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ABSTRACT

Accurate analysis of soil-structure interactions is essential for assessing the seismic performance of
underground structures. This study analyzes how the interaction between soil and structures in an intake
pit with complex interference between structures (such as screen section and pumping room) affects the
dynamic responses. The analysis was conducted using a three-dimensional finite element method
(FEM) model that incorporated a soil-structure interaction (SSI) system. Seismic analysis accounts for
the nonlinearity by considering liquefaction, reinforced concrete, and the contact surface between the
soil and structures. The results show that three-dimensional seismic analysis provides more rational
responses to seismic assessment than those determined using two-dimensional methods.

INTRODUCTION

Seismic assessments of underground structures, such as box culverts, have mainly focused on two-
dimensional (2D) dynamic analyses in the transverse direction. However, in the cases of underground
structures with complex three-dimensional (3D) configurations, such as intake pits, which include
features such as screen section and pumping room, the accurate evaluation of the three-dimensional
seismic behavior using traditional 2D analysis methods has been challenging. Therefore, in recent years,
attempts have been made to assess the overall seismic performance of underground structures by
applying static loads to 3D models of these structures.

In this study, we aimed to verify the applicability of a three-dimensional dynamic analysis
considering the soil-structure interaction (SSI) of an intake pit with complex structures. We constructed
a model with >600000 degrees of freedom considering the nonlinearity of the ground, including
liquefaction phenomena, the nonlinearity of the concrete based on crack formation considerations, and
contact detachment among the soil and structures.

First, we compared a 2D analysis with equivalent stiffness in the depth direction and a 3D
analysis to evaluate the seismic earth pressures affecting the structure. We then analyzed the differences
in SSI between these two approaches. In addition, we analyzed the strain distribution of the structure
model and the scalability of the execution time for the 3D analysis results to confirm their applicability
to practical design.

MODEL CONSTRUCTION AND ANALYSIS CONDITIONS

The 3D analysis model is shown in Figures 1 and 2. The 2D analysis model is shown in Figure 3. The
material properties are listed in Tables 1 and 2. The input seismic motions are shown in Figure 4.

The 3D analysis model employed a full-scale model containing >600000 degrees of freedom,
representing both the soil and an intake pit (Figures 1 and 2). Specifically, the intake pit was intricately
modeled considering complex structures, and the reinforcement was represented using embedded
elements (Feenstra 1993). The nonlinearity of the soil constitutive behavior was captured using a model
capable of reproducing liquefaction phenomena under effective stress conditions using the multiple
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shear mechanism model (Tai 1992, Hotta 2019). The intake pit was modeled using the model proposed
by Mackawa (Maekawa 2003, Yamashita 2011) that accurately represents the compressive, tensile, and
shear behaviors of concrete. Conversely, the reinforcing bars were modeled using linear elements. The
contact detachments between the soil and structures were represented using joint elements (Goodman
1968). Three-dimensional, dynamic finite element method (FEM) analyses based on the SSI system
were conducted in the past. However, few studies have considered liquefaction, concrete cracking, and
contact detachment simultaneously, as in this study. Analysis of the 3D model was performed using E-
FrontISTR (Motoyama 2021), which is an extension of the open-source parallel FEM program
FrontISTR (Github). The analysis was performed on a server equipped with the Intel central processing
unit (CPU) for parallel computing. The Intel CPU used in this study has a fairly standard performance
level in the high-performance computing field.

The 2D model also incorporated a representation of the soil and an intake pit (Figure 3). The
same nonlinear constitutive rules were applied to both soil and joint elements. However, for the structure,
an equivalent stiffness (linear) was obtained by averaging the rigidity of the intake pit. The analysis
code for the 2D model utilized FLIP (FLIP Consortium).

The material properties and input seismic motion were set based on the JSEC 2021. The material
properties are listed in Tables 1 and 2. The input seismic motions are showed in Figure 4. The input
seismic motions were estimated from the 2004 Rumoi Earthquake waveform obtained from HKD020
(K-NET) of the NIED using 1D equivalent linearized method with reference to the CRIEPI report (Sato
2013), and the amplitudes were tuned. The analysis model was input simultaneously in the horizontal
and vertical directions of the intake pit. The model was calculated for 20 s with a time step of 0.002 s;
this resulted in 10000 steps. The lateral boundary conditions were set as free considering the sufficient
size of the analysis region. In addition, a viscous boundary was established at the bottom part of the
model.

M Soil (Nonlinear)

M Interaction between
soil and structure
(Nonlinear)

Wintake pit, Delivering channel, Water inlet
(Reinforced Concrete, Nonlinear)

B Soil (Linear)
Soil (Nonlinear)

Input seismic motion M Soil (Nonlinear considering liquefaction)

Figure 1. Seismic response analysis model (three-dimensional (3D) model)
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Figure 2. Intake pit (3D model)
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Figure 3. Seismic response analysis model (two-dimensional model)

Table 1: Soil parameters

Elevation | Unit Weight | pico0n°s Ratio Initial Shear
Type t/m? v Modulus
Soil (Nonlinear) 0.0—-+8.0 1.835 0.33 165000
Soil (Nonlinear) -9.5-0.0 2.039 0.33 184000
Sand
Soil (Nonlinear
C . -12.0--9.5 2.039 0.33 184000
considering liquefaction)
Soil (Linear) Rock | -32.0--12.0 2.039 0.33 990000
Table 2: Structural parameters
. . Initial Shear
Unit Weight Poisson’s Ratio
(vm’] v Modulus
P Go [kKN/m?]
Three-dimensional model 2.400 0.2 2300000

The two-dimensional model utilizes equivalent stiffness.
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Figure 4. Input seismic motions

COMPARISON FROM THE PERSPECTIVE OF SSI

In this section, we compare the earthquake-induced earth pressure acting on the structure using 3D and
2D analyses and analyze it from the perspective of SSI. Figures 5 and 6 show the displacement norm
contours of the intake pit and the depth distribution of the stress in the ground elements adjacent to the
structure when a horizontal deformation difference between the top and bottom occurs.

As shown in Figures 5 and 6, the 3D model reveals that the soil stress varies depending on the
position of the member, thus confirming the occurrence of complex SSIs. Furthermore, in the 3D model,
there was a noticeable trend of rapid stress changes within a narrow range near the overhang at the
perimeter of the structure. This trend was not observed in the 2D model, which did not incorporate the
overhang, thus confirming the effect of the structural shape on the SSI.

Figure 5 shows that the soil normal stress of the opening of the middle wall on the active side
exhibits a significant decrease compared with that obtained when a 2D analysis is used. This was
particularly evident for middle wall and 4-barrel culvert-1 located sufficiently far from the front and
back walls. The normal soil stresses on the front and back walls tended to be higher than those in the
2D analysis. However, the distribution trend of the soil shear stress did not exhibit significant
differences between the 3D and 2D analyses. This suggests a smaller influence of the complex shape of
the structure and its nonlinearity compared with the normal stress of the soil. The stress distribution of
the 2D model was distributed at the average position of the stress distribution of the 3D model, thus
suggesting that it can adequately represent the average ground stresses acting on the structure.

The deformation contours are shown in Figure 5. The locations where the normal stress of the
soil decreased approximately coincided with the areas where the structure underwent extensive
deformation. The increased deformation of the members resulted in a decrease in stiffness owing to
plasticization, which led to a reduced displacement difference between the structure and the soil.
Therefore, it could be inferred that at the opening of the middle wall, the reduction in the normal stress
of the soil was caused by a decrease in the displacement difference between the structure and soil at the
location where the deformation increased. Conversely, it is thought that for massive members such as
the front and rear wall, which were less plasticized, the displacement difference with the soil increased,
resulting in an increase in the normal stress. A localized decrease in the soil normal stress was observed
at the corner openings of the front wall; this could be attributed to the occurrence of plasticization in
these areas. It is worth noting that the plasticization status of the members will be discussed in
subsequent sections, and it has been confirmed that there is a correspondence between the deformation
of the structure and the plasticization status.

According to Figure 6, on the passive side, the normal stress of the back wall of the soil tended
to decrease compared with that estimated using the 2D model. However, the normal soil stress at the
opening of the front wall tended to exceed that of the 2D model. The stress distribution of the shear
stress of the soil differed between the 3D model and the 2D model, with an increase in stress in the
positive direction at the opening of the front wall and an increase in stress in the negative direction in
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the massive area of the front wall. On the passive side, there were no distinct differences in stress
distribution between the 3D and 2D models, as observed on the active side. The stress distribution of
the other members did not exhibit noteworthy differences compared with those of the 2D model. This
indicates that the 2D model adequately represents the average ground stress acting on the structure,
even on the passive side.

The stress distribution trend on the passive side can also be examined by examining the
displacement difference between the soil and structure. Specifically, it could be inferred that the
decrease in displacement induced by the structure on the back wall side (where the structure has
undergone minimal plastic deformation), leads to a reduction in the normal stress of the soil. In contrast,
the increase in the normal stress on the soil in the front wall could be attributed to the increased
displacement of the opening section, as observed from the deformation contours in Figure 6, thus
indicating the influence of plasticization on the opening section. The increase in soil shear stress on the
front wall can also be attributed to the decreased displacement difference between the structure and the
soil.

Based on these results, it was confirmed that 3D analysis could evaluate the varying changes in
the SSI for each member compared with 2D analysis conducted based on an equivalent stiffness.
Therefore, to assess SSI precisely, it is crucial to model complex structures precisely using various
features, such as shape, partitions, and openings, and to consider the nonlinearity of reinforced concrete.
Moreover, because the SSI is dependent on the displacement difference between the ground and
structure, it was shown that it is important to consider the nonlinear behavior of liquefiable ground as
well as accurately model the contact detachment between the ground and structure.
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Figure 5. Depth distribution of soil stress (active side) and displacement contours
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Figure 6. Depth distribution of soil stress (passive side) and displacement contours

CONSIDERATIONS OF THE APPLICABILITY OF 3D ANALYSIS

This section analyzes the seismic behavior of the structure using 3D analysis and discusses its
applicability. In addition, a parametric study was conducted by varying the number of CPUs, and the
scalability of the model was analyzed. Figure 7 shows a comparison graph between the 3D and the 2D
analyses of the time history of the horizontal deformation difference between the top and bottom parts
of the structure. Figure 8 illustrates the maximum principal strain contours of each member when the
horizontal deformation difference between the top and bottom of the structure is determined based on
3D analysis. Figure 9 demonstrates the relationship between the number of CPUs in E-FrontISTR and
execution time.

Figure 7 shows that the displacements obtained using 3D analysis (at the time when the maximum
principal strain occurs owing to the maximum horizontal deformation difference between the top and
bottom of the structure) are approximately equal to or lower than those estimated in the 2D analysis for
all sections. The displacements of each member in the 3D analysis increase according to the following
order: back wall, middle wall, and front wall. However, these displacements did not necessarily
correspond to the opening area in each section. This is because the stiff structure of the back wall caused
a deformation mode in which the entire structure twisted, as shown in Figures 5 and 6.

Figure 8 shows that the maximum principal strains are concentrated in the lower part of the outer
perimeter surface of the structure and in the lens-like (convex) deformed area of the intake pit, where
localized increases in displacement were observed, as shown in Figure 5. The maximum principal strain
in each member was concentrated at the corner of the front wall opening. However, in the middle wall,
the strains were not concentrated at the corner of the opening but at the middle of the height of the
opening area. On the back wall, the strains were concentrated at the lower corner of the member. It was
confirmed that there were different strain generation patterns in different members. These trends were
estimated to be the result of plasticization, increased deformation at the structurally weak points of the
front wall and middle wall, and resistance to increased deformations attributed to the back wall. These
results indicate that a 3D analysis with a detailed model of the structure and SSI can accurately solve
the complex nonlinear behaviors of concrete, such as localized strain development and complex
deformation behavior, and enable more rational designs.
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Figure 9 shows that the execution time for the 64 parallel cases in this study was approximately
30 h. Moreover, the analysis times for the 16, 32, and 192 parallel cases conducted as a parametric study
yielded a linear relationship, thus confirming that the study model and analysis code, E-FrontISTR, had
sufficient scalability. Based on these results, it is suggested that 3D dynamic nonlinear analysis with a
detailed model of the structure and SSI could be applied in actual design practices by utilizing high-
performance computing technology.
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Figure 7. Time history of the horizontal deformation difference between
the top and bottom parts of the structure
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Figure 9. Scalability of computation

CONCLUSION

In this study, we confirmed the applicability of 3D dynamic analysis with SSI by modeling an intake
pit and its surrounding soil (which featured complex structures) using a full-scale 3D FEM model
comprising >600000 degrees of freedom. The analysis considered the nonlinearity of the ground,
including liquefaction phenomena, nonlinearity of the concrete considering crack formation, and
contact detachment between the soil and structures. The following conclusions were drawn.

The seismic earth pressures generated in the 3D model exhibited continuous variations in both
the normal and shear stress directions along the depth direction of the intake pit, thus reflecting the
differences in the cross-sectional shape and indicating the complex behavior of the SSI. Moreover, the
seismic earth pressures from the 3D model considering nonlinearity showed a tendency to decrease the
normal stress compared with the 2D model with equivalent stiffness. Thus, considering the nonlinearity
of the SSI in the 3D dynamic analysis enables a more rational design in terms of seismic loads acting
on the structure.

The highly detailed 3D dynamic analysis, which modeled complex structures, allowed for the
analysis of the intricate nonlinear behavior of concrete at individual locations, such as the localized
strain concentration and deformation suppression. This facilitated a more rational design.

The execution time for the 3D dynamic nonlinear analysis was approximately 30 h, with 64

parallel computing processes for an input seismic motion of 10000 steps, thus demonstrating sufficient
scalability. Therefore, 3D dynamic, nonlinear analysis could be applied to designs using high-
performance computing technology.
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