
location, are introduced as the independent parameters to study void 
location effects on the CSC/soil system responses. Fig. 8a and Table 4 

Fig. 10. a) vertical and b) horizontal diameter change of culvert under single axle loading.  
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present two-dimensional view of the introduced erosion void at the 
springline with nonzero distance from culvert wall edge and the 
assigned values for each parameter related to the void position. The 
normalized void distance from the CSC wall edge, is the only parameter 
that is changing for each model. The void distance is normalized with 
the culvert diameter (rv/D) which is distance of void edge from CSC wall 
edge as shown in Fig. 8a with assigned values equal to 1, 2/3, 1/3, and 0 
mm/mm distance. 

Based on the literature, circumferential location of void is a critical 
variable [24,25,30] and its effects on the CSC/soil responses are 

investigated in this numerical study. Two-dimensional view of the 
located erosion void at the haunch as an example of void location and 
the assigned values for each parameter related to the void size and po-
sition are presented in Fig. 8b and Table 4 respectively. Five different 
circumferential locations are assigned as the void location (i.e., Crown, 
Shoulder, Springline, Haunch, and Invert). 

As shown in Fig. 14a, decreasing soil erosion distance (rv) increases 
the predicted section moment and force with the local maximum change 
near the void location (springline) with greater impact for the model 
with zero distance (rv/D = 0). The normalized void distance greater 

Fig. 11. Spiral path distribution of culvert section bending moment and local force for the intact case and change in a) void angle (β), b) void depth (dv), and c) void 
length (Lv). 
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than 1/3 do not have a noticeable impact on the culvert mechanical 
response which is almost equal to the intact CSC/soil responses and the 
CSC section moment and force responses are effectively identical 
throughout the non-defected half of the circumference. 

The circumferential internal forces of the CSC due to the applied 
voids in the backfill soil at different circumferential locations are pre-
sented in Fig. 14b. Erosion voids located at the invert and haunch have a 
small local impact on the culvert mechanical response (VInv. and VHnch.). 
The presence of soil voids at springline (VSpr.) has more generalized 
impact on the responses. The presence of soil voids at shoulder (VShldr.) 
influence the magnitude of the section force and moment response for 
the CSC over practically the entire circumference. The maximum in-
ternal forces in the intact system occur at the crown and shoulder and a 
small change in the responses at these areas cause a noticeable change in 
CSC performance. Void located at the shoulder (VShldr.) causes increasing 
internal forces at the crown and shoulder and the culvert experiences 
yield at the crown and shoulder for the applied service load recom-
mended in the Canadian code. Local force has a greater portion in the 
appearance of this behavior in comparison with the bending moment. 

The local force achieves the maximum capacity of the section for axial 
forces within the linear-elastic phase of material (Fig. 14b). These results 
indicate that the void location has a significant influence on the devel-
opment of undesirable deformation and stress concentration. This 
changes the failure mechanism for shallow cover depth which is sensi-
tive to the deterioration conditions. The presence of soil voids at crown 
(VCrn.) influence the mode (i.e., direction, distribution) of the section 
moment and force response for the CSC. The maximum local force and 
bending moment for the intact system are located at crown which is 
transferring the surface load to the culvert. Loss of contact between the 
backfill soil and culvert affects load transferring mechanisms and culvert 
experiences lower internal forces all over the CSC in comparison with 
the intact system (Fig. 14b). 

Fig. 15 presents the variation of normalized internal forces (i.e., 
normalized section moments and forces) as a function of the soil erosion 
void position parameters (i.e., distance, and location). The normalized 
internal forces of CSC increase at the springline by decreasing the void 
distance from the CSC (Fig. 15a). The soil void distance (rv) exhibited a 
quadratic influence on the normalized section forces with a maximum 
multiplier value of 2.5. This indicates the internal forces (bending 
moment and local force) at the springline are approximately 2.5 times 
greater than the intact CSC/soil system response. The significance of the 
location effect is illustrated in Fig. 15b. The presence of soil voids at the 
CSC springline (VSpr.) results in a localized increment of the CSC 
response at the springline (void location) with magnitude equal to 2.6 
greater than the internal forces of intact system. Erosion void located at 
the shoulder increases internal responses at shoulder about 1.6 times in 
comparison with the intact system. 

Void located at the shoulder causes increasing internal forces at the 
crown. The maximum internal forces for the intact and deteriorated 
systems happen at the crown and shoulder and a small change in the 
responses of this area causes a noticeable change in CSC performance. 
Fig. 15c presents the maximum value of internal forces and the culvert 
maximum force is almost constant for introduced voids from invert to 
springline. For void location at shoulder, there are increase in responses 
about 1.3 times and the culvert experiences plastic strain at the crown 
and shoulder for the applied service load recommended in the Canadian 
code (see Fig. 18). The soil voids located on the CSC crown appears to 
have greater relative influence on the CSC mechanical response. The 
maximum section force and bending moment for the intact system are 
located at crown which is transferring the surface load to the culvert. 
Loss of contact between the backfill soil and culvert affects the load 
transfer mechanisms and culvert experiences lower internal forces all 
over the CSC and there are decrease in internal responses about 0.4 
times in comparison with the intact system (Fig. 15c). 

Fig. 16 presents circumferential horizontal displacement of CSC 
(displacement UX in the X-Z plane).The dominant mode of this 
displacement is heart shaped for the intact CSC/soil system. Maximum 
horizontal displacement happens for the case with a void at springline 
and this model has high potential for horizontal displacements, and the 
internal forces increase accordingly. The model with soil voids at 
shoulder (VShldr.) leads to plastic strain at crown and shoulder. This result 
indicates that the shoulder is a very sensitive location to have a defect 
and presence of soil voids at shoulder influences the magnitude of the 
displacement and leads to creation of the plastic hinges at the shoulder 
and crown. Presence of soil voids at crown influences the mode of the 
displacement response for the CSC. The surface load transferring 
mechanism from ground surface to the culvert is changed and culvert 
experiences lower displacement, especially at the crown of the CSC in 
comparison with the intact system. 

3.4. Extended distribution of soil erosion voids 

Two special cases have been studied in this numerical modeling 
which place more emphasis on erosion void location with a noticeable 
non-contact region between soil and CSC. In these special cases, erosion 

Fig. 12. Effect of soil erosion void volume on the culvert internal forces, at the 
springline, normalized with the intact CSC/soil response for a change in the 
void a) angle (β), b) depth (dv), c) length (Lv). 
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void angle is equal to π/2 with a very limited normalized depth of 0.04, 
and full-length void as presented in Table 5. Based on the literature 
review and the current results, the circumferential location of void is 
specified from crown to shoulder for Case1 to represent the contact loss 
condition in the upper half of the CSC/soil system. The second special 
case (i.e., Case2) simulates the contact loss in the lower half of the CSC/ 
soil system from haunch to haunch (Fig. 9). 

The magnitude and distribution of the CSC section bending moment 
and force along the spiral path is presented in Fig. 17. In comparison 

with the intact CSC/soil system response, the soil void introduced in 
Case1 influenced the predicted section moment and force, particularly in 
the upper half of the CSC. The culvert experiences yield at the crown and 
shoulder for the applied service load and section force, in comparison 
with the bending moment, has a greater portion in appearance of yield 
stress (Fig. 17b). The results presented for Case1 indicates that losing the 
contact between CSC and soil can cause stress concentration which can 
lead to failure while the upper half of the CSC/soil system is very sen-
sitive to the deterioration conditions. Case2 presents more localized 

Fig. 13. Horizontal displacement of culvert at a) circumference in the spiral path and b) at springline in longitudinal direction, section C-C.  

Fig. 14. Spiral path distribution of CSC section bending moment and local force for erosion voids introduced in the backfill soil with changing a) void distance (rv), 
and b) void location. 
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effects in the internal responses of CSC. The culvert experiences small 
increase of section force and bending moments at invert and haunches. 
These results show a noticeable contact loss in the lower half of the 
culvert does not have a significant effect on the general performance of 
the culvert/soil system. 

The results of numerical study and experimental tests show the 
maximum internal force and moment happens at crown and shoulders. 
The magnitude of local force is very close to the yield value and a small 
increase in these internal forces will lead to creation of plastic strains 

(see Fig. 14b and Fig. 17b). In this numerical study, two models expe-
rience the plastic strain at crown and shoulder that is presented in 
Fig. 18. Both models, (VShldr. and Case1), experience creation of voids in 
shoulder and crown. Crown and shoulders are very sensitive locations 
and void creation in these locations places the whole system in a weak 
position. These results show the importance of having non-deteriorated 
system at upper half of the culvert. 

Fig. 19 presents the changes in the circumferential soil pressure with 
300 mm distance from the culvert considering the effect of erosion void. 
The maximum pressure for the intact structure in the reported section is 
located at the crown and it approaches zero at lower half following to 
the invert. The presence of soil voids in the upper half of backfill for 
these modeling sets results in a localized soil pressure response at the 
void location (VSpr and VShldr in Fig. 19a, and Case1 in Fig. 19b). Erosion 
void located at the crown in Fig. 19a (VCrn) has a noticeable impact on 
the surface load distribution and soil pressure and the location of 
maximum pressure is transferred from crown to somewhere between 
crown and shoulders. This model influences the magnitude and mode of 
the circumferential pressure for the backfill soil over the entire 
circumference. This result indicates the presence of voids can affect the 
transfer mechanism of surface loads from ground level to CSC. 

3.5. Combined erosion and corrosion deteriorations 

Section local force is the dominant force in the soil-culvert structure 
with shallow corrugated steel plate based on the Canadian code 
assumption, and the code recommends considering flexural effects in 
deep corrugated plates. The corrugated plate used in culvert modeling in 
this study is classified as shallow corrugated plate (pitch < 380 mm, and 
depth < 140 mm), but to meet research purposes, the combined effect of 
erosion void and corrosion is considered for two models of eroded soil 
(Case1 and Case2). The corrosion deteriorations for both cases are 
applied at the invert with 34% remaining culvert thickness. Fig. 20a, 

presents the circumferential values of Y =
[

T
Ppf

]2
+

⃒
⃒
⃒ M
Mpf

⃒
⃒
⃒ where T and M

are maximum section force and bending moment due to dead and live 
loads calculated using FE simulations, Ppf is compressive strength of a 
corrugated culvert section, and Mpf is moment capacity of a corrugated 
culvert section [9]. The Y value is reported for the spiral path under the 
wheel load section for Intact model (non-deteriorated culvert-soil sys-
tem), model Case1 deteriorated by erosion (erosion void from crown to 
springline at the left side), and model Case1 for erosion plus corrosion 
with angles equal to 90◦ and 180◦. The results indicate that circumfer-
ential Y is approaching a value equal to one at springline and shoulder in 
the left side deteriorated by erosion void and this value is greater than 
one at the crown. Applying corrosion deterioration at invert (e.g., 
Case1&θ = 190⋅ and Case1&θ = 180⋅) does not have significant effect in 

Fig. 15. Effect of the soil erosion void relative position on the culvert internal 
forces, at the springline, normalized with the intact CSC/soil response for a 
change in a) distance (rv), b) location, and c) maximum internal forces. 

Fig. 16. Horizontal displacement of CSC in the spiral path for erosion voids 
introduced in the backfill soil with changing void location. 
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the responses. 
Fig. 20b presents the circumferential values of Y for the Intact model 

(non-deteriorated culvert-soil system), model Case2 deteriorated by 
erosion (erosion void from haunch to haunch), and model Case2 for 
erosion plus corrosion with angles equal to 45◦, 90◦ and 135◦. The re-
sults indicate that having only erosion voids at the lower half of the 
culvert does not have significant effect on responses and Y value remains 
close to zero. Further the concurrent presence of corrosion and erosion 
voids affects load and moment carrying capacity with respect to the 

reduction in the culvert thickness and this changes the load distribution. 
However, having only erosion void (e.g., Case2) at lower half of the 
culvert, which experiences smaller internal forces in comparison with 
upper half, does not have a significant effect in the general behaviour of 
the buried culvert. But the culvert experiences severe increase in Y re-
sponses for the cases where both erosion void and corrosion are applied 
at the same location. These results show that the appearance of both 
deteriorations in the lower half can increase the possibility of culvert 
failure in the lower half remarkably. 

4. Summary and conclusions

The effect of soil erosion voids on the soil pressure and the me-
chanical response of the CSC subject to overburden and surface load was 
examined using continuum finite element modelling procedures. Stress 
concentration effects were evaluated across a range of erosion void 
parameters (i.e., angle, depth, length, location, proximity). The stress 
concentration was defined as the normalized ratio of the predicted 
culvert local force or moment, in response to the soil erosion void, 
relative to the intact culvert/soil system response. 

The study of void angle and void depth indicates that the loss of 
surface contact and support between the culvert and surrounding soil in 
the upper half of the culvert/soil structure is the key contributing factor 
to load transfer and deformation mechanisms. The influential aspect in 
the void size is contact surface (void angle) and void depth does not play 
an important role because the culvert diameter change for this flexible 
case is in an order of 10 mm. The loss of surface contact is the parameter 

Fig. 17. Spiral path distribution of the a) bending moment and b) local force due to an extended soil erosion void.  

Fig. 18. Equivalent plastic strain in the spiral path.  

Fig. 19. Effect of losing contact between soil and culvert due to erosion voids on the changes in soil pressure.  
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that can affect culvert performance and integrity. These outcomes may 
support the development of mitigation strategies for maintaining the 
serviceability of culvert systems and support decision making for sus-
tainability solutions. 

Based on the study of the void distance variable, the results indicate 
that applied void in the backfill soil with high soil pressure, where it 
transfers the truck load, affects the CSC results; voids located outside of 
this area has little to no effect in the CSC/soil system responses. 

For all analysis cases, the maximum section force and bending 
moment occurred in the upper half of the culvert section between the 
springlines and responses are more severe in comparison with the lower 
half. The voids located in the upper half of the culvert have more 
noticeable effects in the load transferring mechanism and internal force 
responses for deteriorated systems deteriorated with erosion voids. In 
the model with introduced void in the shoulder, the culvert was expe-
rienced the plastic strains in the crown and shoulder due to the applied 
loads. This change in the performance affects the local force and bending 
moment distribution in the culvert. 

The internal force responses do not change due to the introduced 
erosion voids in the lower half of culvert/soil system. But this system 
approaches yield point at invert and haunches when erosion void is 
combined with corrosion deterioration at the invert. Invert, haunch, 
shoulder, and crown of circumferential area is approaching the yield 
stress for cases deteriorated by combined erosion void and corrosion in 
lower half due to local force and bending moment in this structural 
system, but the section force is the influential internal force in com-
parison with the bending moment. This can cause undesirable defor-
mation, stress concentration and eventually failure of load-carrying 
system for the shallow cover depth cases. 
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