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ABSTRACT

Underground structures may suffer significant damage subjected to the fault rupture. This research
investigates the failure mechanisms of a RC box culvert subjected to fault displacement based on a 2D FE
analysis and a fragility analysis was performed in terms of variation on concrete and soil strength, as well
as soil stiffness. Based on the analytical results, it is found for a low-angle fault that the failure probability
of the RC box culvert is significantly affected by the soil stiffness variation, rather than by the strength
variation of materials. On the other hand, the failure probability of the RC box culvert for a high-angle fault
is affected not only by the soil stiffness variation but also by the material strength variation.

INTRODUCTION

Underground structure may suffer significant damage subjected to the fault rupture (Earthquake
Engineering Committee, JSCE 2011). In the 2016 Kumamoto earthquake, large ground deformations were
confirmed on the ground surface due to fault displacement exceeding 2 m (Yoshimi 2017), and it was
pointed out that the structures may have been damaged by these ground deformations (Chida 2017).

Generally, underground structures have high seismic resistance capability. However, once a fault
crossing the underground structure occurs, it suffers significant damage due to large ground deformation.
Recently, research on such a fault displacement has been performed. Higuchi et al. (2017) conducted
centrifuge experiment and finite element analysis of box culvert subjected to fault displacement and found
that the earth pressure acting at the top slab keeps initial earth pressure while that acting at the side walls
increases and deformation and earth pressure can be represented by finite element (FE) analysis with the
subloading surface model proposed by Hashiguchi (2017).

In this research, the fragility analysis based on a series of 2D FE analyses using the same model
validated by Higuchi (2017) was performed in terms of variation on concrete and soil strength as well as
soil stiffness to clarify relationship between material parameters and failure mechanism.

FE ANALYSIS MODEL AND FRAGILITY EVALUATION

Figure 1 shows target structure, which is same model as the past research (Sasaki and Higuchi 2018). It is
9.5 m wide, 5.5 m tall RC box culvert with two inner spaces and designed based on Design Standards for
Railway Structures in Japan (RTRI 1999). Overburden of 20 m, dry dense sandy soil with a density of 17
kN/m?, and the coefficient of earth pressure of 0.5 are assumed respectively, for soil around the structure.
The bedrock is modelled as the lower boundary. Therefore, bedrock is rigid.
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Figure 2 shows numerical model for 2D FE analysis in this research. Two-dimensional quadrilateral
plane strain elements are applied to RC Box Culvert and soil. The smeared crack model with embedded
reinforcements (Naganuma et al. 2004) and the subloading surface model (Hashiguchi 2017) are used as
the hysteresis model of RC and soil, respectively. The parameters for the subloading surface model are
shown in Table 1. These parameters obtained from centrifuge experiments conducted by Higuchi (2017)
and they are capable of adequately reproducing the soil pressure acting on the underground structure
subjected to the fault displacement. These parameters can reproduce the consolidated-drained triaxial test,
and the analysis using these parameters adequately reproduced the experimental results of soil pressure
acting on each face of the structure, as well as the deformation mode of the structure and the ground surface
displacement.

Joint elements are used between soil and structure, between soil and bedrock, between structure and
bedrock to account for contact and separation. In the normal direction of the elements, the contact model is
used in which force transfer occurs with high stiffness in the direction of contact of the joint elements and
zero force as the elements are separated. In the shear direction, the friction model with a friction angle of
35 degrees is used.

In this analysis, it is assumed that a reverse fault occurred below the RC box culvert in the transverse
direction of the culvert axis. The fault line is assumed to be located at 2.5 m from the right edge of the
structure (about 1/4 of the total width), and the bedrock moves up from lower right to upper left. As for the
fault angle, two cases are studied; 30 and 60 degrees (in Figure 2 the first case is shown). Fault displacement
was simulated by applying forced displacement to the node on the right side (upper side) while restraining
the displacement of the node on the left side (lower side) of the fault. Fault displacements were applied in
increments of 0.02 mm per analysis step, with a maximum fault displacement of 400 mm (20,000 steps).
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Table 1 Parameters for Subloading Surface Model

Item Value
Compression Index A 0.0074
Swelling Index K 0.0039
Initial Void Ratio €g 0.73
Internal Friction Angle ¢ 32 deg
Poisson’s Ratio v 0.33
OCR P. /o, 10
Rotational Hardening Not Considered
Shear Hardening/Softening Coefficient U 0.25
Evolution of Normal Yield Ratio u 100
Reference Average Stress Opre £ 100 kN/m?

In the fragility analysis, aleatory uncertainty is modelled for three material parameters: concrete
compressive strength, shear wave velocity corresponding to ground stiffness, and internal friction angle
corresponding to ground strength. Table 2 shows the variation of the three material parameters. The realistic
response is obtained based on the analysis of 2° = 8 cases (combinations of y + ¢ and u — o for each
material parameters) considering the variations shown in Table 2, and the realistic capacity calculated
considering the aleatory uncertainties in the compressive strength of concrete was evaluated. The limit
states of the structure are determined for each of those cases and the corresponding fragility parameters
were evaluated using two-point estimation method (Rosenblueth 1981). The limit states of the members are
defined based on the rebar strain. The flexural yield is defined as the main rebar yielding and the diagonal
shear failure is defined as the shear reinforcement yielding.

The fragility curve is defined as the conditional probability F (a) that the ratio of the strain of each
rebar, the realistic response, to the yield strain of each rebar, the realistic capacity, exceeds 1 at a given fault
displacement a. The coefficient of variation (CV) for each parameter is set based on AESJ (2007). It is
noted that the compressive strength of the concrete is assumed to vary with the tensile strength of the
concrete, while Young's modulus is assumed to remain unchanged (AESJ 2007). The probability density
functions for the realistic response and realistic capacity are assumed to be a log-normal distribution, and
the log standard deviation for the epistemic uncertainty is assumed to be 0.15 (AESJ 2007).

Table 2 Variation of Material Parameters for Fragility Analysis

Average i u+o Uu—o cv
Concrete .
) 1.4 x Design strength 1.13u 0.87u _
Compressive 33.6 MPa 38.0 MPa 296Mpa | V=013
Strength
. Shear wave
Soil . 1.1u 0.9u _
Stiffness velopcity V,=220m/s | v, =180mss | ¢V =01

Ve =200 m/s

Soil Internal Friction 114 0.9 cV =01

Angle in Table 1 _ _
Strength ¢ = 32 deg ¢ =345deg | ¢ =29.4deg | fortan¢
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EFFECT OF FAULT ANGLE ON FAILURE MECHANISM

Firstly, analyses focusing on the effect of different fault angles on the damage mechanism of RC box
culverts using the average material parameters shown in Table 2, were conducted.

Figure 3 shows the maximum shear strain distribution of the soil at a fault displacement of 400 mm.
At a low fault angle of 30 degrees, there is a region of large maximum shear strain located mainly on the
left wall, and a region of large maximum shear strain extends horizontally, forming the active wedge by the
soil movement. Nearly 10 % maximum shear strain occurred in the ground around the upper left corner of
the structure.

On the other hand, at the high fault angle of 60 degrees, a region of large maximum shear strain
extends directly above the top slab and the ground surface above the structure is deformed. Because of the
high fault angle of 60 degrees, the vertical component of fault displacement is larger than the horizontal
component, indicating that the fault deformation was caused by thrusting from below. The upper left corner
of the structure had a maximum shear strain of nearly 10 %, almost the same as the 30-degree fault angle.
A large maximum shear strain of about 2 % was also observed at a location on the ground surface slightly
displaced from directly above the structure to the upper plate (moving bedrock) side.
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Figure 3 Maximum Shear Strain at the Fault Displacement of 400 mm

Figure 4 shows the stress paths of the soil elements close to the middle height of the left wall. Ata
fault angle of 30 degrees, the stress state of the soil is below the critical state line (C.S.L.) and the ground
does not yield up to a fault displacement of 400 mm. In contrast, at a fault angle of 60 degrees, the ground
yields beyond the C.S.L. at a fault displacement of 261 mm. When the fault angle is 30 degrees, the
horizontal displacement component is larger than vertical one, and the soil close to the left wall does not
yield because the effective stress p increases due to increase of horizontal normal stress, and the soil strength
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increases faster than the shear stress. On the other hand, when the fault angle is 60 degrees, the vertical
component of fault displacement is larger than horizontal one, and the frictional force between the left wall
and the soil causes large shear deformation in the soil and the ground yields.

Figure 5 shows the distribution of rebar strain at a fault displacement of 400 mm. The horizontal
rebars correspond to the main bars in the top and bottom slabs, and to shear reinforcements in the walls.
The vertical rebars correspond to shear reinforcements in the top and bottom slabs, and main bars in the
walls. In addition, the white elements shown in Figure 5 means there are no rebars in that direction.

In both the 30- and 60-degree fault angle, the right wall is displaced upward due to the upward
displacement of the moving bedrock, while the left wall is subjected to downward frictional forces from
the ground on the left side of the structure, so that the structure is deformed like a cantilever beam with the
fixed end at the right wall and free end at the left wall. As a result, tensile yielding occurs in the upper main
bar at the right end of the top slab. Bending deformation also occurs at the upper and lower ends of the
partition wall (center wall, hereafter) due to the deformation of the top and bottom plates. In particular, at
a fault angle of 60 degrees, greater vertical displacement occurs, resulting in tensile yielding of the upper
reinforcement at the top plate's junction with the middle wall.
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Tension Yield
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Vertical Rebars

(b) Fault angle = 60 deg
Figure 5 Rebar Strain Distribution at the Fault Displacement of 400 mm

The shear force at the bottom of the left wall is shown in Figure 6. The shear force is evaluated by
summation of the element shear forces (product of element shear stress with respective cross-sectional area).
Figure 6 also shows the shear capacity considering distributed loads (Saito et al. 2004). The shear capacity
considering distributed loads is a method of evaluating shear capacity by replacing distributed loads with
multiple concentrated loads. It should be noted that this method is more accurate for evaluating shear
capacity for distributed loads caused by earth pressure than evaluating shear capacity by an equivalent
single concentrated load (Sasaki and Higuchi 2018).

As shown in Figure 6, the damage mechanism is almost same in both 30- and 60-degree fault angle.
First flexure yield occurs in order of the center wall, bottom slab and right wall and finally shear
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Figure 6 Shear Force at the Bottom End of Left Wall

reinforcements at the left wall yield and failed in diagonal shear. Flexure yield at the center wall and bottom
slab occurs when the vertical component of fault displacement reaches 16-17 mm in both 30- and 60-degree
fault angle. However, as shown in Figure 5, the rebar strain in the center wall and bottom slab is larger the
more severe damage occurs in these members at a fault angle of 60 degrees, than at a fault angle of 30
degrees. Note that the crushing of concrete at the compression edge in the bottom slab occurs at a fault
displacement of 327 mm for a fault angle of 30 degrees, while that occurs at a smaller fault displacement
of 127 mm for a fault angle of 60 degrees. This fact also indicates that the damage to the bottom slab is
more severe for a fault angle of 60 degrees than that of 30 degrees.

The flexure yield of the left wall occurs when the fault displacement reached 132 mm at a low fault
angle of 30 degrees and 117 mm at a high fault angle of 60 degrees. When the structure is thrust up by a
reverse fault, frictional forces with the surrounding ground are applied downward and axial tensile forces
are introduced into the left side wall. Therefore, it is considered that the higher fault angle resulted in earlier
flexure yield. On the other hand, yielding of the shear reinforcements in the left wall occurs at
approximately the same fault displacement of 141 to 146 mm, regardless of the fault angle. It is also noted
that the maximum shear force acting at the bottom of the left wall and the shear capacity are close. This
shows that the estimate of the shear capacity by distributed loads is quite accurate in this case.

FRAGILITY EVALUATION

Figure 7 shows the fragility curves calculated based on the analysis with varying soil stiffness, soil strength,
and concrete strength. The points in Figure 7 represent the damage probabilities obtained based on the
realistic responses obtained from the analysis, and the solid line shows the approximated cumulative
lognormal distribution curves of the relationship between fault displacement and damage probability, which
represents these points. Also shown in Figure 7 are the damage probabilities at the 5 % and 95 % confidence
levels when epistemic uncertainty is considered with dashed and single-pointed lines, respectively.

For the limit state “yielding of the center wall,” the fault displacement capacity is about 26 mm
(HCLPF value: fault displacement with less than 5 % probability of failure at 95 % confidence level) to 30
mm (50 % probability of failure: fault displacement with 50 % probability of failure at 50 % confidence
level) for a fault angle of 30°, whereas for a fault angle of 60°, the fault displacement capacity is about 14
mm (HCLPF value) to 20 mm (50 % damage probability), and these vertical components are roughly equal.
On the other hand, for the limit state “diagonal shear failure,” the fault displacement capacity is about 95
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Figure 7 Fragility Curves

Table 3 Log Standard Deviation of Aleatory Uncertainty Factors for Each Material Parameter

(a) Fault Angle of 30 Degrees

Concrete Soil Soil
Total Strength Stiffness Strength
.BC .BG ﬁ ¢
Flexural Yield of Center Wall 0.040 | 0.031 (37 %) | 0.040 (62 %) | 0.006 (14 %)
Diagonal Shear Failure of Left Wall | 0.095 0.025 (7 %) | 0.094 (91 %) 0.014 (2 %)
(b) Fault Angle of 60 Degrees
Concrete Soil Soil
Total Strength Stiffness Strength
ﬁc ﬁG 'B ¢
Flexural Yield of Center Wall 0.058 | 0.039 (41 %) | 0.046 (57 %) 0.008 (2 %)
Diagonal Shear Failure of Left Wall | 0.105 | 0.049 (23 %) | 0.079 (59 %) | 0.045 (19 %)

mm (HCLPF value) to 143 mm (50 % damage probability) for a fault angle of 30 degrees, and 90 mm
(HCLPF value) to 137 mm (50 % damage probability) at a fault angle of 60 degrees. Thus, the fault
displacement capacity for the limit state “diagonal shear failure” is similar for both fault angles (30 and 60

degrees).

To evaluate the extent to which the three material parameters considered in this study affect the
variability of the results, the log standard deviation of the aleatory uncertainty factor is calculated for each
material parameter as shown in Table 3. The log standard deviations of the aleatory uncertainty factors for
each parameter shown here is defined in this study in terms of the realistic response for the respective
parameters, while averaging over response variation injected by the other parameters. For example, the
aleatory uncertainty for concrete strength is evaluated based on the following procedure; 1) the realistic
response of the model with higher concrete strength is obtained by averaging the four realistic responses
obtained from the analysis of the four models varying soil stiffness and strength, 2) the realistic response
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of the model with lower concrete strength is obtained by averaging the remained four realistic response, 3)
the log standard deviations of the aleatory uncertainty for the concrete strength is calculated using two
realistic response evaluated in 1) and 2) based on two point estimation method (Rosenblueth 1981). The
contribution of the variation of each material parameter, shown in parenthesis in Table 3, is evaluated with
the following equation.

B’
R; = : > % 100 (%) (i = ¢, G, ¢) (1

B2+ Be® + By

Note that B¢, B¢, By are the log standard deviation of the aleatory uncertainty factor for concrete strength,
soil stiffness and soil strength, respectively, and R., R¢, Ry are contribution for concrete strength, soil
stiffness and soil strength, respectively.

As shown in Table 3, for the limit state “flexural yield of center wall” the contribution for concrete
strength and soil stiffness is larger than that for soil strength when the flexural yield of center wall occurs
in both the fault angle (30 and 60 degrees). On the other hand, for the limit state “diagonal shear failure”
the contribution of soil stiffness is dominant value of 91% while the contribution of concrete and soil
strength is negligible in the fault angle of 30 degrees. In contrast, for the fault angle of 60 degrees, the
contribution of soil stiffness become smaller to 59% and the contribution of concrete and soil strength
become larger to 19-23%, because the soil close to left wall yields as shown in Figures 3 and 4.

CONCLUSIONS

A two-dimensional finite element analysis is performed on a RC box culvert in a dense sand with
overburden of 20 m, subjected to the displacements of a 30- and 60-degree reverse fault. Fragility curves
based on the 2D FE analysis varying the concrete strength, soil stiffness and soil strength and the log
standard deviation of the aleatory uncertainty factor for each material parameter are evaluated. The
following conclusions are deduced;

1) The failure mechanism of the target RC box culvert used in this study is the same regardless of the
fault angle; flexural yielding occurs in order of the center wall, bottom slab and left wall first, and
finally shear reinforcements in the left wall yields and the left wall failed in diagonal shear.

2) Soil close to the left wall does not yield in the case “fault angle = 30 degrees.” On the other hand,
soil close to the left wall yields in the case “fault angle = 60 degrees” because the larger vertical
component of fault displacement results in the friction force acting at the interface between the left
wall and ground, and shear stress close to the left wall becomes larger by this friction force. The
higher fault angle may lead larger soil damage.

3) Flexure yielding of the center wall occurs when the vertical component of fault displacement
reaches 16 to 17 mm. The vertical component is dominant while the fault angle is not influential.
On the other hand, the diagonal shear failure occurs at the fault displacement of 117-132mm, which
is the same magnitude in both cases “fault angle = 30 and 60 degrees.”

4) For the limit state “flexural yield of the center wall,” the contribution of the log standard deviation
of the aleatory uncertainty factor for concrete strength and soil stiffness is larger than that for soil
strength in both cases “fault angles = 30 and 60 degrees.”

5) For the limit state “diagonal shear failure,” in the case “fault angle = 30 degrees,” the contribution
of the log standard deviation of the aleatory uncertainty factor for soil stiffness is dominant value
of 91% while that for concrete and soil strength is negligible. In contrast, in the case “fault angle =
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60 degrees,” the contribution for soil stiffness become smaller to 59% and the contribution for
concrete and soil strength become larger to 19-23%, because the soil close to left wall yields.
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