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ABSTRACT: The current design for culverts is based on a two-dimensional analysis and only addresses the 
internal forces of the culvert members in the cross-section. The stress of a culvert in the direction of the culvert 
axis has not been given much attention; thus, there are no specific guidelines or provisions for it in the current 
standards. In the case of a culvert under a fill-dam placed on a soft foundation, the differences in settlement 
along the culvert axis may cause bending stress or tensile stress at the bottom of the culvert in the culvert axis 
direction. When this stress is beyond the capacity of the culvert material, excessive deformation and cracks in 
the culvert can occur. In the present study, this issue was explored through both two-dimensional (2D) and 
three-dimensional (3D) finite element methods (FEMs). This study reveals that the 2D plane strain FEM, 
although it can model with soil-structure interaction, it is incapable of recognizing stress along the culvert axis. 
In contrast, the 2D plane strain FEM can determine that stress but can not consider the influence of soil-
structure interaction. Meanwhile, the 3D FEM provides excellent soil-structure interaction and considers the 
actual shape of the structures. Based on the results, it was shown that the 2D FEM is unreliable in its assessment 
of the tensile stress along the culvert axis compared to the 3D FEM when the box culvert was placed on a soft, 
deep foundation. The findings also revealed that when the foundation was soft (the stiffness of the foundation 
was low), other parameters such as the height of the dam and the depth of the foundation had a significant 
effect on the tensile stress at the bottom of the box culvert in the direction of the culvert axis. 
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1. INTRODUCTION

Culverts are structures that convey water from a 
reservoir through low fill dams in a controlled 
manner for a variety of purposes. Culverts are often 
used to oversee the water supply and drainage, to 
control floods, or to meet a combination of 
multipurpose requirements. Compared with other 
types of culverts, the box culvert has many 
advantages such as being simple in structure but 
strong, stable, easy to construct, and low in cost. In 
particular, it can be placed on soft soil by providing 
a suitable base slab projection to reduce the base 
pressure [1]. 

The stability of a culvert dramatically affects the 
safety of the earthfill and rockfill embankment 
dams that it passes. Any leakage from the culvert 
may create openings in the dam that may gradually 
become enlarged until partial or complete failure 
occurs. Another hazard is the possibility of the 
structural collapse of the culvert, almost certainly 
causing the failure of the dam [2]. Therefore, having 
greater insight into the stress-strain of culverts 
would yield useful information about successful 
designs that will ensure safe structures.  

The actual behavior of a culvert is complicated 
due to its complex soil-structure interaction 

mechanism. Technological advances over the past 
years have allowed design methodologies to evolve 
from the pioneering work of Marston and Spangler 
in the 1920s to the modern-day FEM [3]. Several 
studies have been done on culverts using both 2D 
and 3D FEMs by many researchers. Since the late 
1960s, the 2D FEM has been used to model and 
analyze culverts under the assumption of plane 
strain conditions. Brown [4] was the first to perform 
a 2D FEM for obtaining approximate solutions to 
plane problems of linear elasticity. After that, a 3D 
FEM was first performed by Allgood and Takahashi 
[5].  

In practice, engineers prefer simple analyses, so 
the 2D modeling of culverts is more frequently 
employed than the 3D modeling. Nevertheless, 
some problems are encountered when evaluating 
the stress in a box culvert with the 2D analysis. With 
the dam-culvert system, the 2D plane stress analysis 
is acceptable for modeling the dam longitudinal-
section comprising the culvert cross-section (Fig. 
1a), and the 2D plane strain analysis is suitable for 
modeling the dam cross-section comprising the 
culvert longitudinal-section (Fig. 1b). For culvert 
applications, the 2D plane stress analysis does 
model soil-structure interaction or soil arching 
action due to the differences in the stiffness of the 
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culvert and surrounding soil. Because the stiffness 
of the culvert is higher than that of dam soil, the 
relative settlement of the soil column directly above 
the culvert was less than that of the adjacent soil 
columns. This relative settlement generates friction 
forces or shearing stresses that are added to the 
weight of the central soil column, as shown in Fig. 
1a. As a result, the soil layers in the central soil 
column undergo an arch shape deformation, and the 
soil pressure on the box culvert was increased, 
which is referred to as negative arching. However, 
in this 2D plane stress analysis is concerned solely 
with calculating the axial load, bending moments, 
and deflections of the culvert members in the 
culvert cross-section; that means the stress in the 
direction of the out-of-plane or the culvert axis has 
not been given much attention. Meanwhile, as 
mentioned above, the 2D plane strain analysis 
model the longitudinal-section of the culvert, so it 
is possible to obtain stress in the culvert axis. 
Nevertheless, this analysis does not model soil-
structure interaction due to there are no differential 
settlements between the installed structure and the 
surrounding soft soil, as shown in Fig. 1b. Besides, 
the 3D analysis provides excellent soil-structure 
interaction and also takes into account the actual 
cross-sectional shape of the culverts, which the 2D 
plane strain analysis cannot do. Based on these 
concerns, the dam-culvert system should be 
modeled and analyzed with a 3D model to 
investigate the stress along the direction of the 
culvert axis. Ahmed [6] performed a 3D FEM to 
investigate the reason for the formation of cracks 
along the culvert axis of two box culverts and 
showed the inadequacy of the 2D modeling done by 
the consultants who designed them. It is notable that 
none of the current standards consider the influence 
of the soil-structure interaction on the stress 
developing in the direction of the culvert axis, 
except for some provisions for the minimum 
reinforcement or distribution reinforcement in that 
direction [7].  

In fact, agricultural dams are sometimes located 
on foundations of low strength or on soft 
foundations. Then, tensile stresses can accumulate 
in the culvert as a result of bending caused by 
differential settlement along the direction of the 
culvert axis. This, in turn, may lead to the cracking 
of the culvert and the opening of joints when the 
stress exceeds the capacity of the material of the 
culvert.  

The goal of the present study is to evaluate the 
stress of a box culvert placed on a soft foundation 
passing through an agricultural dam. The study also 
explores the effects of specific parameters, such as 
the dam height, foundation depth, foundation 
stiffness, and culvert stiffness, on the stress 
developing in the culvert axis. For this purpose, 
both 2D (plane strain and plane stress) and 3D 

FEMs were used to model the box culvert and the 
stress results were compared. 

a) 2D plane stress

b) 2D plane strain

Fig. 1 2D (plane strain, plane stress) modeling for 
dam-culvert system 

2. MATERIALS AND METHOD

2.1 Materials 

One of the advantages of earth-fill dams is that 
they may be built upon soft soil foundations. 
However, the height of these dams should not be too 
high. In this study, therefore, a typical culvert with 
three dam models, having heights of 5, 10, and 15 
m, was used to examine its stress, as sketched in Fig. 
2. The depth of the foundation was chosen to be 5
or 10 m to suit the low earth-fill dam solution and 
also to investigate the impact on the stress of box 
culvert. The dimensions of these dam and culvert 
models were chosen according to the Design 
Standard of the Japanese Ministry of Agriculture, 
Forestry and Fisheries, and are listed in Table 1. 

It is reasonable to assume that the deflection of 
the structure will be small, and that the 
displacement of the soil will be correspondingly 
limited due to the stiffness of the concrete box 
culvert. Consequently, the dam body, foundation, 
and box culvert were idealized as an isotropic, 
linear elastic constitutive model. Thus, each of these 
materials is characterized by the values of the elastic 
modulus and Poisson's ratio. Table 2 lists the values 
of the parameters used in all the models of the 
numerical analysis; almost all the values were taken 
from [8]. In order to assess the effect of the stiffness 
of the foundation, three elastic modules of the 
foundation (E f), 2, 5, and 10 MPa, were tested. The 
effect of culvert stiffness was also evaluated 
through two elastic modulus values (Ec), 21 and 30 
GPa. 
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2.2 Numerical Modeling 

In the present study, the 2D and 3D analyses 
were built upon FEM. As mentioned in the 
Introduction, two types of 2D FEMs were used in 
this study, namely, 2D plane strain and 2D plane 
stress. The 2D plane strain FEM mesh, composed of 
1,080 elements and 3,390 nodal points, is shown in 
Fig. 3. The 2D plane stress FEM mesh, composed 
of 1,273 elements and 3,993 nodal points, is shown 
in Fig. 4. All elements in the 2D FEM (plane strain 
and plane stress) are eight-node quadrilateral iso-
parametric elements. For the 3D FEM, the dam, box 
culvert, and foundation underneath were discretized 
by 51,120 finite twenty-node hexahedral iso-
parametric elements with 220,086 nodal points, as 

shown in Fig. 5. The mesh size for all the models 
was adjusted around the box culvert to improve the 
accuracy and the details of the stress distribution 
within the study area. Since the effect of the 
interface conditions was negligible with the soil-
structure interaction in the embankment installation 
[9], no interface elements were used in this research 
to reduce the computational efforts.  

For the 2D FEM, the nodal points along the 
vertical boundaries (z-direction) and the horizontal 
boundaries (x-direction for the dam cross-section in 
the 2D plane strain FEM and y-direction for the dam 
longitudinal-section in the 2D plane stress) were 
completely fixed. For the 3D FEM, the nodal points 
along the boundaries of the foundation in all models 
were constrained to not move in any direction. 

Fig. 2 Schematic illustration of typical dam-culvert-
foundation system 

Table 2 Material properties of the modeling 

Material 
E 

(MPa) 
ν ρ 

(kg/m3) 
Dam 16.8 0.3 2000 
Culvert 21000, 30000 0.2 2400 
Foundation 2, 5, 10 0.3 - 

Note: E = modulus of elasticity,  ν = Poisson's 
ratio, and ρ = mass density. 

Table 1 Dimensions of dam-culvert-foundation systems 

Model 
Dam Box culvert Foundation 

H 
(m) 

B 
(m) n 

h’ 
(m) 

Wt 
(m) 

Wb 
(m) 

R 
(m) 

t 
(m) n’ Df (m) 

Dam A 5 3 1.8 
1.2 1.2 1.44 0.3 0.2 0.1 5 , 10 Dam B 10 4 2.1 

Dam C 15 5 3.0 

Fig. 3  Finite element mesh for dam cross-section (2D plane strain FEM) 
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Fig. 4  Finite element mesh for dam longitudinal-section  (2D plane stress FEM) 

Fig. 5  Finite element mesh for 3D FEM 

3. RESULTS AND DISCUSSIONS

The internal forces are affected by the external
loads applied to the structure. In comparison to 
other structures, the external loads are known or 
specified. The external loads for buried culverts, 
namely, the earth pressure acting on the culvert, are 
complicated by the mechanism of the soil-structure 
interaction [3, 9, 10]. For culvert applications, soil-
structure interaction is expressed primarily in terms 
of soil arching. As indicated in the Introduction, for 
embankment installation culverts, soil arching 

produces a negative arching effect, which leads to 
the vertical earth pressure on the culvert becoming 
higher than the overburden pressure. Therefore, the 
vertical earth pressure acting on the box culvert 
needs to be examined before evaluating the stress of 
the box culvert. 

3.1 Vertical Earth Pressure σz 

The vertical earth pressure is the earth pressure 
acting on the culvert top in the z-direction. These 
pressure were obtained along the culvert axis 
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(A1B1) and the culvert width (C1D1) at the top of 
the box culvert, as shown in Figs. 3, 4, and 5. Figure 
6 shows the distribution of vertical earth pressure 
(σz) along A1B1 in the 2D plane strain and the 3D 
FEMs of three different dam models A, B, C. For 
all three models, given an elastic modulus of 21 GPa 
for a concrete box culvert (Ec) and a foundation 
depth (Df) of 5 m, vertical earth pressure σz on the 
top of the culvert decreased when the stiffness or 
elastic modulus of the foundation (Ef) decreased 
from 10 MPa to 2 MPa in the 2D and 3D FEMs, 
which means the foundation became softer. The 
reduction was not significant, especially in the 2D 
plane strain FEM. The maximum values of vertical 
earth pressure σz were in the middle of A1B1, in 2D 
plane strain and 3D FEMs, but these values for the 
3D FEM were higher than those for the 2D plane 
strain FEM. These differences were the result of the 
soil arching effect, which is covered in the 3D FEM 
but not in the 2D plane strain FEM, as mentioned in 
the Introduction. The vertical earth pressure σz on 

the box culvert in this 2D plane strain FEM was the 
overburden pressure, which calculated from the 
product of the unit weight of dam soil above the box 
culvert multiplied by the height of soil above the 
box culvert. Meanwhile, the 3D FEM fully reflected 
the actual behavior of soil around the culvert – soil 
arching action due to the differences in their 
stiffness. This led to vertical earth pressure that is 
significantly larger than the overburden pressure 
above box culvert. 

The distribution of vertical earth pressure σz  
along C1D1 also decreased in the 2D plane stress 
and the 3D FEMs when the stiffness of the 
foundation (Ef) decreased or the foundation became 
softer in the three dam models, as shown in Fig. 7. 
This decrease was also not significant for the two 
methods. It is also seen in Fig. 7 that there was quite 
good agreement between the results of the 2D plane 
stress and 3D FEMs, and the maximum values of 
vertical earth pressure σz were at both ends of the 
width of the culvert top (C1 and D1).  This is due to 

Fig. 6  Distribution of vertical earth pressure along 
A1B1 (Df = 5 m, Ec =21 GPa) 

Fig. 7  Distribution of vertical earth pressure along 
C1D1 (Df = 5 m, Ec =21 GPa) 
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the influence of soil arching action are expressed in 
both the 2D plane stress and 3D FEMs. As 
mentioned in the Introduction, the shearing stresses 
on the slip surface are added to the weight of the 
central soil column, resulting in vertical earth 
pressure had the highest values at both ends of the 
width of the culvert top. This result is also in full 
agreement with previous studies [6, 9, 11-17]. In 
contrast to the distribution along A1B1, the 
distribution results along C1D1 of the 2D plane 
stress FEM were slightly higher than those of the 
3D FEM. This could possibly be the result of the 
idealization of the plane stress conditions, that is 
there is no stress in the out-of-plane direction, 
resulting in more conservative results than those of 
the 3D FEM. 

When increasing the elastic modulus of the box 
culvert (Ec) from 21 to 30 GPa in the three dam 
models on the soft foundation (Ef = 2 MPa) with a 
depth (Df) of 5 m, the vertical earth pressure along 
A1B1 and along C1D1 of the culvert top was almost 

unchanged in both 2D and 3D FEMs, respectively. 
Besides, the vertical earth pressure decreased 
slightly when the depth of the foundation (Df) 
changed from 5 to 10 m with the elastic modulus 
(Ef) of 21 MPa. 

3.2 Tensile Stress of the Box Culvert σx 

Compared to the present study, most previous 
studies did not investigate the tensile stress in the 
culvert axis direction (σx), as mentioned in the 
Introduction. The tensile stress σx results for both 
2D (plane strain and plane stress) and 3D FEMs 
were obtained along the culvert axis (A2B2) and the 
culvert width (C2D2) at the bottom of the box 
culvert, as shown in Figs. 3, 4, and 5. As predicted, 
the tensile stress σx at the bottom of the culvert was 
large when the stiffness of the foundation were low 
(E f = 2 MPa) in the 2D and 3D FEMs, as shown in 
Figs. 8 and 9.  

Fig. 8 Distribution of tensile stress σx of box culvert 
along A2B2 (Df = 5 m, Ec =21 GPa) 

Fig. 9 Distribution of tensile stress σx of box culvert 
along C2D2 (Df = 5 m, Ec =21 GPa) 



International Journal of GEOMATE, Jan., 2021, Vol.20, Issue 77, pp. 132-140 

138 

Figure 8 shows the distribution of tensile stress 
σx  along the culvert axis A2B2 at the bottom of the 
culvert when elastic modulus of the foundation (Ef) 
decreased from 10 MPa to 2 MPa or the foundation 
became softer. Similar to the vertical earth pressure, 
it is shown in Fig. 8 that the 3D FEM results were 
higher than those of the 2D plane strain FEM. The 
difference was even more marked when the dam is 
higher. The maximum values of tensile stress σx at 
the bottom of the box culvert were also found in the 
middle of culvert axis A2B2 at the bottom of the box 
culvert in both 2D plane strain and 3D FEMs. These 
values for the 5-m, 10-m, and 15-m dam models in 
the 3D FEM were, on average, 1.47, 1.89, and 2.42 
times higher, respectively, than for the 2D plane 
strain FEM. This is because the 3D FEM had a 
greater external force, i.e., vertical earth pressure σz 
due to the soil arching effect, so the internal force, 
i.e., tensile stress σx at the bottom of the box culvert
was also greater than that of 2D plane strain FEM. 

Since the 2D plane stress FEM did not provide 
the stress in the out-of-plane direction (σx), hence 
Fig. 9 only shows the distribution of tensile stress 
σx along the culvert width C2D2 at the bottom of the 
culvert in the 3D FEM. It can be seen that all three 
dam models in the 3D FEM witnessed the highest 
tensile stress σx in two elements at both ends (C2 
and D2) at the bottom of the box culvert. This is also 
due to the soil arching effect as mentioned above. 
These values for the A, B, and C dam models were 
4.47, 4.53, and 5.08 MPa, respectively, which were 
higher than the tensile strength of the concrete box 
culvert (2.1-3.15 MPa). With elastic modulus of 21 
GPa, the compressive strength of the concrete 
culvert is 21 MPa. The tensile strength of the culvert 
is usually approximately taken as 10–15% of its 
compressive strength [18]. These results suggest 
that tensile failure occurred in the 3D FEM, cracks 
could be formed in the box culvert as the tensile 
load is transferred to the steel. Meanwhile, for the 
2D plane strain FEM in Fig. 8, the maximum values 
of tensile stress σx of dam models A and B were 2.7 
and 2.43 MPa, all within the range of the tensile 
strength; in particular, the result of dam model C 

was 1.8 Mpa, which was lower than the tensile 
strength of the culvert material. In other words, for 
the 2D plane strain FEM, tensile failure likely 
occurred but uncertainty occurred in 3D, 
particularly in the case of a 15-m high dam (dam 
model C). 

When the stiffness or elastic modulus of the box 
culvert (Ec) increased from 21 to 30 GPa, while the 
foundation was soft (Ef = 2 MPa) and had a depth 
(Df) of 5 m, there was a significant change in tensile 
stress σx along line A2B2 at the bottom of the box 
culvert. Figs. 10 and 11 show the effect of the 
culvert stiffness on tensile stress σx along A2B2 for 
the case of a 10-m high dam (dam model B), the 
other dam models tended to be similar. It can be 
seen that when this parameter was large, the 
maximum tensile stress σx of the box culvert was 
also large in both 2D and 3D FEMs. The tensile 
stress σx in the culvert increased for 2D plane strain 
FEM, the maximum values were still much smaller 
than the tensile strength. Meanwhile, the results of 
the 3D FEM were in the range of tensile strength. 
The tensile strength of the concrete culvert is (4.1-
6.15) MPa [18] as modulus elastic Ec is 30 GPa. 
Thus, it can be seen that although the stiffness of the 
box culvert parameter changed the tensile stress of 
the culvert, this change did not have much effect as 
the capacity of the culvert material also increased. 

When the depth of the foundation (Df) changed 
from 5 to 10 m and the stiffness of the foundation 
(Ef) and the box culvert (Ec) were 2 MPa and 21 
GPa, respectively, tensile stress σx changed 
considerably in the 2D plane strain and 3D FEMs. 
However, the results of 2D plane strain FEM was 
still smaller than those of 3D FEM. Figs. 12 and 13 
show the effect of the depth of the foundation on 
tensile stress σx along A2B2 for the case of a 10-m 
high dam (dam model B), the other dam models 
tended to be similar. Like the stiffness of the culvert 
parameter, the depth of the foundation parameter 
was large, the maximum tensile stress σx of the 
culvert was also large. When the foundation was 10 
m deep, these values in both 2D and 3D were 4.14 
MPa and 5.79 MPa, which were much greater than 

Fig. 10 Effect of stiffness of culvert on tensile stress 
σx of box culvert along A2B2 (Df = 5 m, Ef =2 MPa)

Fig. 11 Effect of stiffness of culvert on tensile stress 
σx of box culvert along C2D2 (Df = 5 m, Ef =2 MPa)
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Fig. 12 Effect of depth of foundation on tensile 
stress σx of box culvert along A2B2 (Ef =2 MPa, Ec 
=21 GPa) 

Fig. 13 Effect of depth of foundation on tensile 
stress σx of box culvert along C2D2 (Ef =2 MPa, Ec 
=21 GPa) 

the tensile strength of the culvert material (2.1-3.15 
MPa). This proves that when the foundation became 
softer and deeper, the tensile stress at the bottom of 
the box culvert was very large. In other words, the 
possibility of tensile failure of the box culvert was 
even more certain when the foundation depth 
parameter increased. 

The results obtained in this study provided 
insight into the stress at the bottom of a box culvert 
on soft soil by carrying out 2D and 3D FEMs. The 
findings showed that the 2D FEM is unreliable for 
evaluating the tensile stress σx along the culvert axis 
when the box culvert is placed on a soft foundation. 
For the 2D plane stress FEM, the tensile stress σx is 
not considered due to the idealization of the plane 
stress conditions. As for the 2D plane strain FEM, 
the tensile stress is underestimated compared to the 
3D FEM. This can lead to an unsafe design, the 
consequences of which can be dire, as indicated in 
the Introduction. 

However, some limitations of the study should 
be acknowledged. One limitation of this study is 
that the material models (dam soil, foundation, and 
culvert) only considered the linear behavior. 
Furthermore, these findings are limited in that is the 
study was primarily focused on the loading due to 
the dam body’s and box culvert’s weight and did not 
explore other loadings (seepage loading or dynamic 
loading). This means that the study did not 
adequately consider the problems that can appear in 
real situations. These limitations should be 
addressed in future studies. 

4. CONCLUSIONS

In this study, through an analysis of linear 
elasticity, which is the most commonly used 
analysis in current engineering practice, both 2D 
and 3D FEMs were conducted to model a box 
culvert placed on a soft foundation and to evaluate 
the tensile stress that had developed at the bottom 
of the culvert in the direction of the culvert axis. 

Several parameters for the dam, foundation, and 
culvert were also investigated to consider the effects 
on these stresses. The following conclusions can be 
drawn from the current study. 

The lower the stiffness of the foundation (E f) 
and the deeper the depth of the foundation (Df), the 
higher the tensile stress σx at the bottom of the box 
culvert in the direction of the culvert axis. These 
values for the 3D FEM could be higher than the 
tensile strength of the box culvert material, while 
those for the 2D plane strain FEM were not. The 2D 
FEM was shown to be unreliable for evaluating 
tensile stress σx at the bottom of the box culvert in 
the culvert axis direction when the foundation was 
soft and deep. Parameters such as the height of the 
dam (H), and the depth of the foundation (Df) had a 
significant effect on tensile stress σx at the bottom 
of the box culvert in the direction of the culvert axis. 
In particular, when these parameters increased, 
tensile stress σx also increased.  
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