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ABSTRACT :

Structural walls are supported by foundation beams and piles that transfer earthquake-induced forces from the
structural walls to the soil. In the current design procedure, the structural walls are normally assumed to stand
on the solid foundation. This assumption makes it possible to evaluate the seismic behavior of each member
independently. However, in case that the foundation beams don’t have enough strength and stiffness to resist
against seismic lateral forces, unexpected lateral load resisting mechanism can be formed. The resulting stress
state may be completely different from that based on the assumption of the solid foundation. This study aims to
analytically clarify the lateral load resisting mechanism of the structural wall system considering the interaction
between the structural wall, the foundation beam and the piles. In order to make clear the interaction, one 25%
scale specimen was modeled in two different ways. Difference of the models was with or without the pile
foundation of the specimen. A pushover analysis with these models was performed. The analytical models made
clear the differences of the lateral load resisting mechanism. Experimental results, such as hysteretic curve of
the structural wall, deformation and damage, could be simulated well by the model with the pile foundation. It
was confirmed that the upper longitudinal bars in the foundation beam played an important role in the
formation of the rotational mechanism of the wall pile assemblage that were observed in experiment and
analysis.
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1. INTRODUCTION

Typical Japanese RC mid-rise and high-rise residential buildings have multiple bay moment resisting frames in
the longitudinal direction and single bay structural wall systems in the transverse direction. The structural walls
are widely used for buildings in order to provide high stiffness and strength against seismic lateral forces. The
structural walls are also supported by foundation beams and piles that transfer earthquake-induced forces from
the structural walls to the soil. In current design procedures, the structural walls are normally assumed to stand
on solid foundation. This assumption makes it possible to evaluate the seismic behavior of each member
independently. As extensive studies have been conducted based on this assumption, design procedures for these
structural members are well established. However, whether the assumption is valid or not is hardly confirmed.

The structural wall and the foundation beam are cast monolithically. If the foundation beam doesn’t have
sufficient stiffness and strength, there is a possibility that they can resist against seismic lateral forces like one
structural wall whose base is supported by piles. In this case, the resulting stress state may be completely
different from that based on the assumption of solid foundation.

It is commonly known that the flexural behavior of the structural walls has influence on the lateral load
resisting mechanism of the walls. Shear transfer mechanism at the wall bases varies according to the
deformation levels of the walls. Hirose et al. actually monitored shear forces acting on the wall base with load
cells, and clarified the transition of the shear transfer mechanism [5]. Most of these studies were conducted
assuming that the foundation beams should be infinitely rigid. However, in our earlier experimental study
where the structural wall with pile foundation was tested [6], it was confirmed that the assumption of solid
foundation beam wasn’t always valid. Thus in order to establish the rational design procedures, it is necessary
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to clarify the interaction between the structural walls, the foundation beams and piles.

This study aims to analytically clarify the lateral load resisting mechanisms considering the interaction between
the structural wall, the foundation beam, the slabs and the piles. The analytical object was one 25% model
specimen. Details of the experiment using this specimen have been already reported [6]. The specimen was
modeled in two different ways. Difference of the models was with or without the pile foundation of the
specimen. A pushover analysis with these models was performed. From comparison between the experimental
results and the analytical results, the adequacy of the proposed model was confirmed and the lateral load
resisting mechanism of the structural wall-pile foundation assemblage was clarified.

2. EXPERIMENTAL STUDY

2.1. Specimen and test setup

Figure 1 shows specimen configuration and Table 1 shows types of reinforcement. The specimen configuration
was determined from typical fourteen story residential buildings in Japan. They normally have multiple spans
of a moment resisting frame in the longitudinal direction and a single span of structural wall system in the
transverse direction. The assemblage consisted of the lowest three floors of structural wall with a foundation
beam, the first floor slab, and two piles. In this study, the structural wall was designed to fail in flexure and
develop a single plastic hinge at the base. The flexural behavior of the structural wall could have influence on
the transition of shear transfer mechanism at the wall base. The piles were designed to be elastic during the
loading test in order to concentrate deformation on the wall base. Figure 2 shows loading system in this
experiment. Lateral load Q was applied statically through a 1000kN horizontal jack (A) to the center of the
loading beam. Two 2000kN vertical jacks were adjusted to create appropriate column axial forces at the
structural wall base, N1 and N2, which are a liner function of lateral load Q to simulate loading conditions of
the prototype fourteen-story structural wall system under earthquakes.

N, and N, =+2.27Q +353 (unit:kN) (1)
Loading Beam Table 1 Types of reinforcement
Member (unit:mm) Type of bars Steel Ratio (%)
|| Lateral Column Column Longitudinal |  8-D13 SD295A 1.50
(260 x 260) Transverse | 2-D10@100| kSS785 0.549
1F Floor Slab Shear Wall Beam Longitudinal 4-D10 SD295A 1.18
(Thickness 70mm) - (Thickness 70mm: (140x200)  [Transverse | 2.D6@150 | SD295A 0.302
AN I Shear Wal Vertical D6@150 | SD295A 0.302
Transverse .
Foundation = 51 S1ab Width (Thickness 70mm) | Horizontal | D6@150 | SD295A 0.302
Beam ™\ 1500mm Foundation Beam | Longitudinal | 4-D22 SD295A 1.26
(150 % 880) Transverse | 2-D10@150| SD295A 0.634
Pile (Thicknselsasb70mm) Longitudinal| D6@150 | SD295A 0.302
fthe piomt 3000 e Pile Longitudinal |  8-D32 SD295A 3.28
™ (440 x 440) Transverse | 2-D13@120| SD295A 0.480

Figure 1 Specimen configuration

Table 2 Material properties of concrete and reinforcement

(a)Concrete (b) Reinforcement
Yield strength | Tensile strength | Young's modulus
(MPa) (MPa) (GPa)
D6 377 532 179
D10(SD295A) 378 511 183
D 10(KSS785) 919 1078 201
Compressive |Tensile strength Young's D13 351 505 175
strength (MPa) (MPa) modulus (GPa) D16 337 502 191
Foundation beam, Pile 45.7 3.41 25.9 D22 341 525 183
Wall, Column, Beam 60.3 3.32 30.4 D32 387 585 188

Piles were supported by pin and roller respectively. At the roller support, 0.7Q was applied horizontally to the
pile on the compressive side and 0.3Q was applied to the pile on the tensile side by a 1000kN jack (B) in the
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opposite direction to the 1000kN horizontal jack (A). The lateral
load applied to the pile induces moment from piles shown in
Figure 3. In Japanese design guideline, the amount of the
longitudinal reinforcement in foundation beams is determined by
the moment from piles and half of the lateral load Q/2. The
deformation of the specimen was evaluated using that of the first . Q.
story structural wall. The first story drift angle, which is : =
hereinafter called R, was calculated from the flexural deformation  2260mm
and shear deformation. The displacement control was used with

two cycles at each prescribed displacement. 440mm
1250mm
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2.2. Experimental results %pm Roiier 18
Figure 4 shows crack distribution at R=0.8%. Flexural cracks took o 70
place at tensile columns and propagated to flexural shear cracks in 1750mm 3000mm 3500mm
the wall panels. These cracks penetrated the slabs transversely and Figure 2 Loading system
extended to the foundation beam. As the deformation of the

structural wall propagated, these cracks in the foundation beam

became dominant and opened up near the compressive columns,

which was circled by dotted line in Figure 4. 1250mm
Figure 5 shows the deformation mechanism of the specimen that is

assumed from the experimental results. As these cracks in the ) =
foundation beam opened up, the wall and the right pile together Figure 3 Moment from piles
with the right top corner of the foundation beam made a solid

assemblage rotated almost rigidly about Point P. Thus the assumption of infinitely rigid foundation beam wasn’t
valid in this experiment. The upper longitudinal bars in the foundation beam are arranged to prevent these
cracks from opening up as shown in Figure 5, so they are assumed to play an important role in the formation of
the rotational mechanism of the wall pile assemblage.
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Figure 4 Crack distribution (R=0.8%0) Figure 5 Deformation mechanism

Figure 7 shows lateral load-the first story drift angle relationship in positive direction. After yielding of the
longitudinal bars in the tensile columns, lateral load applied to the loading beam continued to increase gradually
and it showed high ductility. Compressive failure of concrete at the compressive column bases is often observed
when the structural walls that fail in flexure are tested. As the flexural deformation at the wall bases propagates,
compressive area of concrete at the column bases decreases. It causes the rapidly decreasing of the resistance to
the lateral load. In this experiment, the structural wall was loaded monolithically to +4.1%. However,
compressive failure of the cover concrete at the column bases was hardly observed, which was circled by solid
line in Figure 4. The high ductility was thought to be due to the rotational behavior of the wall pile assemblage.
Unlike the flexural behavior, the rotational behavior doesn’t decrease the compressive area at the column bases.
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3. ANALYTICAL STUDY B Yielding points of the longitudinal
3.1 Analytical model bars in the tensile column
T . L. @ Yielding points of the upper
Various analytical models have been proposed for predicting the longitudinal bars in the
inelastic response of structural walls [8]. Figure 7 shows TVLEM foundation beam —
(three vertical line element model). TVLEM is one of these 400 B P il
analytical models. They have some vertical line elements that - w T e
represent restoring force characteristic of each deformation. They Z 20 ,i.,',, : =
are used widely, because it is easy to install the frame analysis. p 171 /] %ﬁ
. . .S © [
Commonly they have infinitely rigid beams at the top and bottom S 200 /1 3
levels. It is known that these beams are restricted by the upper and K /s _ ! 4
lower wall panels and their flexural and shear deformations can be 8 100 _EXpe'f'me”t
.. ... C, . « Specimen Model
negligible. In addition, considering the local stress transfer through — / -=Wall Model
vertical line elements, the beams should be modeled as infinitely 0 e il — T
rieid elements. 0 02 04 06 08 1
g 1F Drift Angle, R(%)
However, from the experimental study, it was clarified that the Figure 6 Lateral load - the first
assumption of infinitely rigid foundation beam wasn’t always story drift angle relationship
valid. As the rotation of the wall pile assemblage was observed in _
experiment, the behaviors of the structural wall and the pile Rieid Beam Shear
foundation system should be considered at the same time. The % i~ sprine
specimen was modeled as shown in Figure 8(a). This model is / SO
hereinafter called Specimen Model. In addition to Specimen i serine
Model, Wall model was introduced to make clear the behavior of \) Faexure
the structural wall itself. The structural wall of Specimen Model
was the same as Wall Model. From comparison between Specimen Rigid Beam
Model and Wall Model, the interaction can be clarified. The _
boundary condition and the load condition of the models were Figure 7 TVLEM
basically the same as those in experiment. The nodes in the wall
base of Wall Model were fixed by pin supports.
Axial Shear
Spring Spri
Nt Nc o Nt Nc
Beam /
Element i
Cgrtu:rtete '
— ~ g 2 NEENEEENEES 0 (.
/“ Shear k
Reinforcement
Axial Spring XX .
PV (Upper Longitudinal Bars) X 2tc
\ N } 4 & G G N M X2 Column  imsmi
IRtk ein to
T Reinfsohr?:ael;nent 37 I
/Pin Pin roller. Al Spring , M Foundation
O- 7Q 4_7 (Lower Longitudinal Bars) Beam
(a) Specimen Model (b) Wall Model (c) Effective zone
Figure 8 Macro models of concrete

They were modeled as assembly of rigid elements, truss elements and beam elements. The truss elements could
be divided into four types of elements, axial spring, shear spring, shear reinforcement and concrete strut.
Longitudinal bars in the columns, the foundation beam and the piles were modeled as the axial springs. In order
to enhance the accuracy of the analysis, the tension-stiffening model was introduced to the axial springs. It
represents the bond effect between concrete and longitudinal reinforcement. Beam elements were used to
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simulate the behavior of the beams in the structural wall. As noted above, the beams in the structural walls are
normally expressed as infinity rigid elements in various analytical models. In this study, sufficient flexural and
shear stiffness were given to the beam eclements and only the axial deformation was permitted. The
tension-stiffening model wasn’t introduced to the beam elements. In modeling the axial springs and the beam
elements, it is necessary to determine the effective zones of concrete that contribute to the axial stiffness and
strength of each model. The effective zones were determined as shown in Figure 8(c). The effective zones of
the members without concrete struts, such as the columns and the beams, were determined to be the total cross
sections. The effective zones of the members with concrete struts, which were the foundation beam and the
piles, were decided as follow. The thickness of the effective zones was assumed to be twice as much as the
distance from the center of the longitudinal bars to the surfaces of the members.

Table 4 Structural elements introduced to each member

Truss element

Rigid Axial | Shear Shear Concrete Beam
element . . . element
spring | spring | reinforcement| struts
Loading beam [ ]
Column [ [ ) [ )
Beam [ ) [ ]
Wall panel ()
Foundation beam| [ ) [ )
Pile [ ] ()

The structural wall was modeled based on Takehara et al. study [9]. It consisted of the columns, the beams and
the wall panels. The columns were modeled by the rigid elements, the axial springs and the shear springs. The
axial springs were placed at the center of the main reinforcement of one side row. The concrete struts and the
shear reinforcement in the wall panels were fasten to the surrounding frame. The concrete struts were arranged
assuming that the diagonal cracks have been formed and significantly developed in the wall panels. The angle
of the inclined concrete struts 6 was assumed to be 45 degree in this study.

The foundation beam and piles were modeled by the axial springs, the concrete struts and the shear
reinforcement. The lengths of the axial springs in the foundation beam were determined by the spacing of the
shear reinforcement, which also decided the thickness of the concrete struts in the structural wall and the
foundation beam. The angle of the inclined concrete struts of the foundation beam was assumed to be 37 degree
based on the results of the parametric study.

Figure 9 shows the tension-stiffening model proposed by Maekawa et al. [10, 11]. The stress-strain relationship
of concrete in tension is shown in Figure 9 (a). The tensile limit strain &, is twice as much as the tensile strain
&, for tensile strength f, of the concrete. After a crack takes place, tensile stress is determined by Equation
(2). The stress-strain relationship of longitudinal reinforcement is expressed by a tri-linear model as shown in
Figure 9(b). The steel strain and the steel strength are given as average values, so the tensile stress at yielding
point is lower than its yield strength.

0.4
o, = f (e, /&) (2)
O O (50e,,1.5f,) Oy +O N O (0.04,5.)
f i /,. e fy :
t foofp (12e,L11) (0.02, f))
E E E E
5 N A . AW . . : .
A T S " s € " AR/ T
..... fc' fc P
o = f,+(1.01f, - f)1-e "W
(a) Concrete (b) Steel (c)a+hb (a) Concrete (b) Steel

Figure 9 Tension-stiffening model Figure 10 Models for materials
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The stress-strain relations of the other elements without considering the tension-stiffening effect, such as
concrete struts, shear reinforcement and beam elements, are shown in Figure 10. In this study, compressive
stress level acting on concrete struts was relatively low, so the stress-strain relation of concrete in compression
was expressed by elastic model. Concrete tensile stress wasn’t considered. Those of shear reinforcement were
represented by a tri-linear model, as shown in Figure 10(b). The stress-strain relations of the axial springs in
compression were also expressed by the same models shown in Figure 10.

Takehara et al. [9] proposed the stiffness of the shear springs in the columns, K, as follow.

K =GbD K, /(Ah-K,,) 3)
K= E;Ay /(2Ah) “4)
K= (E,A, +EbD)/(2ah) (5)

where K, is an average stiffness of two axial springs shown in Figure 8(a) at the same loading cycles. The term
of K, /K, in Equation (3) expresses the reduction of the shear rigidity due to the progress of horizontal
cracks. K and (K, are the stiffness of the axial springs in tension and in compression respectively. For the
sake of simplification, in this study, the stiffness of the shear springs was expressed as constant number. The
shear stiffness of tensile column and that of compressive column were determined assuming that K, was equal
to Ky and K, respectively. G is concrete shear modulus. b and D is the width and depth of the columns
respectively. Ah indicates the heights of the rigid elements. E. and E; are Young’s modules of concrete and
reinforcement. A, is the area of the longitudinal bars in the column.

3.2. Analytical results

Figure 6 and Table 3 show the comparison between experimental results and analytical results. As shown in
Figure 6, Wall Model overestimated the strength and the stiffness of the envelope curve in experiment. On the
other hand, the envelope curve of Specimen Model agreed well with that of experiment. Specimen Model also
predicted the yielding points of the longitudinal bars in the tensile column and the upper longitudinal bars in the
foundation beam. Table 3 shows the flexural deformation and shear deformation at representative loading
stages. The loading stages of the analytical models were determined so as to correspond to the flexural
deformation in experiment. In this experiment, the first story drift angle was calculated by summing the flexural
deformation and shear deformation of the first story. Though Wall Model underestimated the amount of the
shear deformation in experiment, Specimen Model predicted the amount of the shear deformation in experiment
at each loading stage as well as the hysteretic curve. These results show that the interaction of the structural
wall-foundation assemblage can’t be neglected in order to predict the envelope curve of the structural wall.
From here, the differences of the lateral load resisting mechanism between Specimen Model and Wall Model
are assessed specifically.

Table 3 Flexural deformation and shear deformation at representative loading stages

Loading Flexural Shear IF Drift Angle |Lateral Load|
stages | deformation (%) | Deformation (%) (%) (kN)
(a) 0.046 0.134 0.180 319.2
Experiment (b) 0.136 0.397 0.533 3414
(c) 0.203 0.632 0.835 3533
Specimen (a) 0.046 0.122 0.169 310.8
I;A (b) 0.135 0.321 0.456 333.1

odel

(c) 0.202 0.461 0.663 339.6
Wall (a) 0.044 0.061 0.105 367.5
Model (b) 0.130 0.131 0.261 408.0
(c) 0.204 0.203 0.407 389.9

Figure 11 shows deformations of each model. Figure 12 shows distributions of the compressive forces acting on
concrete struts. The thickness of each concrete strut indicated the amount of the compressive force. The base of
the Wall Model was fixed by pin supports assuming that it would stand on the solid foundation. From Table 3,
it is clear that the ratio of the flexural deformation in Wall Model is larger than that in Specimen Model. As
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shown in Figure 11(b), the compressive column base was deformed largely by flexure in Wall Model.
Compressive resultant force by flexure and shear force transferred through the concrete struts concentrated on
the compressive column base, which is circled by solid line in Figure 12(b). In this analysis, the flexural
behavior of the columns was modeled only by two axial springs, so they were not enough to express the
progress of the compressive failure of the cover and core concrete. The degradation of lateral load carrying
capacity wasn’t observed in this analysis, but there is a possibility that it leads to severe damage. Figure 11(a)
shows the deformation of Specimen Model. The wall and the right pile together with the right top corner of the
foundation beam made a solid assemblage rotated almost rigidly about Point P, which was almost the same as
the assumed deformation mechanism shown in Figure 5. Unlike Wall Model, the deformation of the
compressive column base was minimal. As shown in Figure 12(a), the compressive force and the shear force
were transferred through relatively large area in the wall base even at large drift angle. It enabled the structural
wall to have high ductility. These analytical results of Specimen Model corresponded to the experimental
results.

l Jll[lllll'lllIllIl ‘IIII[IIIIII I
Ell LT
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(a) Specimen Model (a) Specimen Model (b) Wall Model
Figure 11 Deformations of macro models (R=1.0%0) Figure 12 Distributions of the compressive forces
acting on the concrete struts (R=1.0%)

Figure 13 shows the relationship between elongation of the upper longitudinal bars in the foundation beam and
the first story drift angle of the structural wall. The elongation was calculated by integrating strain along the
longitudinal reinforcement in the whole span of the foundation beam. The strain of the longitudinal bars in
experiment was measured with multiple strain gauges. From experimental results, it is clear that the elongation
is linearly proportional to the drift angle. And this relationship continues even after the lateral load reached the
plateau. Specimen Model could also predict this linear relationship with good accuracy. These results verify the
formation of the rotational mechanism of the wall pile assemblage shown in Figure 5. It also implies that the
upper longitudinal bars should be designed considering the drift angle of the structural wall. Especially at large
drift angle, the required stress or strain of the upper longitudinal bars can be underestimated if the conventional
design procedures explained in chapter 2.1 is used. In order to avoid the formation of this rotational mechanism,
it may be necessary to prevent flexural shear cracks from developing to the foundation beam or to arrange
sufficient amount of the upper longitudinal bars in the foundation beam.
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Figure 13 Elongation of the upper longitudinal bars-the first story drift angle, R relation
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4. CONCLUSIONS

In order to investigate the lateral load resisting mechanism of the structural wall-foundation assemblage, a
pushover analysis was performed. One 25% scale specimen was modeled in two different ways. Difference of
the models was with or without pile foundation of the specimen.

The lateral load resisting mechanism of the Specimen Model was completely different from that of Wall
Model. In the structural wall of Wall Model, the flexural deformation mode dominated the total
deformation. Compressive resultant force by flexure and shear force were concentrated on the compressive
column base. It may cause severe damage and lead to the degradation of lateral load carrying capacity. In
Specimen Model, the rotation of the wall pile assemblage was confirmed. The envelope curve of the
structural wall in Specimen Model showed lower stiffness and strength than that in Wall Model. However,
due to the rotational behavior, ductility of the structural wall was improved. The analytical results of
Specimen Model agreed with the experimental results.

From the relationship between the elongation of the upper longitudinal bars in the foundation beam and the
first story drift angle, the rotational behavior of the wall pile assemblage was verified. Their linear
relationship implies that the upper longitudinal bars should be designed considering the drift angle of the
structural wall. In order to avoid the formation of this rotational mechanism, it may be necessary to prevent
flexural shear cracks from developing to the foundation beam or to arrange sufficient amount of the upper
longitudinal bars in the foundation beam.
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