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This paper proposes a novel arrangement of RC infill walls made possible by RC infill wall mega braces
(RCIWMBsS). The seismic behavior of a reinforced concrete (RC) frame structure retrofitted by the RCIWMB was
investigated through 1/5-scale shaking table tests. The seismic damage characteristics and the dynamic re-
sponses of the model structure under different input ground motions are presented in detail. The results show
that the presence of the RCIWMB has a slight effect on the failure of beam-column joints, but it can lead to
punching shear failure of its connected frame columns. When the RC walls are arranged diagonally, the RCIWMB
can form a macroscopic brace effect, serving as the first seismic line of defense. Compared with traditional RC
infill wall retrofitted frame structures, the drawback is obvious failure, which appears on the lower stories of this
novel type of structure and is prone to forming a weak story. This indicates a poor structural story ductility and
more severe damage to the integral structure. However, the addition of the RCIWMB resulted in a substantial
increase in the integral lateral bearing capacity, integral lateral stiffness and integral ductile behavior, a decrease
in lateral displacement, and a reduction in damage to the original frame structure. The novel structural system
performed better under extensive seismic tests, providing a new method for upgrading the seismic performance

of existing buildings.

1. Introduction

Reinforced concrete (RC) frame structures have been widely used
worldwide in multistory buildings because of their light weight, flexible
space division and material savings. In recent years, earthquakes have
inflicted severe damage, including collapse, on many RC frame struc-
tures because of their lack of sufficient ductility, bearing capacity, and
energy dissipation capacity [1,2]. Although there are many novel
strengthening methods for RC framed structures [3-7], such as using
cross laminated timber panels as infill shear walls, the addition of RC
infill walls remains a relatively feasible and popular technique for ret-
rofitting existing RC buildings, which do not comply with current
seismic requirements [8-10]. Tests and numerical simulation studies on
the seismic performance of RC frame structures infilled with RC walls
have been conducted by many researchers who typically handle the RC
wall frame design by aligning RC infill walls in a continuous arrange-
ment in a multistory building from the bottom to the top [11-14].
Previous studies have shown that adding RC walls can effectively
improve the lateral stiffness and bearing capacity of a structure, thereby
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limiting its displacement. However, structural engineers have found it
more advantageous to stagger the RC walls as they evenly disperse them
along the building’s height, similar to the inclined web members of a
truss, rather than continuously extending the shear walls from the bot-
tom to the top [15-19]. Few shaking table tests have been conducted to
test RC frames retrofitted with staggered RC infill walls; thus, the un-
derstanding of the seismic behavior of this arrangement is limited.
Therefore, a shaking table test was used to measure the seismic perfor-
mance of the retrofitted RC frames under earthquake conditions and
provide more reliable information on their structural mechanics and
behaviors.

To shed light on the seismic performance of an RC frame structure
with staggered RC infill walls, a 1/5-scale shaking table test was con-
ducted at the State Key Laboratory of Building Safety and Environment
in the China Academy of Building Research in Beijing. The RC frame
used for testing represents a low-strength concrete frame structure built
in China in the 1970s. The RC infill walls were staggered diagonally
without a break from the bottom story to the top story in the axes of the
RC frame’s structural facade, forming a macro RC infill wall (with) mega

Received 17 August 2020; Received in revised form 8 January 2021; Accepted 11 January 2021

Available online 3 February 2021
0141-0296/© 2021 Elsevier Ltd. All rights reserved.


mailto:nicozyx@163.com
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2021.111911
https://doi.org/10.1016/j.engstruct.2021.111911
https://doi.org/10.1016/j.engstruct.2021.111911
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2021.111911&domain=pdf

S.-G. Cheng et al.

braces (RCIWMBs). No foundation was set for the RC infill walls. RC
infill walls were connected to the frame members through dowel bars all
around their perimeter. This novel arrangement of RC infill walls is
referred to as the RCIWMB strengthening technique. There are two
research objectives in this article: 1) to obtain the seismic performance
of an RC frame structure retrofitted with an RCIWMB according to the
shaking table test, including failure modes and dynamic responses, and
2) to evaluate the effectiveness of RC frames retrofitted with an RCIWMB
by comparing them with a traditional RC infill wall retrofitted frame
structure. This paper presents a detailed description of the testing pro-
gram, test specimen fabrication process, test results, and main obser-
vations. The authors also include recommendations pertaining to the
potential use of the novel retrofitting techniques introduced herein.

2. Studied building

The studied frame building is located in an 8-degree-seismic design
area, Group 1, at a Class IIl site, according to Chinese standard
GB50011-2010 [20]. In addition to the self-weight of the RC frame
structure, the permanent load weight was 5480 kN on the first story,
5290 kN on the second to fourth stories, and 4270 kN on the fifth story.

The total height of the frame structure was 18.4 m, and its plane
dimension was 25.2 m x 15 m, as shown in Fig. 1. Three spans were in
the transverse direction with center-to-center span lengths of 6 m, 3 m,
and 6 m. Seven bays were in the longitudinal direction with a constant
center-to-center span length of 3.6 m. The first story of the RC structure
had a height of 4.0 m, while the other stories had a constant height of
3.6 m. The frame structure was made to bear an axial compressive
strength of C20, which was the standard value equivalent to 13.4 MPa
[21]. The floor slab thickness was 120 mm; the section size of the frame
column was 450 mm x 450 mm on the first and second stories and 400
mm x 400 mm on the third to fifth stories. The section sizes of the frame
beams were as follows: The transversal beam (KJL-1) was 300 mm x
600 mm, and the longitudinal beam (KJL-2) was 300 mm x 450 mm.
The reinforcement of these frame structural members represents the
construction practice of 1970 s China, as specified in Chinese code TJ
11-74 [22].
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3. Testing program
3.1. Basic similarity law

The test specimen was designed by scaling down the geometry from
the prototype structure. The dimension scaling parameter was taken as
1:5. The main similitude scale factors are listed in Table 1.

3.2. Test model

Fig. 2 shows the model used for the shaking table test performed by
our research group on a traditional RC infill wall retrofitted frame
structure. A traditional RC infill wall retrofitted frame structure model is
referred to as the RC-infill model in this paper. The RC frame structure
retrofitted with the RCIWMB tested herein and the RC-infill model have
identical geometries. The test model of the novel structural system is
shown in Fig. 3. The novel structural model is referred to as the RCB-
infill model in this paper.

The RCB-infill model was designed and manufactured based on the
abovementioned model dynamic similitude law. The total height of the
RCB-infill model is 3.68 m, including a 0.2 m foundation. Its plane
dimension is 5.04 m x 3 m.

The additional mass was artificially added to the model on each
story, including the 7250 kg additional mass on the first story, the 7020
kg additional mass on the second story, the 7060 kg additional mass on
the third and fourth stories, and the 5645 kg additional mass on the fifth
story. The C20 strength grade represents the RC frame structural
members. The C30 strength grade represents the tested RC infill walls.

Fig. 4 shows the concrete aggregates, brick, and construction process
of the RCB-infill model. All the RC frame beams, columns, and slabs
were cast in place. The masonry infill walls and the RC infill walls were
built after the concrete strength of the frame structure reached 100%.

The 24-mm thick slabs were reinforced using two-layer 2.3 mm steel
wire gauze spaced at 25-mm centers in both directions. The design of the
frame model reinforcement was based on the similitude of the equiva-
lent yield strength coefficient between an existing building and the
model [23]. Reinforcement plans for the model beams and columns are
provided in Fig. 5d and e. The 40-mm thick RC infills were reinforced
using two-layer 2.6 mm bars spaced at 40 mm centers in both directions.
The connection between the RC infills and the frame members was
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Fig. 1. Plan view of the frame structure.
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Table 1

The main similitude scale factor.
Physical quantity Similitude law Model/prototype Physical quantity Similitude law Model/prototype
Length Si 1/5 Time \/m 1/3.4
Elastic modulus Sk 1 Horizontal force SESE 1/25
Acceleration Sa 2.3 Frequency 1/ \/m 3.4
Mass SES% /Sa 1/57.5 Overturning moment Sasf 1/125

Fig. 2. RC-infill model.

Fig. 3. RCB-infill model.

achieved by placing dowel bars all around their perimeter, as shown in
Fig. Se.

The construction materials used for the fabrication of the model were
selected considering the similarities between the material properties of
the model and those of the building used as an example in this study. The
microconcrete was used to resemble the concrete of the prototype, and
the reinforcement was made of galvanized iron wire. This technique has
been widely used in shaking table tests of scaled models [23-25]. Its
effectiveness was simulated in the prototype structure performance and
proven successful. For the 1/5-scale model, because of the small size of
the structural components, the normal concrete could not be poured.

The use of microconcrete with mechanical properties similar to those of
traditional concrete materials can effectively solve this problem [26,27].
The concrete mix proportion was identical to that used in this study’s
existing building example as follows: Portland cement (350 kg/m®),
crushed gravel (1160 kg/m3), river sand (690 kg/m3) and fresh water
(185 kg/m®). The scaling parameter of the aggregate diameter was taken
as 1:5 (Fig. 4a and b).

Before the test, the mechanical properties of the construction mate-
rials used for the fabrication of the test specimen were obtained through
the standard test. The measured mechanical properties of the galvanized
iron wire are listed in Table 2, and the measured mechanical properties
of the microconcrete are listed in Table 3. The concrete was cast layer by
layer. Nevertheless, because of the effect of the external environment
and construction errors, the concrete properties slightly differ between
stories.

3.3. Test procedures

According to Chinese seismic design code GB50011-2010 [20], at
least three seismic waves, including at least two real earthquake waves
and one artificial wave, must be adopted for dynamic analysis. As shown
in Fig. 6 three types of earthquake waves were selected as the input
seismic waves, namely, the El Centro wave, Taft wave, and artificial
wave.

The El Centro wave and Taft wave were chosen for four reasons: (1)
to study the two types of earthquake waves’ relatively complete ground
motion records, which were collected in the early stages of the earth-
quake engineering field; (2) to show the two types of earthquake waves
because of their wide range of uses for experimental purposes and to
compare finite element simulation analyses by many researchers; (3) to
raise the comparison ability of these test results with a previous or future
similar test; and (4) to achieve the intended research purpose while
maintaining versatility, which can complement and perfect this type of
shaking table test data and provide a reference for related research. The
artificial wave is suited for Group 1 design earthquakes (Class III sites)
and is called RD1 for short. To comply with the Chinese seismic design
code [15], PGA was applied as the intensity measure for scaling, and the
peak ground accelerations (PGAs) were temporarily set at 1 gal (0.01 m/
s? or 0.001 g). The input PGA level was adjusted according to the seismic
intensity requirement [28]. The natural frequencies and the relevant
vibrational mode were obtained using white noise before and after each
earthquake excitation. Earthquake waves were used to excite the model
during various stages of the test, to push the structure from elastic to
inelastic and severe damage states and to observe their damage patterns.

Table 4 shows the target peak ground acceleration (PGA) intensities
of the earthquake sequence at different levels. The case numbers for all
white noise sweep tests are not given. The X-direction is the longitudinal
direction of the specimen, and the Y-direction is the transverse direction
of the specimen (Fig. 3).

During low-amplitude tests (PGA < 115 gal), the three selected
earthquake waves were applied in the X- and Y-directions, and the ac-
celeration response under the Taft wave was more violent (PGA = 115
gal); therefore, the Taft wave was used to excite the model in the
following tests. The PGA of Test 24 reached 506 gal, so Test 26 was not
conducted. Only X-direction tests were conducted to avoid the unac-
ceptable collapse of the specimen from Test 16 to Test 34. After Test 34,



S.-G. Cheng et al. Engineering Structures 233 (2021) 111911

(a) Fine aggregate (b) Coarse aggregate (c) Brick
(d) Preparation of base pad (e) Preparation and rein- (f) Layer-by-layer
forcement of structural construction
components
(9) Preparation and construc- (h) Preparation and con- (i) Finish
tion of masonry infills struction of RC infills

Fig. 4. Construction process of the specimen.

e [T IEST
T b A B L s = i s R =2
i . i - " a4 - e s 4 : :
JZ(story 1-2) JZ(story 3-4) JZ(story 5) b
T 7’ ©1.0 T v ©1.0 T A oo g'g 0 b o -
sl |k 4 sl B 4 sl |k q 304.0 "
T e | A A o 60 b ] : 1
KJZ(jtzryl-z) KJZ?SIory?:—A) KJZB(ZIQWS) ~ o
KIL-1(KJL-2) —= =
[CTCTCITMIEST
(@) Columns of  (b) Columns of  (c) Columns of (d) Beams (e) Reinforcement
Stories1and 2  Stories 3 and 4 Story 5 details of the RC infill
walls

Fig. 5. Reinforcement details for structural members.

all longitudinal excitations were completed, and the purpose of this

Table 2, . L . scheduled series of tests was completed. Finally, a few high-amplitude
Mechanical properties of the galvanized iron wire. X . . e

tests were conducted in the Y-direction to observe the types of infill

Name d(mm)  Yield strength (MPa) ~ Young’s modulus (MPa) failures; however, few differences were found between the failure mode

Galvanized iron wire 4.0 267 181,531 of the masonry wall and the previous research results [29,30], and the

3.5 302 248,583 damage no longer propagated in the X-direction for structural compo-

26 325 268,299 nents after the three Y-direction tests. Based on these results, the Y-di-

rection tests were not described in detail in this paper.
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Table 3
Mechanical properties of the concrete.
Name Cube compressive Young’s modulus Description
strength (MPa) (MPa)
Microconcrete 26.7 19,900 1st and 2nd
stories
28.3 17,800 3rd and 4th
stories
27.4 19,400 5th story
25.4 21,600 RC infills
31.2 25,100 RC infills

3.4. Instrumentation

Accelerometers were placed on the foundation, and each floor slab
recorded accelerations in the X- and Y-directions. Twenty-two acceler-
ometers were installed in the test model. The displacement of the model
structure was obtained using the acceleration time history integral. Two
accelerometers (XSO and YSO) were arranged on the base in the X- and Y-
directions, providing a total of 10 sensors (XS1-XS5, YL1-YL5), which
were arranged along the symmetry axis of the X- and Y-directions on the
floor slabs. Considering the manufacturing error of the model, the offset
of the additional counterweight may have caused the weight asymmetry
of the model. Ten accelerometers (XL1-XL5 and YS1-YS5) were also
arranged at the end of the X- and Y-directions on the floor slabs. In
addition, 34 strainmeters (SL1-SL34) were arranged to measure the
dynamic strain response of the frame columns and RC infill walls. The
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installation locations of these sensors are shown in Fig. 7.
4. Test results
4.1. Damage observations of the RCB-infill model

This work focuses on the seismic performance of the RCB-infill model
in the X-direction; therefore, the following damage was primarily
associated with the test results of the novel structure in the X-direction.

After the 80-gal excitation, only a few slight cracks were visible in
close range, and they developed in the frame beams. After the 115-gal
excitation, the initial minor cracks of the RC infills were first observed
around the opening. Typical failure modes of the novel structural system
in this stage are shown in Fig. 8.

After the 161-gal excitation, we observed newly initiated, slightly
inclined cracks and the propagation of cracks on the RC infills. With
PGAs ranging from 230 gal to 287.5 gal, an increasing number of new
slightly inclined cracks were found in the RC infill walls throughout the
5-story structure. Horizontal cracks appeared at the interface between
RC infills and their connected columns in the first story. Fig. 9 shows the
typical failure shapes after a PGA reading of 322 gal based on originally
formed inclined cracks propagated in the RC infills.

After the 460-gal excitation, the damage degree of the RC walls
increased compared with that of the previous working condition, and
the inclined cracks began to extend from the edge of the openings to the
surrounding frame members. The cracking of the RC walls on the first
story was particularly noticeable. The cracks were slight when they
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Fig. 6. Shake-table acceleration response histories and 5%-damped response spectra.
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Table 4

Test sequence for the shaking table tests.
Case No. Ground motion PGA (gal) Direction Case No. Ground motion PGA (gal) Direction
2 RD1 80.5 X 18 Taft 230 X
3 Taft 80.5 20 Taft 287.5 X
4 El Centro 80.5 22 Taft 322 X
5 RD1 80.5 Y 24 Taft 460 X
6 Taft 80.5 26 Taft 506 /
7 El Centro 80.5 28 Taft 690 X
9 RD1 115 X 30 Taft 920 X
10 Taft 115 32 Taft 1173 X
11 El Centro 115 34 Taft 1426 X
12 RD1 115 Y 36 Taft 460 Y
13 Taft 115 38 Taft 690 Y
14 El Centro 115 40 Taft 920 Y
16 Taft 161 X

(a) A-axis (b) D-axis

Fig. 7. Installation of sensors.

(a) Frame column at the third story

(b) RC Infills at the fourth story

Fig. 8. Typical cracks after the test at PGA = 115 gal.

began to appear in the frame columns. After the RC walls were subjected
to PGA = 690 gal, the damage degree of several RC walls increased.
Existing cracks expanded and new ones developed. As minor crushing
appeared in the RC walls, some of the horizontal penetrating cracks were
observed at the column ends, and the number of cracked frame columns
increased. After testing at PGA = 920 gal, the concrete was crushed into
blocks on the first floor’s opening corner of the RC infill wall. The cracks
around the opening of the RC walls in other stories were further
widened. Obvious horizontal cracks appeared in the upper and lower
parts of the connected frame columns. The damage at the top part of the

first-story frame columns became substantial, while the damage to other
layers was relatively light. After the test at PGA = 1173 gal, the area of
concrete crushing of RC walls in the first story expanded. Concrete cover
spalling of RC infills also occurred. Obvious separation appeared at the
interface between RC infills and their adjacent columns. Column plastic
hinges were formed with spalling of the concrete cover and buckling of
the longitudinal reinforcement. After the test at PGA = 1426 gal, the
first-story RC infill walls in the RCB-infill model were totally crushed.
Punching shear failure and buckling of the reinforcing bars were
observed in the adjacent columns. The most severe damage was
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(a) Frame column at the first story
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(b) RC Infills at the second story

Fig. 9. Typical cracks after the test at PGA = 322 gal.

primarily concentrated in the lower stories, indicating a great possibility
of collapse.

4.2. Failure mode comparison

Photographs of the RCB-infill model damage and the RC-infill model
after testing are shown in Fig. 10 and Fig. 11, respectively. Substantial
shear failure of the frame beam occurred in the RC-infill model but not in
the RCB-infill model. Major crack formations clearly showed that the
failure mode of walls in the RC-infill model was dominated by
compression and bending; however, the failure mode of walls in the
RCB-infill model was dominated by tension and compression in a di-
agonal direction. No obvious damage was observed at the beam-column
joints in either model. The failure of the frame columns in the RC infill
model was more severe than that in the RCB infill model, but the RC
infill walls in the RCB-infill model suffered larger levels of damage than
those in the RC-infill model, demonstrating the fully developed seismic
capacity of the RC infill wall based on the protection of the RC infill wall
mega braces (RCIWMBs).

Crack maps of the ultimate failure modes of the RCB-infill model and
the RC-infill model are provided in Fig. 12. As seen from the crack
patterns, the seismic damage degree of the frame structure was lighter in
the RCB-infill model than in the RC-infill model. The frame structure was
effectively protected after retrofitting with an RCIWMB.

4.3. Dynamic characteristics

The natural frequency and mode shape of the structure after each
earthquake run were identified from the white-noise test data; more-
over, the equivalent viscous damping ratio (EVDR) for the structure was
calculated via the half-power bandwidth method. No torsional effect
was found on the RCB-infill model, indicating that the entire rigidity and
mass of the structure had a balanced distribution.

The first-order and second-order mode shapes of the two models in
the X-direction are shown in Fig. 13. The first-order mode shape of the
RC-infill model belongs to the shear-bending mode (Fig. 13a). The first-
order mode shape of the RCB-infill model belongs to the shear mode,
which is the same mode that supports a bare frame structure. The
second-order mode shape (Fig. 13b) for the RC-infill model is similar to
that of the RCB-infill model. Thus, the RC-infill model clearly transforms
the shear deformation characteristics of the bare frame structure into a
bending-shear type system, indicating that the structural system was
changed. However, the addition of an RCIWMB did not change the shear
deformation characteristics of the bare frame structure. This behavior is
consistent with the deformation characteristics of a braced frame
structure, revealing that the addition of an RCIWMB did not change the
structural system of the frame structure; thus, the effect of the X-shaped
mega braces is obvious. Therefore, the frame structure evaluation index
can still be used in the RCB-infill model.

The global damage index of the structure is defined as DI = 1—(f;/
f0)2. f; is the natural frequency after each earthquake motion, and fy is
the initial natural frequency of the structure [31,32], which can be used
to quantitatively compare the global structural damage experienced by
the models during different tests. Fig. 14 shows the variation in the first-
order natural frequencies, global damage indexes (DIs), and equivalent
viscous damping ratios of the RC-infill model, as well as the RCB-infill
model, in the X-direction.

The first-order natural frequency of the RCB-infill model was always
higher than that of the RC-infill model in the entire phase of the test
(Fig. 14a), indicating that the global stiffness of the RCB-infill model was
larger than that of the RC-infill model because of the equal mass.
Moreover, the initial natural frequency was 4.8 Hz for the RC-infill
model and 5.6 Hz for the RCB-infill model, revealing that the global
stiffness of the RCB-infill model increased by 36% compared with the
RC-infill model. The DI value of the two models decreased progressively
at almost the same rate (Fig. 14a), indicating that the local damage
difference was not easy to capture using DIs. DIs can only macroscopi-
cally reveal the propagation of damage and the degradation of structural
stiffness. Because the DI value is only related to frequency, the frequency
was acquired under the low amplitude white noise tests. In the low-
amplitude vibration, some damage to the structure was under the
static friction state condition, and the frequency could not fully reflect
the local damage.

Fig. 14b demonstrates the damping ratio variations of the two
models in the X-direction. The damping ratio is an inherent structural
property and depends on many influencing factors [32]. As shown in
Fig. 14b, before the test at 800 gal, the initial damping ratio for the RCB-
infill model was always less than that for the RC-infill model, which
indicates that the RC-infill model is relatively flexible and that the RCB-
infill model was not effectively mobilized enough to produce a damping
force. After the PGA 800 gal test, the RCB-infill model’s damping ratio
exceeded that of the RC-infill model, which reveals that the RCB-infill
model can have higher energy dissipation and alternative load-transfer
paths, i.e., structural redundancy in the stage of a large earthquake.

4.4. Dynamic response

The main seismic behaviors of the RCB-infill model are presented in
Figs. 15 to 18. The amplification factors of acceleration are defined as
the ratio between the peak story accelerations of a given story and the
base. The relative story displacement of the RC-infill model was calcu-
lated as the difference between the measured absolute story displace-
ment and the base displacement. The interstory drift angle was
calculated as the displacement difference divided by the height between
two consecutive stories. The story shear force of the RCB-infill model
was calculated by summing the inertia force of the stories above as
follows:
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(a) Axis 2-3-A on the 1ststory

(d) Axis 7-8-D on the 1st story

(9) Axis 6-7-A on the 3rd story

(j) Axis 6-7-A on the 1st story

(b) Axis 7-8-A on the 1st story

(e) Axis 3-4-A on the 2nd story

(h) Axis 4-5-D on the 4th story

(k) Axis 2-3-D on the 3rd story
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(c) Axis 2-3-D on the 1st story

(f) Axis 6-7-A on the 2nd story

(i) Axis 3-4-A on the 5th story

(I) Axis 2-3-D on the 3rd story

Fig. 10. Typical cracks after the test at PGA = 1426 gal in the RCB-infill model.

V;(t) = max

@

n
Z m;a;(1)
i=j

where j is the story number; n is the number of the top story; aj(t) is the
acceleration of story i at time t; m; is the mass of story i; and Vj(t) is the
max story shear force of story j.

4.4.1. Acceleration responses

Fig. 15 shows the amplification coefficient of accelerations under
different earthquake excitations at each floor of the RCB-infill model. As
described in Fig. 15a and Fig. 15b, the acceleration responses of the
RCB-infill model under different earthquake excitations are quite
different at identical amplitudes. The acceleration response under the
Taft wave was more violent than those under the other two waves during

low-amplitude tests (with PGAs of 80.5 gal and 115 gal).

As the PGA of the Taft wave increased (Fig. 15¢ and Fig. 15d), the
amplification factor decreased slightly as a result of the increase in
damage and the damping force of the model, as well as the degradation
of the model stiffness. During the test case with the PGA ranging from
80.5 to 230 gal, the shape of the acceleration amplification coefficient
curve changed greatly. Elastic damage occurred, leading to a change in
the structure’s loading mechanism and a redistribution of the internal
forces, especially in the first and fourth stories. During the test case, with
the PGA ranging from 287.5 to 322 gal, the acceleration amplification
coefficient of the upper four stories decreased continuously, revealing a
gradual increase in damage to the upper four floors. After PGA = 460
gal, the acceleration amplification coefficient of the first story clearly
decreased, showing that the damage was concentrated on the first story.
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() Axis 2-3-A on the 1st story

(d) Axis 6-7-D on the 1st story
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(b) Axis 6-7-A on the 1st story
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(c) Axis 2-3-D on the 1st story

(f) Axis 6-7-D on the 2nd story

(i) Axis 6-7-D on the 5th story

(I) Axis 7-8-A on the 4th story

Fig. 11. Typical cracks after the test at PGA = 1426 gal in the RC-infill model.

Once again, the decrease in the acceleration amplification coefficient led
to a change in the structure’s loading mechanism. At PGA = 690 gal, the
first-story acceleration amplification coefficient approached that of the
previous test case. The acceleration amplification coefficient of the
second and fourth stories decreased substantially. With the PGA ranging
from 920 to 1426 gal, the shape of the acceleration amplification factor
was basically similar, indicating that the damage level of the RCB-infill
model increased gradually and the loading mechanism of the structure
remained unchanged.

4.4.2. Displacement responses

For each story, the maximum displacement envelope curves of the
RCB-infill model relative to that at the base are illustrated in Fig. 16. The
maximum displacement response under the El Centro wave was the most
violent when PGA = 80.5 gal (Fig. 16a). Clearly, the maximum

displacement occurred on the fourth story. The overall trend of the
structural displacement was that of a shear mode, which is basically
consistent with the first-order mode shape of the RCB-infill model. When
the PGA reached 115 gal (Fig. 16b), the maximum displacement
response occurred under the Taft wave, and the envelope curves of the
maximum displacements retained their shear type classification. As the
PGA increased, the maximum relevant displacements of each story also
increased gradually (Fig. 16¢ and Fig. 16d). Thus, the maximum dis-
placements occurred on the top story, and the curve shape of the dis-
placements always retained its shear-type status throughout the Taft
wave excitations.

Fig. 17 provides the maximum interstory drift angles of the RCB-infill
model. Clearly, the maximum interstory drift angles of the RCB-infill
model at PGA = 80.5 gal had the least impact, while the maximum
interstory drift angle on the third story under the El Centro wave was 1/
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Fig. 12. Crack maps of ultimate failure modes.
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803 (Fig. 17a), i.e., less than 1/550, defined as the elastic limit state for
RC frame structures [20]. Hence, only slight damage occurred on the RC
infills and the frame beams during this stage. After PGA = 115 gal, the
maximum interstory drift angle occurred on the first story under the Taft
wave at 1/639, which was less than the elastic limit state, and the dis-
tribution of the interstory drift was relatively uniform (Fig. 17b).

As the PGA of the Taft wave increased (Fig. 17c and d), the maximum
interstory drift angles in the RCB-infill model increased. At the same
time, the maximum interstory drift angle of the RCB-infill model
exceeded the elastic limit state at PGA = 161 gal, which occurred on the

10

second story as 1/428. When the PGA reached 230 gal, the interstory
drift angles of the first, fourth and fifth stories increased, and a weak
story began to appear on the first story. After a PGA of 287.5 gal, the
interstory drift angles of the RCB-infill model’s lower three stories
increased and those of the RCB-infill model’s second and third stories
were similar, indicating that the damage was concentrated in the lower
three stories of the RCB-infill model in this stage. The interstory drift
angles of the upper four stories were similar to that of the first story and
were more disturbed at PGA = 322 gal. As the PGA increased to 460 gal,
the interstory drift angles of the first story substantially increased. When
the PGA reached 920 gal, the maximum interstory drift angles of the
RCB-infill model exceeded the plastic drift limit of 1/50 recommended
for RC frames [20].

4.4.3. Story shear force

Fig. 18 shows that story shear forces of the RCB-infill model
increased from top to bottom, which is identical to a stepped distribution
in ordinary buildings during low amplitude excitations. The story shear
force increased with the PGA ranging from 80.5 to 920 gal, and the
increase in shear force in each story was relatively uniform. When the
PGA reached 1173 gal, the first and second story shear forces decreased
suddenly and to a smaller extent than that of the previous test case,
indicating that severe damage was concentrated on the first story, and
the story stiffness had decreased. The story shear force of the lower three
stories at PGA = 1426 was less than that of the lower three stories at
PGA = 1173, revealing that the damage degree of the structure was
further aggravated.
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4.4.4. Comparison of the two models

Fig. 19 depicts the maximum interstory drift angle of the RCB-infill
model and RC-infill model. Based on the Taft wave input at different
PGA levels, the maximum interstory drift angle in the upper four stories
of the RCB-infill model was noticeably less than that of the RC-infill
model during the all-inclusive tests, but the maximum interstory drift
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angle in the first story of the RCB-infill model was higher than that of the
RCB-infill model after a PGA of 400 gal. This shows that introducing the
RCIWMB can adequately limit the overall lateral deformation of the
frame structure; however, the disadvantage of this scheme is the ten-
dency to form a soft story mechanism in the bottom first story, and the
structural story ductility of the first story is poor, which indicates that

11
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Fig. 18. Maximum story shear force.

the proposed diagonal arrangement of the infill walls is expected to
produce more severe damage to the structure than the traditional
arrangement. The degree of structural damage on the RCB-infill model
gradually decreased from the bottom story to the top story. The RC infill
wall was not fully developed in seismic capacity on the upper stories but
was severely damaged on the bottom story. Hence, it is suggested that in
engineering practice, the RC infill wall thickness can be reduced on the
top stories and increased appropriately on the bottom to prevent the
weak layer from appearing.

Fig. 20 presents the measured base shear force as it relates to the top
story displacement curves (equivalent to a push-over curve) for the
entire process of the two models, which can reflect the bearing capacity.
The base shear force was the absolute peak shear force in the first story
of the two models (that of the RCB-infill model is shown in Fig. 18). The
results show that the bearing capacity of the RCB-infill model was
substantially higher than that of the RC-infill model as long as the top
story displacement was less than 40 mm. After the top story displace-
ment exceeded 40 mm, the bearing capacity of the RCB-infill model
decreased rapidly. To determine the yield point, we used the method
proposed by Park [33]; thus, the displacement corresponding to the 85%
peak load at the falling section of the skeleton curve was taken as the
ultimate displacement. The ductility coefficient was taken as the ratio
between the ultimate displacement (Au) and the yield displacement
(Ay). The yield displacement and the ultimate displacement of the RC-
infill model were 32.98 mm and 79.03 mm, respectively. The
displacement ductility of the RC-infill model was 2.39. The yield
displacement and the ultimate displacement of the RCB-infill model
were 15.8 mm and 52.37 mm, respectively. The displacement ductility
of the RCB-infill model was 3.31. These results show that the RCB-infill
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model has a good bearing capacity and good integral ductile behavior.

4.5. Seismic performance objectives analysis

Because the structural systems of the RCB-infill model and the RC
model differ in terms of interstory drift, the RC-infill model should adopt
the control index of the frame-shear wall structure. However, the RCB-
infill model should adopt the control index of the frame structure
because of the lack of changes in the structural system. Therefore, the
seismic performance of the RCB-infill model is only discussed in this
section.

To comprehensively understand the seismic performance of the RCB-
infill model, the capacity spectrum method is used. Fig. 21a and b depict
the comparison curves between the capacity spectrum and the corre-
sponding demand spectrum of the model fortified to meet the demand of
7-degree and 8-degree earthquakes [20], respectively. The spectral ac-
celerations and displacements were obtained from the displacement-
force curve shown in Fig. 19 according to the method suggested in
[34]. The damping coefficients of 7-degree and 8-degree earthquakes
were 18% and 20%, respectively. The calculation formula is expressed
as:

_ 0.637(aydy; — dyay;)
B dpidpi

& +0.05

(2)

where ay represents the spectral acceleration of the initial yield point; dy
represents the spectral displacement of the initial yield point; ap; rep-
resents the spectral acceleration of the corresponding loading point; and
dpi represents the spectral displacement of the corresponding loading
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point.
The capacity-demand spectrum curves of the 7-degree seismic

fortification are depicted in Fig. 21a as corresponding to the charac-
teristic response points of frequent earthquakes, which are far less than
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the spectral displacement and acceleration corresponding to 80.5-gal
excitations. Thus, the maximum interstory drift of the RCB-infill
model on the fourth floor was 1/823 at a PGA of 80.5 gal. The value
of the maximum interstory drift corresponding to the characteristic
response points of frequent earthquakes was much less than the elastic
limit drift of 1/550, which corresponded to the characteristic response
points of rare earthquakes. The RCB-infill model’s maximum interstory
drift value was slightly closer to the spectral acceleration and
displacement corresponding to the 287.5-gal excitations. The RCB-infill
model’s first-story maximum interstory drift was 1/220 at PGA = 287.5
gal; therefore, the value of the maximum interstory drift corresponding
to the characteristic response points of rare earthquakes was much less
than the plastic limit drift of 1/50. Based on these results, the seismic
retrofitting RC frames with the RCIWMB can meet the demand of 7-de-
gree fortification.

The capacity-demand spectrum curves of 8-degree seismic fortifica-
tion are depicted in Fig. 21b, corresponding to the characteristic
response points of frequent earthquakes. These response points are
slightly less than the spectral displacement. When responding to an
acceleration corresponding to 115-gal excitations, the maximum inter-
story drift of the first-story RCB-infill model was 1/639 at PGA = 115
gal; therefore, the value of the maximum interstory drift corresponding
to the characteristic response points of frequent earthquakes is much less
than the elastic limit drift of 1/550, which corresponds to the charac-
teristic response points of rare earthquakes. The maximum interstory
drift is slightly closer to the spectral acceleration and displacement
corresponding to 460-gal excitations. The maximum interstory drift of
the RCB-infill model was 1/97 in the first story at a PGA of 460 gal.
Therefore, the value of the maximum interstory drift corresponding to
the characteristic response points of rare earthquakes is much less than
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Fig. 21. Capacity-demand spectrum curves.

the plastic limit drift of 1/50. Based on these results, the seismic retro-
fitting of RC frames with the RCIWMB can meet the 8-degree fortifica-
tion demand.

4.6. Structural dynamic strain analysis

After the counterweight was loaded, the measured strain value from
strainmeters was recorded and then reset to zero before the test. Fig. 22
provides an overview of the time history responses of strains in the
frame columns by plotting the recorded strains at the bottom end of the
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columns. SL5 and SL12 represent the strains of ordinary columns not
adjacent to RC infill walls on the first and third stories, respectively. SL8
and SL10 represent the strain at the connected columns adjacent to RC
infill walls on the first and third stories, respectively. The strain values
increased as the PGAs ranged from 80.5 gal to 230 gal. Furthermore, the
connected column strain values were larger than those of the ordinary
frame columns on the same story. After the PGA reached 287.5 gal, the
residual strain began to occur at connected columns on the first story
and tended to be stable, indicating that the connected column was
damaged or destroyed. When the PGA reached 322 gal, the strain at the
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Fig. 22. Recorded time history responses of strains at the bottom end of columns.
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connected column of the first story had a sudden increase, indicating
that brittle failure had occurred. The strain of the ordinary columns still
fluctuated with the input ground motion. This chain of events starting
with the brittle failure of connected columns on the first story up to the
fluctuation of ordinary columns responding to the input ground motion
led to the RC infill walls adjacent frame columns also failing. During the
test case with PGAs ranging from 460 to 1426 gal, the strains at the
connected columns did not change because of shear failure; moreover,
the strain of the ordinary columns continued to fluctuate, indicating no
shear failure at the ordinary columns. Their failure was dominated by
flexural failure, which is consistent with the experimental phenomenon.

Some recorded strains at the bottom of the RC infill walls in the RCB-
infill model are demonstrated in Fig. 23. The strain of RC infill walls
increased with increasing PGA levels. In the low amplitude excitation
(PGA = 80.5-230 gal), the fourth-story strains (SL30) were higher than
those of the other stories. With PGAs ranging from 287.5 to 322 gal, the
fourth-story strains (SL28 and SL30) were higher than those of the other
stories. Before PGA = 322 gal, because the layout of RC walls in the third
and fourth stories was relatively concentrated, complex structure stress
resulted in large diagonal deformation on the fourth floor. The internal
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force redistributed with the growing damage. During the test case with
the PGA ranging from 460 to 690 gal, the third-story strain (SL24 and
SL27) increased sharply, and large residual deformation occurred; thus,
strain SL27 rapidly reached its maximum damage level and remained
unchanged at PGA = 690 gal, showing that the RC wall corners cracked
at this stage. When the PGA reached 920 gal, the strains (SL21, SL26 and
SL30) increased rapidly and remained unchanged, indicating that
several RC infill walls had been damaged or destroyed. With PGAs
ranging from 1173 to 1426 gal, the structure was ultimately destroyed as
strainmeters in the damaged part of the structure failed, with only the
fifth-story strains recorded as small. The strain levels of the third and
fourth stories were higher. The second-story strain level was lower, and
the fifth-floor strain level was the lowest. A comparative analysis of the
structure’s dynamic strain time history revealed that the structural stress
was relatively concentrated for densely distributed RC infill walls, which
resulted in large structural deformation.

4.7. Sa-Sd hysteresis of an equivalent single-degree-of-freedom system

For ease of applicability, the hysteretic response of the multistory
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Fig. 23. Recorded time-history responses of strains at the bottom of RC infill walls.
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specimen can be represented by equivalent single-degree of freedom
(ESDOF) systems. A straightforward procedure was used to transform
the multidegree-of-freedom system to an ESDOF system. ESDOF systems
can sufficiently represent the overall dynamic response of the first-mode
dominated actual structure [35]. The basics of the transformation pro-
cedure can be concisely expressed as:

Ef’:1111,-(p,»di(t)yl

3
Z?\,:lmiﬁoi}’l

Sd(t) =

_ Zﬁvzl Vi(t)@:Sa(t)r,

(C)]
Zf/:l mg;Sa(t)y,

Sa(1)

where Sq(t) is the spectral displacement; S,(t) is the spectral accelera-
tion; d;(t) is the structural displacement of a certain story; i is the number
of stories; ®; denotes the mode shapes of the first mode; y; is the first
mode participation factor; and V(t) is the story shear force.

Fig. 24 shows the variations in the first-order mode shapes of the
RCB-infill model under different levels of PGA. The variation in the
response characteristics of the RCB-infill model under different PGAs is
illustrated in Fig. 25. At a PGA of 80.5 gal, the total area value of the
hysteresis curve is considered an RD1 excitation accompanied by Taft
and El Centro excitations of 4.92, 15.45 and 9.49 (Il’lIIl~II1/52), respec-
tively. At a PGA of 115 gal, the total area value of the hysteresis curve is
considered an RD1 excitation accompanied by Taft and El Centro exci-
tations of 13.87, 31.34 and 11.5 (mm-m/s2), respectively. These data
revealed that the RCB-infill model consumed the most energy under Taft
excitation. The Sa-Sd hysteresis curves were distributed in a thin,
straight line, and the inclination of the curves remained similar at PGA
rates of 80.5 gal and 115 gal, indicating an elastic stage.

Fig. 26 shows variations in the RCB-infill model response charac-
teristics under different PGA levels of the Taft excitations. With PGAs
ranging from 80.5 to 287.5 gal, the area of the hysteresis curve increased
slowly. The inclination of the curve did not change substantially,
showing slight degradation of structural stiffness. With PGAs ranging
from 322 to 690 gal, the hysteresis curve area increased rapidly, and the
inclination of the curve changed substantially as the stiffness degrada-
tion advanced relatively quickly during this stage. At this point, the RCB-
infill model entered the elastic—plastic stage and consumed more energy.
During the test case with the PGA ranging from 920 to 1426 gal, the area
of the hysteresis curve first increased and then decreased. The peak area
occurred at a PGA of 1173 gal, which was 1.21e3 (mm-m/s2). Here, the
inclination of the curve demonstrably decreased, and the stiffness
degradation was severe. This demonstrated that the energy dissipation
capacity of the RCB-infill model reached its maximum capacity at PGA
= 1173 gal. After PGA = 1173 gal, the structural damage was

—— 50gal
5t —— 80. 5gal 5 — 322eal
—e 115gal —e— 460gal
161gal —* 690gal
4F = 230gal 4t 920gal
—a— 987 5gal 173gal
—o— 1426gal
23t o 31
= >
) [}
— —
2r 2r /
1t Ir
o s Lo 80 05 Lo
Mode Shape Mode Shape

(a) PGA = 50230 gal (b) PGA = 287.5-506 gal

Fig. 24. Variation of the first-order mode shapes.

16

Engineering Structures 233 (2021) 111911

aggravated, the energy dissipation capacity gradually decreased, and
the structure was on the verge of collapse.

5. Conclusions

In this study, the seismic behavior of RC frames retrofitted by RC
infill wall mega braces (RCIWMBs) was investigated using a 1/5-scale
shaking table test. In addition, the test results were compared with
those of a traditional RC infill wall retrofitted frame structure. The
following conclusions were drawn based on the following experimental
setups.

(1) The number of added RC infill walls was identical in both types of
frame structures. The RC wall frame was filled with staggered
diagonal RC-infill walls with mega braces (RCIWMBSs) placed in a
continuous arrangement connected to the frame members
through dowel bars all around its perimeter from the bottom
story to the top story, thereby providing higher lateral stiffness
than that of the traditional arrangement of the RC wall. The
bracing effect was obvious.
The addition of an RC infill wall using the traditional arrange-
ment changes the structural system. The mode shape curve and
the structural deformation characteristics changed from shear
type to bending-shear type; therefore, the deformation control
index of the frame-shear wall structure is sufficiently exemplary
for recommendation as part of the frame-RCIWMB retrofitted
wall setup because it does not change the structural system.
Furthermore, the mode shape curve and the structural deforma-
tion characteristics are still considered part of the shear type
frame-to-wall structure. The deformation control index of the
frame structure should be adopted after retrofitting.
Compared with traditional RC infill wall retrofitted frame struc-
tures, the frame structure retrofitted by RC infill wall mega braces
(RCIWMBs) played a large role in the increased integral lateral
bearing capacity, integral lateral stiffness, and integral ductility.
These findings suggest that the staggered diagonal continuous
arrangement of RCB-infill walls can greatly improve the integral
lateral stiffness, integral ductility, and integral bearing capacity
of a structure and limit the lateral deformation of the structure.
However, a poor structural story ductility of the first story can be
noticed, as the story drift ratios of the first story of the RCB-infill
model are substantially larger than those of the traditional model,
which indicates that the proposed diagonal arrangement of the
infill walls should produce more severe damage to the integral
structure than the traditional arrangement.

(4) When the frame structure is retrofitted by RC infill wall mega
braces, the damage is primarily concentrated in the RC infill
walls, while the damage to the original frame structural members
is light. Therefore, the RC infill wall mega braces can be used as
the first seismic line of defense to reduce the damage of the
original frame structure in earthquakes. Another benefit is that
RC infill wall mega braces are easy to repair and replace after
earthquakes.

(5) An analysis of the capability demand spectrum showed that the

seismic behavior of the frame structure retrofitted by RC infill

wall mega braces can meet the demand of 7-degree and 8-degree
fortifications, according to the Chinese seismic code.

The hysteretic response of the frame structure retrofitted by RC

infill wall mega braces was analyzed via the equivalent single

degree of freedom hysteretic Sa-Sd curve. Clearly, the inclination
of the curve under minor earthquakes is large, the elastic stiffness
is higher, and the energy consumption is less. Under moderate
earthquakes and major earthquakes, the area of the hysteretic
curve increased gradually, and more energy was consumed,
demonstrating the structure’s good energy dissipation capacity.
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Fig. 26. Sa-Sd hysteresis curves under different levels of PGA.

(7) Attention was focused on the damage concentrations on the third
and fourth stories with densely distributed RC walls and the first
story’s frame structure reinforcement supported by the RC infill
wall mega braces. To avoid nonductile failures of the connected
frame columns and the formation of soft story mechanics, two
recommendations were given: (1) The ductility of the column can
be improved by increasing the cross-section of the connected
frame columns or strengthening with FRP material, and (2)
setting the stiffness of each layer allows a reasonable change to
the magnitude of the seismic force and prevents the weak layer
from appearing. This also occurs when adjusting the thickness of
the added RC infill walls from the top layer to the bottom layer.
Plans for a deeper study are being made to optimize this tech-
nique in ongoing research.
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