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Abstract. In order to investigate the effect of the loading rate on the mechanical behavior of S
shearwalls, we conducted the lateral loading tests on the 1/3 scale model shearwalls whose edge c
were reinforced by H-shaped steel. The specimens were subjected to the reversed cyclic lateral load u
variable axial load. The two types of loading rate, 0.01 cm/sec for the static loading and 1 cm/sec fo
dynamic loading were adopted. The failure mode in all specimens was the sliding shear of the in-filled
panel. The edge columns did not fail in shear. The initial lateral stiffness and lateral load carrying cap
of the shearwalls subjected to the dynamic loading were about 10% larger than those subjected to the
loading. The effects of the arrangement of the H-shaped steel on the lateral load carrying capacity a
lateral load-displacement hysteresis response were not significant.

Key words: shear wall; loading rate; SRC edge column; sliding shear failure.

1. Introduction

According to the experimental studies on R/C monolithic framed shearwalls (hereafter refer
as “shearwall”), the two types of shear failure mode have been observed. One was the shea
of edge columns. The other was the sliding shear failure of in-filled wall panel (hereafter refer
as “wall”). If the edge columns was sufficiently strong and properly reinforced, the shear
showed the sliding shear failure of their walls prior to the shear failure of their edge columns. Thi
shear failure mode is allowable because the edge columns sustain the vertical load and cons
the pan cake crush of the building is prevented. It is effective to reinforce the edge columns w
shaped steel in order to prevent their shear failure. In this paper, the effect of the loading rate
mechanical behavior of shearwalls with edge columns where the H-shaped steel is arranged
strong axis direction and in the weak one is discussed.

The cracking pattern, failure mode, lateral load-displacement hysteresis response and late
carrying capacity of framed shearwalls have been estimated by results derived from static load
tests. However, the mechanical behavior of shearwalls during an earthquake is expected t
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from the results in the static loading tests, since the structures are subjected to loading at
speed during an earthquake.

According to the previous studies on the loading rate, the effects of the strain rate o
mechanical behavior of materials such as concrete and reinforcement steel bars, and the effe
loading rate on the mechanical behavior of rod members such as reinforced concrete bea
columns have been investigated experimentally. The experimental studies concluded th
compressive strength and modulus of elasticity of concrete, and the yield strength of reinforcement
bars increased in proportion to the logarithmic values of the strain rate, and also that the
stiffness, cracking strength and lateral load carrying capacity of members increased as the 
rate increased (Iwai et al. 1972, Mogami and Kobayashi 1978 and 1979, Endoh et al. 1984,
Mutsuyoshi et al. 1985, Hujii et al. 1986, Hujimoto et al. 1978-1991, Nakanishi et al. 1991).
However, the experimental studies on the effect of the loading rate on the mechanical beha
plate members such as shearwalls have been scarce. The effects of the loading rate 
mechanical behavior of shearwalls have been already discussed in the experiments on the 1/3 sc
model of R/C shearwalls with opening conducted by the authors (Ono et al. 1998).

The aim of this study is to clarify the effects of the loading rate on the initial stiffness, cracking
pattern, failure mode, lateral load-displacement hysteresis response, and lateral load c
capacity of the shearwalls, and also to clarify the effects of the arrangement of the H-shaped 
edge columns on the lateral load carrying capacity and the lateral load-displacement hys
response of the shearwalls.

2. Lateral loading tests

2.1. Specimens

The properties of test specimens and the mechanical properties of materials are summa
Tables 1, 2 and 3, respectively. The nominal dimensions of specimens and the arrangemen
reinforcements are shown in Fig. 1. The specimens were designed so as to show the slidin
failure of the wall prior to the flexural yielding at the critical section by using the equations w
correspond to the failure modes (Esaki and Tomii 1982). However, the calculated latera
carrying capacity dominated by the shear failure was only about 10% less than the calculat
dominated by the flexural yielding. The specimens were named “FdWt-L”, with “Fd” and “-L”
denoting the direction of H-shaped steel and the loading rate, respectively. “Wt” denote
thickness of the wall. “Fsx” and “Fsy” denote the specimens with the edge columns where the H-

Table 1 Properties of test specimens

Specimen
Arrangemnt of reinforcements 

in edge colum
Arrangement of wall 

reinforcement

Fsx W7-S Longitudinal reinforcement: 4-D10
(pg = 0.00713)

Steel: H-100×50×5×7 (spg = 0.0296)
Hoops: D6@70 mm (pw = 0.00401)

D6@100 mm
(ps= 0.00401)

Fsx W7-D
Fsy W7-S
Fsy W7-D

ps = longitudinal reinforcement ratio, pg= steel reinforcement ratio, pw= hoop reinforcement
ratio, pg = wall reinforcement ratio
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shaped steel was arranged in the strong axis direction and in the weak axis one, respective
and “-D” denote the specimens subjected to the static loading rate (= 0.01 cm/sec) and the
dynamic loading rate ( =1 cm/sec), respectively. Though the loading rate applied to the shea
in existing buildings during earthquakes is expected to be higher than that adopted in thes
the capacity of the loading machine available for use was a limiting factor which restr
loading rate in tests.

2.2. Loading apparatus and loading program

The loading apparatus is shown in Fig. 2. The lateral and vertical loads were applied to the spe
by the three actuators controlled by the electric computer. Two compressive vertical loads t
392 kN, were applied to the center of the left and center of the right edge columns by the two ac
The vertical loads applied to the left and right edge columns were changed only by ∆N, which was the
constant ratio to the lateral load, Q, so as to maintain the bending moment distribution of the specim
shown in Fig. 3. In these experiments, the vertical loads were changed so as to make the shear s
α=Q/Ml, to be 1.1, where Q and M were the maximum shearing force and bending moment and l was
the distance between the center of the edge columns. The variable vertical load time hysteresis o
and right actuators is shown in Fig. 4. The lateral load was controlled by the lateral displaceme
reversed cyclic load was applied to the specimens twice at each controlled displacement stage. T

Fig. 1 Nominal dimensions and arrangement of reinforcement

Table 2 Mechanical proper of reinforcement

Bar or Plate
a 

(cm2)
σy

(MPa)
σu

(MPa)
Εs

(GPa)
ε

(%)

D6 0.281 407 546 164 22.8
D10 1.240 335 479 176 18.1

H-Shaped 0.821 412 475 186 26.5

a=cross sectional area, σy=yield strength, σu=tensile
strength, Es= Young’s modulus, ε = elongation

Table 3 Mechanical properties of concrete

Specimen σB (MPa) sεu (%) Εs (GPa)

All 18.7 0.21 21.3

σB=compressive strength, sεu=strain at peak stress,
Es= Young’s modulus
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drift angle, R=δ/h, was increased incrementally as shown in Fig. 4, where δ is the lateral displacement a
the center of the upper beam and h is the story height from the upper side of the foundation beam to
position where the lateral displacement is measured.

2.3. Measurement system

The loads were measured by the load cells attached to the head of the actuators. As shown i
the displacements of the specimens were measured by the highly sensitive electric transducers at
the steel frame fastened to the foundation beam of the specimens. The measured values were re
computer hard disks at each 0.4 sec for the static loading tests and 0.004 sec for the dynamic
tests. The cracks were recorded on sketching, photograph, and video camera.

2.4. Test results

The relationships between the lateral load, Q, and the story drift angle, R, and the time hysteresis

Fig. 2 Loading apparatus Fig. 3 Variable axial load and shear span ratio α

Fig. 4 Lateral and bertical loading programs
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of Q and R are shown in Fig. 6. The cracking patterns at the end of the tests are also shown 
6. Qmax denotes the maximum lateral load.

The cracking patterns and failure mechanism of the test specimens were as follows:

2.4.1. In the case of the static loading tests
The first shear cracking in the wall was observed at the controlled displacement stage R=

0.15%. The shear cracking occurred continuously and extended as R increased. The horizonta
cracking in the edge columns was observed at the controlled displacement stage of R= 0.2%. The
sliding shear failure of the concrete in the wall panel occurred along the neighborhood o
bottom of the compression side edge column when R exceeded 0.6%. The sliding shear failu
extended toward the center of the wall at the following cyclic loading stage. The crashing o
concrete and many shear cracks also occurred at the bottom of the compression side edge 
The maximum lateral load was reached at the controlled displacement stage of R= 1.2%. At the
following cyclic loading stage, the lateral load dropped suddenly since the sliding shear failu
the concrete extended in the whole of the wall and the large shear cracking occurred at the 
of the compression side edge column. However, the vertical load carrying capacity was main
at the ultimate stage. The failure of the edge column reinforced by the H-shaped steel arran
the weak axis was more severe than that in the strong one. However, the effects of the arran
of the H-shaped steel on the lateral load carrying capacity and load-displacement hysteresis r
were not significant. The H-shape steel was effective in preventing the shear failure an
deterioration of the vertical load carrying capacity in the edge columns.

2.4.2. In the case of the dynamic loading tests
The first shear cracking in the wall was observed at the controlled displacement stage R=

0.05%. After the following cyclic loading stage, the shear cracking occurred continuously
extended itself, as the case of the static loading tests. The maximum lateral load was reache
controlled displacement stage of R= 1.0%. After the following cyclic loading stage, the sliding she
failure occurred in the wall along the neighborhood of the bottom of the compression side
column. The sliding shear failure extended toward the center of the wall at the following c

Fig. 5 Measurement system
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loading stage and, consequently, the lateral load dropped suddenly due to the sliding shear
The vertical load carrying capacity, however, did not deteriorate. If the sliding shear failure o
wall occurred prior to the other failure, it is necessary to make the shear strength of the ends
edge column strong enough since the failure of the wall occurred during the short time 
dynamic loading tests and consequently the failure of the ends of the edge columns was
severe in the dynamic loading tests than in the static ones.

2.4.3. Effect of loading rate
The envelope curves of the load-displacement hystresis response are shown in Fig. 7. Th

lateral stiffness and load carrying capacity of the shearwalls subjected to the dynamic loadin
about 10% larger than those subjected to the static loading. The story drift angle at the ma
lateral load in the case of the dynamic loading was smaller than that in the case of the

Fig. 6 (a) Lateral load, Q, -story drift angle, R, hysteresis response, Q and R time hysteresis and cracking
pattern at ultimate stage in Fsx specimens
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Fig. 6 (b) Lateral load, Q, -story drift angle, R, hysteresis response, Q and R time hysteresis and cracking
pattern at ultimate stage in Fsy specimens

Fig. 7 Envelope curve of lateral load-story drift angle hysteresis response
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Fig. 8 Strain time hysteresis responses of longitudinal reinforcement bars and steel
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loading. The dynamic increase factors of the compressive strength of concrete and yield stre
reinforcement bars were experimentally given by Eqs. (1) and (2), respectively (Nakamura et al.
1997 and Fujimoto 1988). 

(1)

where,
Dσc = compressive strength of concrete at strain rate of 
sσc = compressive strength of concrete at static loading

= strain rate
 

(2)

where,

Dσy = yield strength of reinforcement steel bar at strain rate of 
sσy = yield strength of reinforcement steel bar at static loading

The strain time hysteresis responses of the longitudinal reinforcement bars and H-shaped s
shown in Fig. 8. The observed mean strain rates of the diagonal compressive concrete in t
and the longitudinal reinforcement bars in the edge columns are summarized in Table 4
dynamic increase factors calculated by the mean strain rate of diagonal compressive concr
close to the increase rate of lateral load carrying capacity. As shown in Fig. 9, the dilatation 

σD c
σs c

-------- 1.59 0.224logε· 0.021 logε·( )
2

+ +=

ε·

ε

σD c

σs y
-------- 1.39 0.1577logε· 0.01577 logε·( )+ +=

ε·

Fig. 9 Dilatation rate of area, Φ, and story angle, R relationship

Table 4 Observed mean strain rates of diagonal strut in wall and longitudinal reinforcement in edge co

Diagonal strut
(µmm/mm/sec)

Logi. Rein.
(µmm/mm/sec)

H-shaped steel
(µmm/mm/sec)

Dynamic increase
factor

Fsx W7-S 1162 1178 1128 -
Fsx W7-D 2215 3549 1963 1.14
Fsy W7-S 1158 1170 1115 -
Fsy W7-D 3420 3955 2475 1.17
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the area of the shearwall, Φ =∆S/S, where ∆S is the increase of the area and S is the area of the
shearwall prior to the loading tests, was larger in the dynamic loading specimens than in the
ones. This difference stems from the fact that the strength and stiffness of the materia
increased due to the effect of the loading rate.

3. Lateral load carrying capacity

The observed values of the lateral load carrying capacity, exQu, and the story drift angle at the
peak lateral load, exRu, are summarized in Table 5. The effects of the arrangement of the H-sh
steel on the lateral load carrying capacity and load-displacement hysteresis response w
statistically significant. The calculated values of the lateral load carrying capacity are 
summarized in Table 5. calQfu is the shear capacity dominated by the flexural failure (JSADP, 19
calQus1 is the shear capacity calculated by the equation proposed in the Design Guidelines
Earthquake Resistance Reinforced Concrete Buildings based on the Ultimate Strength Conce
1990). calQus2 is the shear capacity calculated by the equation proposed by Hirosawa (Hirosaw
1975). calQuws and calQucs are the shear capacity dominated by the sliding shear failure of the 
and by the shear failure of the edge column, respectively (Esaki et al. 1982). The longitudinal
reinforcing bars in the edge columns yielded, but the steel did not yield at the peak lateral loa

The observed lateral load carrying capacity is close to calQuws. This fact holds true that the sliding
shear failure of the wall occurred prior to the shear failure of the edge columns since the
columns were reinforced with the H-shaped steel. As shown in Fig. 10, the lateral load ca
capacity of shearwalls which show this failure mode depends on the compressive capacity of 
compressive struts formed in a cracked wall. The ultimate shear strength of the wall given b
(3) was derived by the experiments of the concrete strut specimens subjected to the comp
and tensile loads at the same time (Esaki 2000). The observed ultimate shear strengexτu

summarized in Table 5 was calculated by Eq. (4). In Eq. (4), κw is the shape factor for the shea
stress at the center of the wall and is obtained by the I-shaped beam theory (Tomii 1957). 
indicated in the reference (Tomii and Hiraishi 1979) that the shape factor changed and b
larger after the cracking than at an elastic stage. However, it is expected the redistribution 
shear stress occurs in some zones. In this investigation, the shape factor at an elastic st
employed because of the reason mentioned above.

(3)τu 1.85 σB    (MPa)=

Table 5 Summaries of test results and calculated values

Specimen

Observed values exQ (kN) Calculated values calQ (kN), exQ/calQ

exQu (kN) κw � exQu / (tl ) exRu (%) calQfu calQus1 calQus2 calQuws calQucs

+ - + - + - 781 515 499 740 1056

Fsx W7-S 656 647 1.58 1.56 0.979 0.980 0.840 1.27 1.31 0.886 0.6
Fsx W7-D 701 729 1.71 1.76 0.919 0.903 0.933 1.42 1.46 0.985 0.6
Fsy W7-S 650 621 1.57 1.50 1.230 0.965 0.832 1.26 1.30 0.879 0.6
Fsy W7-D 722 673 1.74 1.63 0.980 0.943 0.924 1.40 1.45 0.976 0.6

σB
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where,
σB= compressive strength of concrete (Mpa)

(4)
where,

exQu = observed lateral load carrying capacity (maximum lateral load)
t = thickness of wall
l = distance between center of edge column

The ultimate shear strength of the wall panel, exτu, (observed at time of the sliding shear failure) 
close to the shear strength obtained by the experiments of the concrete strut specimens (Esa
This fact indicates that the lateral load carrying capacity of the shearwalls failed in sliding shear 
predicted by the shear strength of the concrete struts obtained by the reference (Esaki   200
values of exτu are smaller than those by Eq. (3). This is due to the effect of the cyclic loading sinc
value was derived by the reversed cyclic loading tests, while Eq. (3) was derived by the mon
loading tests.

4. Conclusions

In order to investigate the effect of the loading rate on the mechanical behavior of the shea
the lateral loading tests on the 1/3 scale model specimens were conducted by adopting the tw
of the loading rate which are R = 0.0001 rad/sec for the static loading and R= 0.01 rad/sec for the
dynamic loading. The following conclusions reached as a result of the experiments:

1. The failure mode, predicted by the calculated lateral load carrying capacity, did not cha
the range of the loading rate adopted in this tests.

2. The initial lateral stiffness and lateral load carrying capacity of the shearwalls subjected 
dynamic loading were about 10% larger than those subjected to the static loading.

3. The failure of the edge columns was more severe in the dynamic loading tests than 
static ones.

4. The lateral load carrying capacity recognized in the sliding shear failure of the wall ca
estimated by the equations proposed in references (Esaki et al. 1988 and Esaki 2000).

5. The effects of the arrangement of the H-shaped steel on the lateral load carrying capac
the lateral load-displacement hysteresis response were not significant.

τex u κw

Qex u

tl
---------=

Fig. 10 Concrete struts formed in cracked wall of shearwalls and type of orthogonal grid reinforcemen
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