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Abstract

In recent years, due to the effectiveness of reducing external force, many base-isolation buildings such as offices and
hospitals have been constructed. However, in cases where a huge earthquake exceeds expected levels, there is a possibility
that the deformation of the base-isolation layer will exceed the allowable displacement, causing the building to collide with
the peripheral retaining wall.

When a building collides with a retaining wall, the physical properties of both the building and retaining wall will impact
the behavior of the building before and after the collision. However, it is not clear what type or degree of impact will occur
with regard to the behavior of the building. In addition, few studies have addressed the impact of the physical properties of
the retaining wall. In this study, the authors evaluated the impact of the physical properties of the retaining wall on the
behavior of the building.

First, the authors used a nonlinear finite element method (FEM) to create an analytical model that simulates a retaining wall
of reinforced concrete and the back soil of the retaining wall, and then evaluated the load—displacement relationship by
static analysis. Next, the authors used the sway-rocking model in which a nonlinear spring is used to evaluate the collision.
Based on the load—displacement relationship, the authors performed a seismic response analysis. Finally, from the obtained
results of the response analysis, the authors analyzed the impact and primary factors influencing the collision of the building
with the retaining wall.

Based on our results, the authors can draw the following conclusions. First, with respect to the response state when a
building collides with a retaining wall, the physical properties of the ground have a greater impact than those of the
retaining wall. In addition, when the nonlinear characteristics were not considered as a collision spring, the authors found
that an extremely high impact force is generated.
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1. Introduction

In recent years in Japan, there has been a risk of occurrence of massive earthquakes: one that would directly hit a
metropolitan area or a Nankai Trough earthquake. As such, many basic-isolation buildings that can minimize the
seismic force experienced by buildings have been constructed. Recently, to seismically retrofit traditional
wooden buildings, there have been some cases in which buildings have been rebuilt as base-isolation buildings.
In China, Italy, and New Zealand, base-isolation buildings are widespread and the production and study of basic
isolators are ongoing. Basic-isolation buildings in Japan are mainly those in which the layer where a base
isolator of rubber and oil damper is constructed (hereinafter referred to as the base-isolation layer) is placed at
the bottom of the building to absorb energy due to deformation. This is known as foundation base isolation.
Therefore, by predicting the maximum deformation of the base-isolation layer when an earthquake occurs and
determining the movable range, also known as base-isolation clearance, buildings can be designed so that they
do not collide with their peripheral retaining walls. However, when a massive earthquake that exceeds
expectations occurs, there is a possibility that the magnitude of its input and the deformation of the base-
isolation layer might exceed the limits of the design criteria. If the deformation of the base-isolation layer
exceeds the criteria, the building will collide with the retaining wall.

Thus far, many research groups have investigated collision. Komaki et al. [1, 2] conducted a numerical
analysis using a collision model in which a retaining wall was set as a cantilever beam and the back-facing
ground was a linear spring. They found that when the height of the collision position is halved, the rigidity of the
retaining wall is increased approximately 10-fold. On the other hand, in a study modeling the ground, the
retaining wall, and the building in detail, Konno et al. [3] analyzed the collision of a building with a retaining
wall using a 3D nonlinear FEM model, as well as the collision of the building/ground, by setting the collision
experiment as a target. This suggests that numerical analysis is effective for evaluating base-isolation collisions.
Okunaka et al. [4] also performed an analysis using a 3D nonlinear FEM model to determine the impact of two-
way input and the response state in a building that was twisted and collided obliquely with the retaining wall due
to variation in the rigidity of the base isolator.

Thus, studies on the collision of buildings with the retaining wall have employed various approaches.

However, in cases involving a massive earthquake where a building collides with a retaining wall, it is
considered that both the retaining wall and the ground would be nonlinearized. Therefore, there is a high
possibility that the results of a linear evaluation of the retaining wall would greatly differ from the actual
response. However, while conducting a nonlinear response analysis facilitates a most detailed examination by
modeling all elements including the building, as done by Konnno and Okunaka, there is a possibility that the
analysis load, such as the calculation time, could present another problem.
Accordingly, in this study, the authors propose a procedure for examining the nonlinear characteristics at the
time of collision with a retaining wall while reducing the analysis load. Furthermore, by conducting a seismic
response analysis in which the collision is taken into account, the authors examine the impact that differences in
the retaining wall and the back soil have on the building response.

First, in Section 2, the authors create an analytical model in which the nonlinearities of the retaining wall
and the ground are taken into account using the 3D FEM. In Section 3, the authors evaluate the
load—displacement relationship of the retaining wall by static loading. Then, the authors set the concrete strength
of the retaining wall and ground properties as parameters. In Section 4, the authors conduct a seismic response
analysis using a mass system stress—release model that simulates a general base-isolation building. At this time,
between the base-isolation layer and the ground, the authors add nonlinear spring elements that can reproduce
the load—displacement relationship obtained by the FEM analysis conducted in Section 3. Finally, in Section 5,
the authors compare the response results and evaluate the impact that the presence and absence of collision and
differences in the physical properties have on the response.

2. Analysis Model

Here, the authors present details on the modeling of the retaining wall and the ground. For our analysis, the
authors assumed a five-story reinforced-concrete planar structure of approximately 25 m x 60 m. On the base-
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isolation layer in the lower section of the building, the authors located the base isolator consisting of a lead
rubber bearing (LRB), a natural rubber bearing (RB), and an oil damper. In the periphery of the building, the
authors assumed a retaining wall approximately 2.7 m high, with a base-isolation clearance of 65 cm between
the building and the retaining wall. The authors also assumed the retaining wall to be constructed of reinforced
concrete, with sand and clay as the back soil. In Section 4, the authors explain the modeling of the super
structure.

2.1 Analysis Model of Retaining Wall

The retaining wall (2.7 m in height and 20 cm in thickness at the top) was constructed with reinforced concrete.
The positional relationship between the retaining wall and the building is shown in Fig. 1, and the details of the
reinforcement arrangement of the retaining wall are listed in Table 1.

209
[ _—
400] Table 1 — Reinforcement Arrangement of Retaining Wall
650 er " T -
N Back Soil | Building
Side Side
Vertical | D16@150 | D16@200
D13@200 Uﬁ;ir
Horizontal | D13@200 Lower
i i R D10 @ 200 Half
Fig. 1 — Positional Relationship between

Retaining Wall and Building

To account for the nonlinearity of the retaining wall section, the authors modeled the reinforced concrete
and back soil using the 3D FEM. Setting the concrete and ground as solid elements; the authors modeled the
reinforcing bar with a truss element. Fig. 2 shows the shape of the analytical model. The total number of nodes
were 80,700 and the number of elements were 76,907 (of these, the number of solid elements was 74,448).

As boundary conditions, the authors fixed the bottom and YZ surfaces. With respect to the XZ surface, the
authors fixed only its normal direction. The authors did not consider the friction surface of the boundary between
the concrete and the ground.

2 x — x

(a) Mesh Division (b) Reinforcement Arrangement

Fig. 2 — Analysis Model Shape
2.2 Nonlinear Characteristics of Concrete and Reinforcing Bar

The authors set the nonlinear characteristics of the reinforced concrete section using the method of Noguchi, et al.
[5] as a reference. The authors set the concrete section as the model with a crack orthogonal in three directions.
The uniaxial stress—strain characteristics are shown in Fig. 3. The authors set the stress—strain characteristics of
the reinforcing bar as in the Menegotto—Pinto model. Tables 2 and 3 list the nonlinear material constants of the
concrete and the reinforcing bar, respectively.
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Fig. 3 — Nonlinear Characteristics of Concrete

Table 2 — Physical Properties of Concrete

Tvoe Compressive Strength | Young Modulus | Tensile Strength | Poisson | Density c .
yp F. (N/mm?) E (N/mm?) F. (N/mm?) ratio | (tm°) ¢ o
Fc30 30.0 2.44E+4 2.08
Fc60 60.0 3.07E+4 2.94 020 | 224 000251001
Table 3 — Physical Properties of Reinforcing Bar
Rebar Type | Young Modulus (N/mm?) | Poison ratio | Yield strength (N/mm?) | Area (mm?)

D16 199

D13 2.06E+5 0.30 377 127

D10 71.3

2.3 Nonlinear Characteristics of Ground

The authors assumed the back soil in the back of the retaining wall to be one of two types: sandy soil or clay.
The authors determined the shear wave velocities of the sandy soil and clay to be of two types: Vs = 150 m/s
where there is backfilled soil and Vs = 300 m/s where there is a certain level of the improved higher quality
ground. Table 4 shows the material constants of the back soil. The authors used the Hardin—Dornevich model [8]
to consider the nonlinear characteristics due to ground strain, as expressed in Equations (1) and (2) for sandy soil
and clay, respectively. The parameters of the Hardin—Drnevich model used in our analysis are shown in Table 5,
as referenced from the literature of the Architectural Institute of Japan. Fig. 4 shows the dynamic deformation

characteristics.

where G/G, = Rigidity lowering rate; yo s = Reference strain; and hys = Initial damping.

Table 4 — Ground Properties of Back Soil

Type Vs (m/s) Shear Modulus (N/mm?) Density (t/m°) Poisson ratio
Vs150 150 3.60E+4 16 0.45
V/s300 300 1.44E+5 ' '

1)

)
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Table 5 — Parameter of Hardin—

g 4 g Drnevich Model
0.2 0.2 y0.5(%) hmax(%)
0 i i 0 i i Sandy | 0.10 21
0.0001 0.01 (%) 1 0.0001 0.01 (%) 1 Clay 0 18 17
(a) Sandy (b) Clay

Fig 4 — Dynamic Nonlinear Characteristics

3. Static Analysis of Retaining Wall
3.1 Analysis Cases

In the static analysis, the authors uniformly applied forced displacement with a range of 40 cm from the top of
the retaining wall as the area where the building collides. To evaluate the load—displacement relationship from
loading to unloading after the forced displacement reaches maximum displacement, the authors reset the
displacement to 0. The forced displacement was carried out in two ways whereby the maximum deformation
becomes 1.0 cm in the 2,000STEP and 0.5 cm in the 1,000STEP. Fig. 5 shows the time history of the forced
displacement. In the analysis, the authors set the Vs value of the ground, concrete strength, and maximum
deformation at the top as parameters. A list of the static analysis cases is shown in Table 6.
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(a) Maximum deformation = 5 mm (b) Maximum deformation = 10 mm
Fig. 5 — Time History of Forced Displacement

Table 6 — Static Analysis Cases

Sandy Soil Clay Sail
Case Vs Fc Deformation Case Vs Fc Deformation
(m/s) (N/mm?) (mm) (m/s) (N/mm?) (mm)
S-1 5.0 C-1 5.0
S-2 150 30 10 C-2 150 30 10
S-3 60 5.0 C-3 50 5.0
S-4 10 C-4 10
S-5 5.0 C-5 5.0
S-6 300 30 10 C-6 300 30 10
S-7 60 5.0 C-7 50 5.0
S-8 10 C-8 10

3.2 Static Analysis Results (Load—Displacement Relationship)

Fig. 6 shows the load—displacement relationship obtained by static analysis. Here, the horizontal axis is the
forced displacement, which is provided with the loading section, and the vertical axis is the total reaction force
of all the nodes within the range of the loading section. Table 7 lists the maximum proof stress (at deformations
of 5.0 and 10 mm) for each case and the initial rigidities. From Fig. 6 and Table 7, with respect to the impact of
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the maximum proof stress and the initial rigidity, the authors see that the rigidity of the back soil has a greater
impact than the compressive strength of the retaining wall.
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Fig. 6 — Load—Deformation Relationship by Static Analysis

Table 7 — Maximum Proof Stress and Initial Rigidity by Static Analysis

Vs Fc F0_5 Fl.O Ko Vs Fc FO.S Fl.O Ko
Case 2 Case 2

mis) | (Vmm?) | (kN) | (kN) | (kN/m) (mfs) | (NImm?) | (kN) | (kN) | (kN/m)
S 30 203 244 1.24E5 c-1 30 260 327 1.24E5
S-2 C-2
53 150 c3 150
S 60 213 261 1.34E5 C-4 60 271 348 1.34E5
55 30 530 622 3.59E5 C-5 30 711 871 3.59E5
S-6 C-6
S7 300 c7 300
S8 60 552 652 3.73E5 c-8 60 742 907 3.73E5

3.3 Conversion to Spring Element

Next, the authors converted the load—deformation relationship obtained above to a nonlinear spring element for
use in the seismic response analysis described in Section 4. The shape of the nonlinear spring used in the
collision evaluation is shown in Fig. 7. When the relative displacement of the spring reaches a base-isolation
clearance of &, collision occurs; prior to this an extremely low rigidity K, is set. Moreover, in the response

analysis described in Section 4, the authors analyzed the nonlinear elasticity spring while ignoring nonlinearity
after the collision.

(5pma><y fpmax)

Ky

-Frax

(éﬂmax' fmmax)

Fig. 7 — Nonlinear Spring for Collision Evaluation
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After collision, the authors set the path to fit to the load—deformation relationship shown in Fig. 6. To load
the path after collision, fitting was performed using the hyperbolic curve model, as shown in Equation (3):

Ky =Ko —> 3)

where K, = Rigidity at the time of loading; K, = Initial inclination (rigidity of loading of 1STEP); &g = Fimax/Ko;
Fmax = Strength of the hyperbolic curve; and 6= Relative displacement of spring—clearance &,

The authors set the unloading path after collision as linear based on the unloading rigidity Ky, obtained by
Equations (4) and (5) below. Because the value of Ky, varies with the unloading position, it was possible to
obtain this value by determining the displacement ¢&; at the time of unloading. The authors obtained coefficient b
in Equation (4) and coefficients A and C in Equation (5) using the least-squares method in order to minimize the
difference between the unloading inclinations Ky s and Ky, o obtained from Fig. 6. The parameters of Fpay, Kgos,
and Ky, o that the authors set for each examination condition are listed in Table 8.

b
Km=af%%J @

vV C
a=A(E%J (5)

where & = Displacement at the time of unloading; Vs = Shear wave velocity of back soil; b = 0.553; A =
0.00096; and C =-0.75

In the unloading case that exceeded the point &, at the intersection of the straight line by K, before
collision and the straight line of the unloading inclination, the authors set this value to return to a skeleton value
in the linear state before collision. The authors explain the behavior at the time of the collision again with using
the behavior of positive side as an example. The authors defined it as being in the linear state by rigidity K, until
exceeding dy, in the linear state by rigidity Ky, until dmax after exceeding &, and after exceeding Spmax, it
follows the path that shifts to the skeleton curve of the hyperbolic model. In Fig. 8, the load—displacement
relationship obtained by the analysis is shown with superposing on the loading and unloading paths obtained
from the approximation Equations (3)—(5). By these approximation equations, the authors can satisfactorily
reproduce the load—displacement relationship obtained by the analysis.
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4. Seismic Response Analysis

In this section, the authors describe the seismic response analysis model of the building, the input seismic motion,
and the analysis conditions.

4.1 Analysis Model

As mentioned in Section 2, in this study, the authors examined a five-story reinforced-concrete structure and set
the specifications for the analysis model following Tojo et al [9]. The authors set the analysis model to be multi-
degrees-of-freedom uniaxial, as shown in Fig. 9, and modeled the base-isolation layer as a horizontal direction
spring. The authors determined the lower end of the base-isolation layer to be fixed, and to the first floor section,
the authors added the nonlinear spring at the point of collision with the retaining wall modeled in the previous
chapter. The authors modeled each story of the upper structure as a linear shear spring, and the specifications of
the building are shown in Table 9.

With respect to the basic isolator, the authors assumed there were a total of 40 base-isolation rubbers (RB
and LRB) and two oil dampers for each direction. The authors established the restoring force characteristics of
the base-isolation layer by setting RB and the oil dampers as linear models and the LRB as a bilinear model. The
authors did not take the hardening characteristics of the rubber into consideration. The specifications of the
assumed base isolator are listed in Table 10 and its dynamic characteristics are shown in Fig. 10. The results of
the eigenvalue analysis revealed that the cycle in the fixed conditions of the base-isolation layer was 0.62 s (f =
1.61Hz), and the equivalent cycle in the case when the strain of the base-isolation layer reached 300% was 3.38 s
(f = 0.30Hz). About the damping, the authors set the Rayleigh’s damping as the damping type of the analysis
model, and set 0.03 as damping ratio for the above two frequencies. The authors also assumed that the collision
between the retaining wall and the building occurred simultaneously on the entire surface of the shorter sides.

Rl - Table 9 — Specifications of Building Model
—_Sth Floor foigvreeretsicill}:;e; izglt:ing
4th Floor LWere not considered Floor | H |ght(m) Mass(t) Shear StiffneSS(kN/m)
Spring to evaluate —3rd Floor roof 20.0 500 .
the collision 2nd Floor 5th 16.0 1,800 3.0x 105
7 1st Floor 4th 120 1,800 60X105

R ad | 80 | 1,800 9.0x10°
Z, 2nd 4.0 1,800 1.2x10°
Fig. 9 — Response Analysis Model 1st 0.0 2,000 1.6x10°

Table 10 — Specifications of Base Isolator

Type Ki(KN/m) | K,(KN/m) | Qy (KN) | quantity
RB 1 795 - - 12
2 910 - - 17
LRB 11,120 855 174 11
Oil Damper C = 2,500kNs/m 2

Force Force Force
K,
Q-
K, Disp K, Disp
J c Velocity
(a) RB (b) LRB (c) Oil-Damper

Fig. 10 — Dynamic Characteristics of Base Isolator
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4.2 Input Seismic Motion and Analysis Case

For the analysis, the authors used the input seismic motion by doubling the long-period ground motion that was
created by the assumption of Nankai Trough 4 consolidated earthquakes as released by the Building Research
Institute [10]. The maximum acceleration was approximately 1,000 gal and the duration time was 300 s. Fig. 11
shows the acceleration time history and acceleration response spectrum (h = 5%) of the input seismic motion
(ground surface). Furthermore, for the analysis, the authors used the Newmark-p method (B = 1/4) with an
analysis time increment of 0.001 s.

The implemented response analysis case is shown in Table 10. For comparison, the authors also analyzed
the case in which no collision was considered and that in which the spring after collision is set as a linear spring.
With respect to the rigidity of the linear spring, the authors used the initial rigidity K, obtained in the analysis
case S-1in Table 7.

2500
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1 2 4 ' '
0 00 00 Timseog) 00 500 600 Period (sec)

= = N
1S) a =1
S =3 S
S S <]
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=
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o

(a) Acceleration Time History (b) Acceleration Response Spectrum (h = 5%)
Fig. 11 — Input Earthquake Motion

Table 11 — Conditions for Response Analysis Case and Ground Spring

Case Vs (m/s) Fc (N/mm?) Soil Type
Vs150-Fc30-S 30 Sandy
Vs150-Fc30-C 150 Clay
Vs150-Fc60-S 60 Sandy
Vs150-Fc60-C Clay
Vs300-Fc30-S 30 Sandy
Vs300-Fc30-C 300 Clay
Vs300-Fc60-S 50 Sandy
Vs300-Fc60-C Clay

No-Spring -
Linear-Spring 150 Fc30 \ Sandy

5. Response Analysis Results

Fig. 12 shows the height directional distributions of the maximum response displacements, accelerations, and
shearing forces. In addition, for comparison, these figures show the response results for cases in which the
collision spring is set as a linear spring and those of the non-collision case.

The response acceleration and shearing force of the case in which the collision is modeled as a nonlinear
spring were between the response values of the non-collision and linear collision spring cases.

With respect to the nonlinear and linear collision spring cases, in the collision where the maximum impact
force occurs, Fig. 13 shows the time history waveform of the impact force that the building received from the
retaining wall and the acceleration time history of the material point of 1st floor. The authors can see that in both
cases, at the time when the impact force due to collision is generated, a large peak occurs in the acceleration time

9
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history. In the case of the linear collision spring, an extremely large impact force occurs, which is 5-10 times
greater than that of the nonlinear collision spring case. Moreover, the maximum value of acceleration
immediately after collision exceeds 3,000 gal. Thus, in the case where collision is evaluated as a linear spring,
although the evaluation is on the safe side, it can be said that the acceleration and shear force are significantly

overestimated.
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Fig. 12 — Maximum Response Value Distribution
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Fig. 13 — Comparison of Impact Force and Acceleration Time History

Next, in Fig. 14, where the horizontal axis is the compressive strength; the shear wave velocity of the ground and
ground classification, the maximum acceleration, the shear force, and impact force of the material point of 1st
floor for each case are plotted on the vertical axis, respectively.

As shown in the figures, there is little increase in the response value from an increase in the compressive
strength of the retaining wall, from 30 to 60 N/mm?, and little impact of the concrete strength of the retaining
wall on the response. On the other hand, as the shear wave velocity of the back soil increases from 150 to 300
m/s, the response shear force increases by over 1.3 times and the impact force by over 2.4 times; from this, the
authors can conclude that the rigidity of the back soil has a significant impact on the building response.

Next, a comparison of the sand and clay grounds reveals that clay ground has the larger shear force with
acceleration values of approximately 1.3 times and 1.5 greater impact force. As such, the authors can conclude
that similar to the rigidity of the back soil, the ground classification also has a significant impact on the building

response.

10
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Fig.14 — Relationship among Compressive Strength of Retaining Wall, Shear Wave Velocity of Ground, Ground
Classification, and Response of 1st Floor

6. Conclusion

In this study, the authors used static analysis with a nonlinear 3D FEM model and a dynamic analysis with a
lumped mass model to examine the impact of the physical properties of the retaining wall on the response of a
building when it collides with the retaining wall. Based on our results, the authors were able to draw the
following conclusions:

From our nonlinear 3D FEM analysis of the load—displacement relationship at the time of collision with the
retaining wall, the obtained results indicate that the concrete strength of the retaining wall has only a small
impact on the initial rigidity and unloading inclination in the load—displacement relationship, while the
rigidity of the ground at the back of the retaining wall has a large impact.

The response analysis results of the case in which the authors evaluated the collision as a nonlinear collision
spring, as proposed in this study, were between the results of the noncollision and linear collision cases and
did not depend on the concrete strength or ground physical properties. However, in the case in which the
collision was evaluated as a linear spring, results show the acceleration and shear force to be significantly
overestimated.
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As a result of our comparison of the impact that the concrete strength, shear force wave velocity of the
ground, and ground classification have on the response of 1F, the authors found that the impact on the
ground side has a larger impact relative to the rigidity of the retaining wall itself. Note that the impact of the
shear wave velocity was particularly large.

In future, by increasing the number of parametric examination cases by 3D FEM analysis, the authors will

propose an evaluation system whereby the retaining wall collision spring can be calculated based on the setting
conditions. Moreover, the authors will compare our results with those of full-scale collision experiments to
verify the validity of our proposed collision spring evaluation procedure.
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