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Abstract—A total of three reinforced concrete bare frames
infilled with brick walls were cyclically tested in this study.
Each frame was infilled with a different shape of brick wall.
A cyclically loading test was conducted for each specimen so
that the hysteretic behaviors as well as the evolution of the
failure mode of each specimen can be revealed, especially
for the different shape of the infilled brick wall. In fact, the
hysteretic behaviors of each specimen can be disclosed by
examining the variations of the hysteretic loops of lateral
forces-lateral displacement relationships while the evolution
of the failure mode of each specimen can be manifested from
the test procedure. There was no short column failure of the
side column for each specimen although it was constrained
by the infilled brick wall. It is affirmed that the stair-step
crack pattern is generally consistent with the diagonal force
transfer mechanism of brick walls.

Keywords—reinforced concrete frame, opening brick wall,
infilled brick wall, diagonal force transfer mechanism, cyclic
loading test

I.  INTRODUCTION

Three shapes of brick walls are very often experienced
in reinforced concrete frames infilled with brick walls in
Taiwan [1-5]. One is a reinforced concrete frame infilled
with a full brick wall, where each side of the brick wall is
constrained and the other is a reinforced concrete frame
infilled with an opening brick wall, where a door is next
to the column. Clearly, only three sides of the brick wall
are constrained. A reinforced concrete frame infilled with
a top opening brick wall is the third shape and it is a very
common design for a rest room in Taiwan area since it
can give natural lighting and ventilation the movement of
fresh air. Notice that some other shapes of infilled brick
walls can still be found in the existing reinforced concrete
structures. Some reinforced concrete frames infilled with
specific shapes of brick walls, such as a top opening brick
wall and a full brick wall have been cyclically loading
tested [2, 4]. However, these tests are very rare. Besides,
there exist no related papers or reports in the literature for
other shapes of infilled brick walls for reference purpose.
Hence, it becomes a difficult job for practical engineers
to conduct a pushover analysis for the seismic evaluation
of existing structures with these shapes of infilled brick
walls. Therefore, it is useful to conduct cyclically loading
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tests of reinforced concrete frames infilled with some
specific shapes of brick walls [6].

Three identical reinforced concrete frames infilled with
three different shapes of brick walls were fabricated and
then a series of cyclically loading tests were performed in
this experimental study. It is important to look into the
evolution of the failure mode of each specimen during the
test. Besides, the hysteretic behaviors of each specimen
can be revealed by examining its hysteretic loops. Finally,
it is important to identify the mechanism of the diagonal
force transfer so that a properly compressive bracing can
be applied to mimic each brick wall and then a pushover
analysis of reinforced concrete frame with these shapes of
brick walls can be reliably conducted [7-12].
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Figure 1. Design details for RC frames.

Il.  FABRICATION OF SPECIMENS

Three reinforced concrete frames with three different
shapes of brick walls were fabricated for the cyclically
loading tests. Fig. 1 shows the design details of the three
identical reinforced concrete bare frames. The total height
of the frame is 396cm and net height of the columns is
280cm. The cross section of the column is 40x40cm and
that for the beam is 50x55cm. Notice that the adoption
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Figure 2. Three RC frames infilled with different types of brick walls

(c) Specimen S3

for S1, S2 and S3.
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of a large cross section of the beam is intended to mimic
a rigid beam so that each side column can have a double
curvature bending. The three different shapes of infilled
brick walls can be manifested from Fig. 2, where S1, S2
and S3 are introduced to represent the three specimens of
reinforced concrete frames infilled with shape 1, shape 2
and shape 3 brick wall, respectively. The brick bonding
pattern of the Flemish bond was adopted for each infilled
brick wall. It should be mentioned that the bricklaying
method as shown in each plot of Fig. 2 does not denote
the realistic brick bonding pattern of each specimen and it
is just used to simply illustrate the shape of the opening
of each brick wall.

The material property of reinforcing bars for #4 steel

rebar is 2800kgf/cm? kgf / cm?® while for #8 steel rebar is
4200 kgf / cm?® for the yielding design strength. Besides,
the compressive design strength of the concrete is chosen
as 280 kgf / cm? . On the other hand, it was experimental
obtained that the yielding strength for #4 steel rebar is
3310 kgf / cm? while for #8 steel rebar is 4950 kgf / cm? .
In addition, the compressive test strength of the concrete
is found to be 326 kgf / cm” .

.....

Figure 3. Test setup.

I1l.  TEST SETUP

As is shown in Fig. 3, a fabricated reinforced concrete
frame infilled with brick walls was fixed into a strong
steel frame by connecting its foundation to a strong floor.
Two hydraulic actuators were installed at the both sides
of the frame for lateral loading of the frame at the beam’s
mid-height. Besides, two load cells were used to measure
the applied lateral loads to the steel frames and the lateral
displacement of the steel frame was measured by a Linear
Variable Differential Transformer (LVDT) at the mid-
height of the top beam of the steel frame [13, 14]. Each
specimen was subjected to a quasi-static cyclically
loading that was recommended by FEMA 461 [15]. The
loading sequence as shown in Fig. 4 is composed of a
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series of repeated cycles that have the characteristic of
step-wise increasing deformation amplitudes. According
to FEMA 46, the number of steps for cyclic loading tests
in the loading sequences should be ten or more, and two
cycles must be conducted at each step.
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Figure 4. Applied loading sequences.

IV. CycLIC LOADING TEST

A series of cyclic loading tests were performed for S1,
S2 and S3. In addition to obtaining the hysteretic loop for
each specimen, the evolution of the different failure mode
of each shape of infilled brick wall will be also addressed.

A. S1 Specimen

The development of crack pattern of S1 is shown in
Fig. 5. Only very small horizontal flexural tensile cracks
appeared at the top of columns at the inter-story drift ratio
of 0.25%. Notice that there was no crack in the brick wall
at this inter-story drift ratio. As the inter-story drift ratio
reached 0.50%, an inclined crack was initated at the left-
bottom corner of the brick wall and it propagated upward
and rightward gradually to about half-width of the brick
wall. Subsequently, this crack became a bed-joint sliding
opening when it propagated to the right brick wall. At the
inter-story drift ratio of 1.00%, the width of the first crack
increased significantly. Besides, a new inclined crack was
found right above the first crack. Evidently, two diagonal
cracks of the brick wall were formated and intersected at
the center of the brick wall as the inter-story drift ratio of
1.50% was reached. Therefore, the diagonal force transfer
mechanism was clearly established. Some splitting cracks
and crushed bricks were found around the four corners of
the brick wall.

As the lateral displacement increased, multiple inclined
diagonal cracks of the brick wall were found. In addition,
more splitting cracks and crushed bricks were visible near
the four corners of the brick wall, as the inter-story drift
ratio of 2.50% was imposed. In this drift ratio, the infilled
brick wall reached its maximum lateral strength. After the
maximum lateral strength was achieved, cracks continued
to grow and expand along the main path of the stair-step
cracking, and new cracks were also developed in intact
sections of the brick wall until a large quantity of bricks
were crushed and disintegrated as the inter-story drift

ratio of 3.00% was reached. As a result, the brick wall
was collapsed as shown in Fig. 5(e).

It is manifested from Fig. 5(c) that the mechanism of
diagonal force transfer was clearly formatted in the brick
wall. Hence, it seems appropriate to adopt a compressive
bracing to mimic an infilled brick wall under compressive
loading as indicated in Fig. 5(c).

£
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Inter-sory drift ratio of 2.50%
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Figure 5. Development of crack pattern of S1.

B. S2 Specimen

Fig. 6. shows the development of crack pattern of S2.
It is seen that there was almost no crack in the brick wall
before the inter-story drift ratio of 0.50%. An inclined
stair-step crack was initated from the left-bottom corner
of the top brick wall and then it propagated upward and
rightward to the bottom of the beam as the inter-story
drift ratio was 0.50%. A new inclined stair-step crack was
found and almost parallel to the first inclined stair-step
crack at the inter-story drift ratio of 0.75%. Both inclined
stair-step cracks continued to growth and more splitting
cracks occurred in the central area of the top brick wall as
inter-story drift ratio reached 1.00% as shown in Fig. 5(b).

At the inter-story drift ratio of 2.00%, splitting cracks
continued to grow in the top brick wall and an inclined
stair-step crack was initiated from the left-bottom corner
and it propagated rightward and upward gradually. It is
seen in Fig. 5(d) for the inter-story drift ratio of 3.00%,
the width of the two inclined stair-step crack increased
and vertical cracks were also found in the right part of the
top brick wall. A new inclined stair-step crack was found
in the bottom brick wall. The maximum lateral strength
of S2 was reached at this drift ratio. At the inter-story

drift ratio of 5.00%, some bricks near to each side column
for both top and bottom brick walls were crushed.

It is evident that the top brick wall experienced more
severe damage in contrast to the bottom brick wall. It is
also found that the crack pattern of the top brick wall is
also different from that of the bottom brick wall. It seems
that either top or bottom brick wall can be simulated by
two diagonal bracings as shown in Fig. 5(c).
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Figure 6. Development of crack pattern of S2.

C. S3 Specimen

Both the development of crack pattern and evolution of
failure of S3 are plotted in Fig. 7. For the convenience of
the subsequent discussions of S3, the L-shape brick wall
is divided into a top brick wall and a bottom brick wall by
a red line as shown in Fig. 7(a). At the inter-story drift
ratio of 0.50%, there was an inclined stair-step crack from
the left-bottom to right-top of the top brick wall. Besides,
a horizontal crack was discovered in the mid-height of the
bottom brick wall and it propagated to the right-bottom of
the brick wall as shown in Fig. 7(a). At the inter-story
drift ratio of 1.00%, the inclined stair-step crack grew and
expanded. Some splitting cracks were found in the left-
bottom of the top brick wall in addition to some crushed
bricks. It is evident that the mechanism of the diagonal
force transfer was formatted for the top brick wall. The
stair-step cracking in the bottom brick wall also became
more significant.

In Fig. 7(c), the cracking pattern implies that it seems
more appropriate to divide the L-shape brick wall into
two small brick walls by a vertical red line as shown in
this plot. Hence, one can find that a new inclined stair-
step crack started to gradually propagate from the left-top
to the right-bottom of the top brick wall at the inter-story
drift ratio of 1.50%. More splitting cracks and crushed
bricks was also found around the central area of the right
brick wall. In Fig. 7(e), at the inter-story drift ratio of
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2.50%, an inclined stair-step crack was clearly formatted
from the left-top to right-bottom of the right brick wall
while another inclined stair-step crack was formatted in
the middle part of the right brick wall and started form its
left-bottom to right-top. Thus, it seems that the diagonal
force transfer mechanism can be used to model both stair-
step cracking curves. In fact, a compressive bracing of
AB can be used to represent the diagonal force transfer
mechanism as a lateral force is loaded in a direction from
left to right while a compressive bracing of CD can be
used to denote the diagonal force transfer mechanism as a
lateral force is imposed upon S3 in a direction from right
to left.

i
©

Inter-story drift ratio of 1.50%
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(e) Inter-story drift ratio of 2.50%

Figure 7. Development of crack pattern of S3.

V. HYSTERESIS LOOPS OF LOAD—DISPLACEMENT
RELATIONSHIP

After conducting the cyclically loading testing of S1,
S2 and S3, the hysteretic loops of the force-displacement
relation for each specimen are plotted in Figs. 8-10 for
S1, S2 and S3, respectively. In this work, the lateral force
is the total force applied by the two actuators and the
lateral displacement the specimen is an average value of
the values measured from the two LVDTSs. Besides, in
each figure, the yielding point, maximum lateral force
point and ultimate lateral force point were marked, where
the ultimate lateral force was taken to be the 80% of the
maximum lateral force [16-22]. In this study, an average
value is generally calculated from the two values in the

push and pull directions, such as &, =(5, +96,)/2. In

addition, as can be seen in Figs. 8 to 10, the major
resistant brick wall of each specimen was destroyed while
the two side columns can still remain stable at the end of
the test. It seems that the yielding point as shown in Figs.
8-10 for S1 to S3 generally occurred as the major
resistant brick wall was severely destroyed for each
specimen.
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A. S1 Specimen
An average yielding displacement of &, =26.97 mm

with an average lateral yielding strength of 465.94 kN
can be found from Fig. 8. Besides, an average maximum
lateral strength of 579.83 kN is also found. Meanwhile,
an average ultimate lateral strength is 449.22 kN and its
corresponding average ultimate displacement is found to
be 5, =137.75 mm. As a result, the ductility of S1 is of

8,15, =511.
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Figure 8. Force-displacement hysteretic loops for S1.
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Figure 9. Force-displacement hysteretic loops for S2.

B. S2 Specimen

It is manifested from Fig. 9 that the average yielding
displacement is 6, =53.74 mm and the average lateral

yielding force is 540.83 kN. An average maximum lateral
force is found to be 597.32 kN and the average ultimate
lateral force is 458.90 kN. Besides, the average ultimate
displacement is found to be &, =176.02 mm. Hence, the

ductility of S2 can be computed by &, /5, and is found to
be 3.28.
C. S3 Specimen

An average yielding displacement of 5, =30.79 mm is

found for S3 in Fig. 10 and an average corresponding
lateral yielding force is 460.70 kN. It is also revealed by
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this figure that the average maximum lateral force is
567.13 kN and an average ultimate lateral force of 430.61
kN is identified. Thus, an average corresponding ultimate
displacement is found to be &, =153.01 mm. As a result,

one can have the ductility of o, /5, =4.97..
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Figure 10. Force-displacement hysteretic loops for S3.

D. Comparison

It is of interest to compare the hysteretic behaviors of
S1, S2 and S3. For this purpose, the important values of
the test results of each specimen are abstracted and listed
in Table I. Besides, the capacity curve of each specimen
is summarized in Fig. 11 and the lateral stiffness of each
hysteretic loop is also calculated and the variation of this
calculated lateral stiffness with its corresponding lateral
displacement is plotted in Fig. 12.

TABLE I. COMPARISON OF HYSTERETIC BEHAVIORS FOR S1, S2 AND S3

Yielding |Yielding IMaXI Ult lateral | ult |
specimendisplacementstrength| 22! Idisplacement 13tral | =515,

: strength . strength

6, (mm) (kN) &, (mm)

(kN) (kN)
S1 26.97 465.94 | 579.83 137.75 [449.22| 5.11
S2 53.74 540.83 | 597.32| 176.02 [458.90| 3.28
S3 30.79 460.70 | 567.13| 153.01 |430.61| 4.97

It is evident that the applied lateral force was resisted
by the two side columns and infilled brick walls. Since a
relatively large cross section was designed for the two
side columns, the infilled brick walls were failed before
the two columns. As a consequence, the hysteretic loops
look similar to each other as demonstrated in Figs. 8-10.
However, differences are still found due to the infill of
the different shapes of brick walls. Evidently, the shape
of two horizontal brick walls of S2 can possess the largest
capacity to resist the lateral force while the L-shape brick
wall of S3 has the smallest capacity. This is manifested
from Table | and Fig. 11. It is also disclosed by Fig. 11
that the shape of two horizontal brick walls for S2 also
leads to a better performance under cyclic loading test in
contrast to the other two specimens. On the other hand, it
is disclosed by Fig. 12 that S1 can have the largest initial
lateral stiffness while S2 has the smallest initial lateral
stiffness. This might be because that both S1 and S3 were
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infilled with the brick wall that is from the bottom to top
of the reinforced concrete frame although it is an opening
brick wall. It is also found that all the specimens all result
in almost the same lateral stiffness after the failure of the
infilled brick walls. In fact, after the failure of the infilled
brick walls, the lateral force is generally resisted by the
bare frame for each specimen.
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Figure 12. Variation of lateral stiffness with lateral displacement for S1,
S2 and S3.

VI.

In this experimental study, a total of three reinforced
concrete bare frames infilled with three different shapes
of brick walls were cyclically tested. The evolution of the
failure mode of each specimen can be manifested from
the cyclically loading test. In addition, the stair-step
cracking of each brick wall can reveal the mechanism of
diagonal force transfer and thus it can be appropriately
simulated by a compressive bracing. It is evident that two
diagonal force transfer mechanisms were formatted for
S1 in the two diagonal directions of the infilled brick wall.
Similar phenomena are also found for the top and bottom
infilled brick walls of S2. Unlike the phenomena found
for S1 and S2, although there were diagonal force transfer
mechanisms for S3 in the two diagonal directions of the
right infilled brick wall, one is from the left-top corner to
the right-bottom corner in the right brick wall while the
other is clearly formatted in the middle part of the right
brick wall from the left-bottom corner to right-top corner.

CONCLUSIONS
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To further substantiate that the use of a compressive
bracing to simulate a diagonal force transfer mechanism
for an infilled brick wall can lead to an accurate pushover
analysis, a pushover analysis of each specimen is under
investigation and the calculated capacity curve will be
further compared to the cyclic loading test result so that
the correctness of the analysis can be justified. All the
analytical results of this study will be published later and
somewhere.
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