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Abstract

Studying the critical response characteristics of reinforced concrete box cul-
verts with diverse geometrical configurations under seismic excitations is a
necessary step to develop a reasonable design method. In this work, numeri-
cal analysis and assessment of reinforced concrete box culverts for seismic
loading in addition to standard static loading from dead and live loads is
conducted, aiming to highlight the critical difference in the seismic perfor-
mances between two and three cell box culverts under near and far-fault
ground motion. The results show how and where the seismic loading alters
the responses of seismic loading of the models including the effect on safety
and fajlure. The geometrical configurations of the culvert combined with the
loading scenarios also significantly influence the magnitude and distribution
of the seismic responses. The findings of this work shed light on the critical
role of the geometrical configurations and shaking event in the seismic res-
ponses of reinforced concrete box culverts and this procedure can be applied
as seismic assessment method to any culvert shape, size, and material.

Keywords
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1. Introduction

Given the relatively limited land resources in most metropolitan cities, much
emphasis has been placed on the construction of more underground structures

in order to ensure sustainable development. The resistance of these underground
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structures to natural hazards (such as earthquakes) deserves to be thoroughly
investigated.

Road Box Culverts (RBCs) are typically designed on the basis of the Road
Earthwork and Culvert Construction Guiding Principle hereinafter referred to as
the guiding principle [1] [2]. The guiding principle refers to a culvert with a tra-
ditional structure as a conventional culvert and determines its application range
[3]. Furthermore, this guiding principle states that conventional culverts satisfy-
ing these structural conditions are considered to exhibit a seismic performance,
even without a seismic design; it is possible to determine these structural condi-
tions solely with a static design. This is because when an earthquake occurs,
RBCs are thought to behave in unison with the surrounding ground, and there-
fore, the lining is not subjected to large seismic forces [4]. Another reason is that
past major earthquakes did not damage RBCs [5]. Even after earthquakes that
have caused serious damage to geotechnical structures no significant damage to
RBCs was reported [6].

In recent years, structures with enlarged sectional dimensions have become
common. As a result, culverts are typically designed to withstand static loading
without regard for seismic events. Prudence dictates, however, that large culvert
projects installed in seismically active areas be designed to withstand structural
damage caused by seismic events. As these structures do not meet the aforemen-
tioned structural conditions of conventional culverts, they require not only a
static design but also a seismic design, creating the need for a method that can be
applied to RBCs [7]. However, there is no standard seismic design methodology
because of the absence of data regarding major damage caused by past earth-
quakes. Several seismic design methods have been applied to rectangular under-
ground structures, e.g., cut-and-cover tunnels, which are structurally similar to
RBCs, and various researchers have developed ways to evaluate their seismic
behavior and seismic design [8] [9] [10] [11] [12]. It is presumed that the results
of those studies are also applicable to the seismic design of RBCs because the
cross-section of RBCs and the material of members of RBCs are similar to the
underground structures described above. However, RBCs have unique structural
features, e.g., no haunch at the bottom of the sidewalls and a wide cross-section.
Although there have been previous experimental studies [13] [14] and validation
of dynamic analyses has been conducted in this area, these studies investigated
RBCs under different seismic loading condition is still needed. Therefore, in the
present study, seismic assessment of two models of RBC is conducted with near
and far fault earthquakes loading to verify the seismic behavior of RBCs and es-
tablish a way to evaluate their seismic behavior. A numerical analysis using an

elastoplastic finite analysis method is carried out and results were discussed.

2. Development of Finite Element Model
2.1. Description of the Model

Analytical modeling of the reinforced concrete box culverts is achieved by using
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the Abaqus software package program. The objective of the analysis is to eva-
luate the seismic behavior of reinforced concrete RBC under near and far fault
earthquakes. Two examples of RBCs are investigated under the effects of the
near fault records. The structures consist of two and three cells RBC. The RBCs
are built to provide free flow of a stream under a highway line. The cross section
dimensions in meter (m) are reported in Figure 1. Lateral abutments are obvious-
ly subject to the earth pressure (Figure 2), linearly varying from gtop to gbottom.
The top slab covered by a road pavement and a surcharge over road, yielding the
uniformly distributed loads referred to as Qroad pavement and Qsurcharge over
road, respectively (Figure 2). The values of the loads represented in Figure 2 are
collected in Table 1. Figure 3 shows the finite element models of the box culverts.
Embedded Element is a technique used to place embedded nodesat desired
locations with the constraints on translational degrees-of-freedom on the embed-
ded element by the host element [15] [16]. Both the rebar cages were modeled as
the embedded region in concrete using constraints in the interaction module, and
making the concrete the host. Thus, rebar elements can only have transla-
tions/rotations equal to those of the host elements surrounding them [17] [18].
The RBC sections were considered in the mesh generation, and it was regarded

as a three-dimensional solid element for the box culverts, and three dimensional
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Figure 1. Sections View (a) Double Cell Box Culvert; (b) 3 Cell Box Culvert.
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Figure 2. Applied loads.

Table 1. Values of the applied loads.

Parameter Value [KN/m]
Qroad pavement 47.5
Qsurcharge over road 28.5
gtop 30.95
gbottom 93.65
pearth 20
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Figure 3. The finite element models of the box culverts.

wire elements rebars. The RBC section elements and rebars elements have
meshed separately. The mesh element was generated on the RBC sections as

shown in Figure 3.

2.2. Mechanical Parameters

Concrete grade C30 and reinforced with steel bars with nominal yield strength fy
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= 500 MPa are considered. Beam-column connections are modeled as infinitely
rigid links. The following analyses are carried out taking account of material non-
linearity. A rigid-perfectly plastic moment-rotation relationship is adopted as plas-
tic hinge constitutive law. The nonlinear concrete and rebar model parameters are
given in Table 2 and Table 3. The density, Poisson’ ratio and elastic modulus of
the materials are presented. The concrete damage plasticity model is employed to
describe the inelastic behavior of concrete elements in the plastic stages, and the

input parameters are presented. The tensile cracking and the compressive crushing

Table 2. Parameters of plasticity damage model of concrete.

Dilation angle Eccentricity fbo/fco K Viscosity parameter
35 0.1 1.16 0.6667 0.007985
Density (kg/m?) Poisson’ ratio (v) Elastic modulus (Es), MPa
2400 0.20 30100
Compressive Behavior Compressive Damage Tensile Behavior Tensile Damage
Yield Stress Inelastic  Damage  Inelastic Yield Cracking Damage Cracking
(MPa) Strain  Parameters  Strain  Stress (MPa) Strain Parameters Strain
8,060,000 0 0 0 878,000 0 0 0
17,600,000  0.000137 0.0562 0.000104 2320,000 0.000103  0.445215  0.000321
20,900,000 0.0005 0.123 0.000325 882,000 0.000387  0.606951 0.00058
21,200,000  0.000721 0.415 0.002 185,000 0.00168 0.692214  0.000821
20,100,000 0.00191 0.709 0.00463 68,700 0.0044 0.74539 0.001055
17,900,000 0.00348 0.855 0.00943 0.781942  0.001286
16,900,000 0.0043 0.938 0.0225 0.808721 0.001514
15,800,000 0.00522 0.961 0.0348 0.829245  0.001741
14,800,000 0.00623 0.845512  0.001967
11,600,000 0.0102 0.858746  0.002192
5,210,000 0.0319
4,160,000 0.0419
3,100,000 0.0586

Table 3. Reinforcement steel material Plastic Parameters.

Fracture Strain Stress Triaxiality Strain Rate
0.1 1 1
Density (kg/m?) Poisson’ ratio (v) Elastic modulus (Es), MPa
7800 0.30 210000
Yield Stress [MPa] Plastic Strain
33,5000,000 0
437,000,000 0.1377
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are the two main failure mechanism for the concrete damaged plasticity model.

2.3. Input Earthquake Motion

In general, earthquakes have different properties such as peak acceleration, du-
ration of strong motion and different ranges of dominant frequencies and
therefore have different influences on the structure. The El Centro and Kobe
records played also invaluable role in nonlinear, inelastic structural response
computations when there were no other, credible strong motion records availa-
ble. For the purposes of the present analysis, to the response of an RBC during a
strong earthquake, two earthquake excitations are used in this study, two
strongest records were selected: 1) El Centro (Mw = 6.95) with duration of
strong motion in the range of 1.5 - 5.5 s and dominant frequencies in the range
0.39 - 6.39 Hz, its intensity can be described by Peak Ground Acceleration of
PGA = 0.28 g. 2) Takatori record from the 17 January 1995, Kobe earthquake
(Mw = 6.9) with duration of strong motion in the range of 7.5 - 12.5 s and do-
minant frequencies in the range 0.29 - 1.12 Hz and is characterized by PGA =
0.61g.

Kobe earthquake record can be treated as a typical, near fault, as its epicentral
distance is near fault records with a distance to source of less than 5 km and El
Centro earthquake with epicentral distance of 27 km was selected to illustrate
far-fault ground motion characteristics. Ground motion parameters include the
peak ground acceleration (PGA), peak ground velocity (PGV), peak ground dis-
placement (PGD), frequency content, and response spectra. The shape of acce-
leration, velocity, and displacement time histories and their corresponding fre-

quency content and response spectrum is shown in Figure 4.

3. Numerical Simulation Results

Strong earthquakes could make geometric nonlinearity of the structure en-
hanced, which leads to large deformation under the excitation of rare seismic
intensity. The seismic analysis has been fulfilled using finite element software
Abaqus. The earthquake wave propagates along x direction. The main results
obtained from the numerical analyses carried out will be summarized. The acce-
leration and displacement response of the box culverts, as well as the bending
moments, shear forces, axial forces and stress-strain responses of the box cul-
verts were studied. In particular, the responses of the two box culvert structures
will be compared and used to describe and discuss the global and local behavior
of their seismic resisting systems, when subjected to near and far fault earth-
quake excitations. A general overview of their prevailing characteristics is given
here, and specific aspects are referenced when needed to explain key points. Par-
ticular care is paid to the response of the side wall and slab element, showing
their influence on the global structural performance of these two box culvert
prototypes. Figure 5 shows the visualization of the Jobs at the end of the shaking
events step.
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Figure 4. Input motions informations: (a) El Centro and (b) Kobe earthquakes.

3.1. Displacement Responses

RBCs are short-span structures, and their mechanical properties are affected by
side walls. On the one hand, side walls constrain vertical deformation of top slab,
and on the other hand, they bear the lateral pressure of the soil to RBC. The dis-
placement results of the side walls of various RBC structures are graphically

drawn in Figure 6 in order to compare and analyze the simulated values. In
Figure 6, a positive value of the X-axis indicates that the side wall is deformed
outward, and a negative value indicates that the side wall is deformed inward.
Side wall in rotated and horizontal direction is deformed due to vertical down-

ward displacement of top slab under load. The horizontal displacement of four
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types of RBC side walls presents a nonlinear distribution along the wall. The

change of horizontal displacement of the side walls of RBCs from bottom to top

shows a regular pattern that increases first and then decreases. As can be seen

from Figure 6, the results of the inelastic response-history analysis give the dis-

tributions of displacement. The history analysis values of the displacement under
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two earthquake waves for the two models are illustrated in Figure 6. As a whole,
it can be seen that; the largest lateral displacement is located under the excitation
of near fault seismic intensity. Moreover, the two cell RBC shows the highest
displacement result with a value of 0.317 m, while the three cell RBC has a value
of 0.306 m. Therefore, it can be observed that there is a slight difference between
the displacement results of the two models under the same wave excitation.
Considering that this situation is related the load increases, the value of the
maximum horizontal displacement increases upward along the side wall. There-
fore, when designing a RBC under a high embankment, it is recommended to
choose different seismic ground motion for time-history analysis of the structure
which can provide the seismic responses of RBCs large enough to induce the
plastic deformation. Moreover, in the case of health monitoring of the RBC
structure, the maximum horizontal displacement shall occur within the range of

0.6 to 0.7 of the height of side wall for the integral structure.

3.2. Acceleration Responses

Figure 7 shows the distribution of acceleration values in the positive direction at
each shaking level (far and near fault excitation). Top and bottom level time his-

tory acceleration responses are presented, respectively. Although the distribution
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Figure 7. Acceleration responses: Base Level: (a) and (c); Top Level: (b) and (d).
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is shaped differently in each case, in all cases, the distributions of the ground and
RBC response acceleration values show discrepancy from a far fault shaking
event. The fact that the ground and RBC acceleration values do not coincide in-
dicates that they might be independent of each other.

It can be seen that for all two models and for both ground motions the analy-
sis produces very good estimates. As shown in the figure, here also the results
from Kobe seismic load have large responses and two cell BC shows highest re-
sponse. Some studies have suggested that the variation of acceleration demands
along the height of structure and in particular the ratio of the peak floor accele-
ration demand to peak ground acceleration is independent of the period of vi-
bration of the structure. However, as shown Figure 7, the acceleration profile
can change significantly from one model to another. Figure 7 clearly shows that
the responses can be rather different when different models and shaking event
effect are considered. It can be seen that the acceleration responses can either be
increased or decreased with different shaking event, and there is no evidence that
the shaking event effect will definitely enlarge the acceleration responses of these
models. However, there is a trend from these results that the influence of near fault
shaking effect increases as the cell decreases. In order to further investigate the
influence of shaking event effect on these box culvert structures, the acceleration
responses of the two culverts at bottom and top are compared. One can see that
from these comparisons, the accelerations responses along x-direction under far
fault excitation on bottom and top of the culverts are mostly dropped compared
to bottom and top results under near filed excitations. Special attention should
be paid that the peak accelerations on top of the culverts are mostly enlarged by
near fault shaking effect with a percentage increase can reach to 158% for two

cell box culvert and 275% for three cell box culvert.

3.3. Seismic Bending Moment

Bending moments are required for design purposes. Figure 8 compares the cal-
culated bending moments obtained from the numerical models for the culvert
top slab and side wall in during all of the seismic events. Some design codes as
the Canadian Highway Bridge Design Code (CHBDC; CSA 2006a), appreciate
that the dynamic analysis indicates that there are significant bending moments
induced by the horizontal component of the earthquake. As can be seen, the
bending moment values may change depending of the excitation scenarios. The
bending moment values at the top slab and side wall are not close. As the earth-
quake shaking increases, the difference is expected to increase. The bending
moment results obtained from the far fault as from the near fault event on the
top slab displays negative values at the edges and positive values at the centre. On
the side wall, the bending moment from far fault events at the side wall of the two
cell box culvert varies almost linearly from a high negative values and decreases at
the other edge. On the other hand, for the three cell box culvert, the side wall

bending moment displays negative values at one edge and positive value at the
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Figure 8. Moment responses. Side Wall: (a) and (c); Slab Element: (b) and (d).

other, with curvy distribution in between.

All bending moment responses of top slab and side wall from the near fault
shaking represent the maximum responses of the axis compared to the obtained
bending moment responses from the bending moment responses due to far fault
excitation. Thus, comparing the total bending moment responses from different
models, the moment at the center of top slab reduces tremendously in a triple
cell box culvert as compared to that in a double cell culvert. The reduction in
central moment is of the order of 36% under far fault event and 34% under near
fault excitation. However, the side wall moments reduce by 55% under far fault
event and 41% under near fault shaking event. It can be observed that, the in-
crease in cell of culvert leads to substantial decrease in bending moment at the
center of all the members and particularly at the side walls. Considering all the
models and compared the top slab with the side wall bending moment results, it
can be clearly seen that the responses from the top slab are on higher side than
the side wall moments. On the other hand, in a double and triple cell box culvert
the top and bottom slabs are continuous therefore; the support moments are on
higher side than the central moment. These observations suggest that the seismic
bending moments are significant and the total bending moments should be con-

sidered in the design as a loading combination case. This is particularly impor-
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tant for culverts situated in areas with high seismicity, as the seismic bending
moment will increase as the PGA increases.

3.4. Axial Force Responses

Regarding the axial-force distribution, Figure 9 shows the total axial forces de-
veloped in the top slab and side wall elements under the two different seismic
scenarios. The distribution of axial force in the elements isn’t symmetrical. The
effects of the application of near fault seismic load increase considerably the axi-
al loads in the top slab members to, but don’t show highly impact on the side
wall. The maximum axial-force distribution occurs in the three cell box culvert
top slab under near fault shaking event and is 12 percent increase over the
maximum under far fault shaking event, moreover the locations of maximum
response under the two events are nearly same. It should be stated here that the
variation of the force gives rise to reduction in the model shear strength due to
reduction or even loss of the concrete contribution. Moreover, this variation has
a significant effect on the moment-curvature and axial load-bending moment
interaction diagram of the R.C. element. Findings from recent researches indi-
cated that the section capacity could be significantly reduced, especially for the
exterior and inferior element.
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Figure 9. Axial force responses: Side Wall: (a) and (c); Slab Element: (b) and (d).
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Shear Force[KN]

3.5. Shear Force Responses

Figure 10 shows the comparison made for top slabs and side walls spans shear
envelopes. As can be seen in the figures, results under the near and far fault
event in the side walls follow nearly same curves. However, deviation exists be-
tween near and far fault event results, the graph for the side walls span shows lit-
tle to no change in shear force. The side walls shear force in the models under
near fault intensity earthquakes is close to that in the models under far fault
event. In all instances, the change tended to be very small. While results of the
top slab from the two cell model show important gap under near fault intensity
earthquake compared to the three cell model. General observations can be made
to all two culverts results that the elements condition results are higher when
near shaking event is considering. The difference between the two conditions
becomes more significant at slab elements and the finite element results indi-
cated that an average of 8.44% increase is observed in the side wall and 35.42%
in the top slab from two cell box model when near fault event is considered. An
average increase of 0.27% in the side wall and 2.95% in the top slab are obtained

from the three cell model when near fault excitation is considered.

3.6. Stress-Strain Behavior Responses

In this section, seismic load effects on stress and strain of box culverts were also
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Figure 10. Shear force responses: Side Wall: (a) and (c); Slab Element: (b) and (d).
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estimated with the validated dynamic analysis based on shaking event scenarios.
The stress and strain results at top and bottom of the box culverts are extracted.
The result is shown in Figure 11. Analysis of the stress distribution in Figure 11
shows the distribution law of the principal stress. Figure 12 and Figure 13 show
that the stresses in the horizontal direction (S11) and in the vertical direction
(S22) for each configuration. The strain variation law of the section is obtained
by sorting and summarizing the strain data of measurement points. A positive
strain indicates that the concrete is being pulled, and a negative value indicates
that the concrete is under pressure. After the RBC structure cracking, the strain
distribution of the section shows the nonlinear distribution law, and the position
of the neutral axis increases in the vertical direction with the increase of the load,
indicating that the bending and tensile action of the concrete under the section is
more obvious. As shown, in Figure 11, the amplitudes of the peaks increased
gradually not at the same rate, but in the analysis, the peak amplitude at the pos-
itive side exceeded that at the negative side. This phenomenon may have oc-
curred because of the following: in the analysis, the amount of displacement on
the positive side was larger than that on the negative side during one period,
which generated discrepancy of displacement.

By comparing the two shaking events on the integral RBC structures, the res-
ponses of the two models components show significant large differences under

the different seismic waves with the same model and standard. It can be found
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Figure 11. Stress-strain responses: Base Level: (a) and (c); Top Level: (b) and (d).
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Figure 12. The vertical direction stresses (S22) contour: El Centro: (a) and (c); Kobe: (b) and (d).

that different seismic waves have great effects on the structure responses. The
near filed ground motion produces a large horizontal displacement, releasing the
highest stress of concrete on the top of the external surface of side walls. Moreo-
ver, near fault excitations show large strain responses, where the highest re-
sponse gets be observed from the two cell RBC. It is therefore considered that
the possible highest crack origin can be under the multiaxial strain state in the
two cell RBC when subjected to the near fault excitation because of geometric
discontinuity. As shown in Figure 11, under different shaking event measures,
both the stress and strain on the box culverts increased with position level and
the relation between stress and strain change shape. This finding can be attri-
buted to the fact that the thickness of the covering soil influenced the stress and
strain on the roof, in that the thicker and denser the soil cover, the higher both

the stress and strain values.

4. Conclusions

This study developed the finite element analysis of the differential settlement
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prediction for adjacent longitudinal precast box culvert and subject to different
loading conditions including different loading area. To verify the seismic beha-
vior of the RBCs and establish a method for evaluating their seismic behavior
numerical analyses under near and far-fault ground motions were carried out.
Two models of two and three cell reinforced concrete box culvert were consi-
dered. Based on interpretations and discussions of the simplified results, the
major findings were summarized as follows:

1) A model for reinforced concrete box culvert subjected to both static and seis-
mic loadings can be used to demonstrate the complete step-by-step methodology
for evaluation of seismic behavior of reinforced concrete box culvert. The working
state of RBCs could be divided into elastic stage and plasticity state [19] [20].

2) The change of seismic responses of the side walls and slabs of RBCs from
far and near faults shaking events showed a regular pattern that increases and
decreases. The critical responses which should be considered for overall under-
ground seismic assessment should occur under the near fault excitation for the
two integral types of structures.

3) As the load increases under the near fault shaking event, the presence of the
crack caused the stress in the section to redistribute which verified the validity of
the finite element analysis under rare seismic excitation. At the same time, the
finite element model indicated that the sliding and rotating behavior would
cause the first principal tensile stress of the concrete.

4) The present study confirms that dynamic analysis can be used to evaluate
the seismic behavior of RBCs under near and far fault earthquakes and the pro-
posed method is rational, easy to apply, and fulfills engineering need heretofore

unfulfilled for a reinforced concrete box culvert installation.
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