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The interaction between the infill walls and the reinforced concrete (RC) frame members in the progres-
sive collapse process was examined experimentally in this study. Two 1/3 scaled, four-bay, two-story RC
frame specimens, one of which was featured without infill walls while the other with infill walls, were
tested. The frame specimens were designed in such a way that the center column of the first story
was missing, in order to simulate the failure of the structural component due to abnormal loads or design
flaws. The frame specimens were quasi-statically pushed downward at the top of center column under
displacement control to investigate the progressive collapse mechanism of the RC frames, with a focus
on the effects of infill walls. Specifically, the physical quantities and phenomena of great interest in this
study include the collapse resistance force and mechanism, strain variation and crack development in
structural components, and local and global failure modes of the frames. The test results showed that
the infill walls can provide alternative load paths for transferring the loads originally only supported
by the beams, and thus, improve the collapse resistance capacity of the RC frame. The infill walls, how-
ever, may reduce the ductility of the RC frame and may change the failure mode of the frame. It is con-
cluded that the infill walls may affect (i.e., either improve or impair) the performance of RC frames
against progressive collapse in different aspects.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In present design practice, the structural members of buildings
normally are proportioned according to the strength and displace-
ment demands imposed on the structures when the structures are
subjected to various load combinations (known as the limit states),
considering the regular dead loads and live loads such as the grav-
itational load, seismic load, and wind load, etc. However, when the
exceptionally large-magnitude, unpredicted loads are applied to a
certain portion of these kinds of code-conforming buildings, pro-
gressive collapse may still occur. Progressive collapse is the phe-
nomenon of disproportionate damage to structures, initiated by
the loss of local members which can be induced by abnormal loads,
design flaws or malevolent events. Famous progressive collapse
events includes the collapse of Ronan Point building in 1968 due
to gas explosion and the collapses of Murrah Federal Building
and World Trade Center in 1995 and 2001, respectively, owing to
the terrorist attack [1]. It is generally recognized that the main
resisting mechanism with respect to progressive collapse of frame
structures include flexural action [2], compressive arch action and
catenary action [3,4]. Flexural action is the resistance forces pro-
vided by flexural resistance of frame members. Compressive arch
action refer to the compressive arch formed in beams due to the
restraint of surrounding columns. Catenary action is the vertical
resistance mobilized by axial tension force developed in beams
at large displacements. Despite the fact that infill walls are com-
monly considered as non-structural members, it is well known that
the infill walls behave as struts (often used in numerical models for
seismic analysis) in frame structures and may have non-negligible
effects on a structure’s resistance capacity against various failure
modes. Nonetheless, although many experimental and numerical
studies on progressive collapse of RC frame structures [5–14] have
been performed, very few of them have taken the interaction
between the infill walls and the framemembers into consideration.

Tsai and Huang [15,16] numerically investigated the progres-
sive collapse of RC frames, and examined the effects of infill walls
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on the structure’s resistance capacities against progressive col-
lapse. Their study showed that the effects largely depend on the
walls’ dimensions as well as their locations. They also reported that
the structure’s collapse resistance capacity is only slightly influ-
enced by the infill walls, as the infill walls normally demonstrate
a brittle force–displacement relationship that fails at relatively
small ductility level whereas collapse of structure is a process
involving exceptionally large deformation. In addition, Tsai and
Huang [17] investigated the progressive collapse of RC frames with
three different types of infill walls. Sasani [18] and Sasani and
Sagiroglu [19] also conducted an experimental program to study
this issue. In their test, they removed two adjacent columns
located at the first story of an actual three dimensional, multiple
spans, infilled RC frame. They showed that the Vierendeel frame
action, which depicts the load redistribution following the local
failure of a certain structural members, is the major collapse resist-
ing mechanism and that the infill walls can reduce the structural
deformation after the removal of columns. Nonetheless, owing to
the robustness of their test frame, the structural deformation was
so small that the final progressive collapse resistance capacity and
damage pattern were unable to identify. In addition to the afore-
mentioned studies on the effects of infill walls on RC frame struc-
tures, recently, similar investigations on steel frame structures
with infill walls have also been executed [20–23].

All of the existing experimental studies, however, have
included a complete actual frame, rather than starting with the
relatively simple sub-structure (e.g., two dimensional planar
frame) that consists of only the basic structural elements includ-
ing the beams, columns and infill walls. Since in those studies
(i.e., actual frame tests), multiple factors may affect the overall
performance of the structures, it is difficult to distinguish the
influences of infill walls from the influences of the other factors
on the structural response. Therefore, the load transfer and redis-
tribution between the frame members and the infill walls may
not be effectively studied or understood in those kinds of exper-
imental programs. To eliminate the disturbances caused by the
other irrelevant factors, recently, Stinger and Orton [2] experi-
mentally studied the effects of infill walls using a 1/3 scaled RC
frame sub-structure specimen. Nevertheless, because the percent-
age of opening in the infill wall was too high (that is, the height
of infill wall in their specimens was merely approximately 1/3
times that of the column), the effects of the infill walls require
deeper investigations with a specific focus on different parame-
ters, such as the other opening percentage over the infill panel
area.

In a quick summary, at the present time, the laboratory exper-
iments in the literature provide very limited data for determining
the failure mechanism of structural progressive collapse and for
verifying the results of numerical simulation methods for infilled
RC frame structures. This study aims to experimentally evaluate
the resistance capacities of two four-bay, two-story RC frame spec-
imens, featured without and with the infill walls, against progres-
sive collapse and to study the role that the infill walls played in the
progressive failure process of the RC frames.
2. Experimental procedure

3-D frame model is widely used to address three dimensional
effects such as the contribution of slabs [24,25], whereas 2-D frame
model may yield conservative results if these effects are not
accounted for. However, as the behaviors of infill walls mainly
relate to the planer frames response with respect to progressive
collapse, 2-D frame specimens are recognized accurate to repre-
sent the effects of infill walls and adopted in this study.
2.1. Specimen design

The test prototype frames were designed following the Chinese
building codes [26,27], representing the typical RC frame structure
in China. The first and the second stories of the prototype frame
were 4.2 m and 3.3 m high, respectively. The center-to-center dis-
tance between adjacent columns was 5.1 m. The test frame speci-
mens were 1/3 scaled, four-bay, two-story planar frames.

The geometry and reinforcement details of the two test speci-
mens are given in Fig. 1. The design of the beams and columns in
the two test specimens was identical. The difference between the
two specimens was that in the first specimen there were no infill
walls, while in the second the frame was infilled with walls with
openings reserved for normal size windows. The left hand side
(bays A and B) of Fig. 1 illustrates the geometry of the bare frame;
that of the infilled frame is displayed on the right hand side (bays C
and D). The center column in the first story was not presented in
the structural design, to simulate the scenario of removal of col-
umn from the system due to accidental loads. Stirrups had 135
degree end hooks. Stirrups with a diameter of 4 mm were used
in the end regions of the beams (within 250 mm measured from
the beam end) at the spacing of 33 mm and in the middle regions
of beams at the spacing of 67 mm. Stirrups with a diameter of
4 mm were used in the first story, at the spacing of 33 mm in the
bottom regions of columns (within 450 mm measured from the
column end) and 50 mm in other regions. The 8 mm (in diameter)
stirrups at the spacing of 60 mm were used in the foundation
beams. To improve the connectivity of the infill walls to the frame
members, the 2 mm (in diameter) tie rebars with length 273 mm
or 341 mm were used to tie the infill walls to the columns in the
second story for the infilled frame [28]. The dimension of the
masonry blocks were 130 mm � 63.5 mm � 63.5 mm. The average
thicknesses of the horizontal and the vertical mortar joints were
8.9 mm and 5.8 mm, respectively. To mimic the practical construc-
tion sequence and schedule, the specimens were cast at three dif-
ferent times, for construction of the foundation, first story and
second story, respectively. All of the beams and columns had a
clear concrete cover of 15 mm. The material properties of the con-
crete, infill walls and rebars are given in Table 1.
2.2. Test setup

If a column is suddenly removed from a RC frame structure as a
consequence of an accidental load, the beam–column join at the
top will start to move downward. In this test program, the progres-
sive collapse scenario was simulated by applying quasi-static load-
ing on the center column of each specimen. Fig. 2 shows the
loading and measuring systems of the test. A hydraulic jack was
placed at the top of the center column to apply a vertical load,
enforcing the downward displacement at the joint. A hand jack,
placed at the bottom of the center column, was unloaded step by
step to perform the test under displacement control. The loading
method is equivalent to the well-known local push-down analyses
[3]. As the test specimens were two directional planar frames, to
prevent the undesired out-of-plane deformation and failure, two
horizontal collar devices, each of which consisted of a pair of rollers
installed on the lateral braces and arranged in the opposite direc-
tions out of the plane of frame specimen, were attached to both
sides of the center column to prevent out-of-plane displacement.
Similarly, four vertical collar devices installed on the lateral braces
were attached to the two sides of the adjacent (to the center col-
umn) and external columns. There were 5 mm gaps left intention-
ally between the rollers and the column surfaces at the initial
stage, to avoid unwanted frictional forces acting on the columns
in the early stages of the tests.
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Fig. 1. Design details of test frame specimens (Bays A and B illustrate the case without infill walls; Bay C illustrates tie rebars between columns and infill walls; and bay D
illustrates the case with infill walls. Unit: mm).

Table 1
Material properties of the specimens.

Concrete Compressive strength Foundation: 35.8 MPa
First story: 41.3 MPa
Second story: 31.8 MPa

Masonry Compressive strength 22.6 MPa

Mortar Compressive strength 18.3 MPa

Masonry unit
(combination of
masonry and mortar)

Compressive strength 12.8 MPa

Shear strength 1.08 MPa

18 mm diameter rebar Yield strength 338 MPa
Ultimate strength 487 MPa
Strain at fracture 0.19

8 mm diameter rebar Yield strength 415 MPa
Ultimate strength 588 MPa
Strain at fracture 0.18

4 mm diameter stirrup Yield strength 235 MPa
Ultimate strength 322 MPa
Strain at fracture 0.31

2 mm diameter tie rebar Yield strength 339 MPa
Ultimate strength 395 MPa
Strain at fracture 0.28
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As shown in Fig. 3, the instrumentation of the test frame spec-
imens included two load cells, installed above and below the cen-
ter column, to measure the applied vertical load. The difference
between the forces acting at the top and bottom load cells repre-
sents the external vertical load applied on the beam–column joint.
This force is equal to the resistance force provided by the test spec-
imen against progressive collapse, i.e., the resistance force comes
from the center column. Two vertical linear variable differential
transformers (LVDTs) and two relative displacement meters were
installed above the center column to measure the vertical displace-
ment of the center column. Horizontal LVDTs were placed at each
joint of the specimens to measure the horizontal movements of the
adjacent and external columns. Strain gages attached to the rebars
were installed at the two ends and mid-span of beam BC1 and at
the bottom of column CD1.
3. Experimental results and discussion

The experimental results and observation of the two specimens
are demonstrated with resistance and displacement, crack devel-
opment and rebar fracture, and strain variation in this section. It
shows that the progressive collapse process can be classified into
three primary stages for both specimens, including initial stage,
compressive stage, and catenary stage. As illustrated in Fig. 4, sec-
tion OA refers to the initial stage characterized with basically elas-
tic behaviors. Section AB can be considered as compressive stage,
in which the bars yielding and formation of plastic hinge at the
end of the deformed region of beams. According to theoretical pre-
diction [5], the yield moment of the beams of the test specimens is
4.36 kN m, corresponding to the resistance force of the bare frame
23.25 kN. The compressive arch action contributes to the resis-
tance in this stage. Section BC is the catenary stage, featured by
the catenary action forms in beams. It starts as the strain in the
bars at the original compressive region in the beams switched from
compression to tension [5]. It is interesting to note that around the
starting point of the catenary stage (point B), the surrounding col-
umns changed their movements from outward to inward and
moved back to their initial positions (with a horizontal displace-
ment of 0 mm). This stage starts at the vertical displacement of
center column of 204.5 mm for the bare frame and 215.5 mm for
the infilled frame. The infill walls contribute to the resistance of
the infilled frame throughout the three stages.
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3.1. Resistance and displacement

3.1.1. Bare frame
Fig. 4 shows the resistance force versus the vertical displacement

of the center column for the bare frame. At the vertical displacement
of 85.4 mm, the resistance force achieved its maximum value of
33.2 kN in the compressive stage, then gradually decreased to
31.2 kN until the end of the compressive stage (the vertical
displacement of 204.5 mm). Thereafter, because of the development
of catenary action in the damaged structure, the resistance force
increased again in the catenary stage until the end of test, in spite
of several drops in its magnitude due to rebar fractures. The test
ended when the center column attained the vertical displacement
of 417.7 mm. Fig. 5 shows the horizontal displacements of joints at
the adjacent andexternal columns (see Fig. 3, the locationsof LVDTs)
versus the vertical displacement of the center column. According to
the recorded data as reported in Fig. 5, when the vertical displace-
ment increased in the initial stage and compressive stage, the adja-
cent and the external joints firstlymoved outward (i.e., horizontally
away from the center column) and achieved their maximum values
of approximately 3.8 mm at the vertical displacement of 106.6 mm.
Next, these joints moved back to their initial positions (with a hori-
zontal displacement of 0 mm) at the vertical displacements of
approximately 204.5 mm. Thereafter, the joints continued to move
inward until the end of test in the catenary stage. In the initial stage
and compressive stage, the horizontal displacements of joints at the
first and second storieswere almost the same; in the catenary stage,
the horizontal displacements of joints at the second story gradually
exceeded those at the first story. At the end of the test, the average
inward displacement of joints at the first story and the second story
was 20.8 mm and 35.1 mm, respectively, and the latter was about
1.69 times the former.
3.1.2. Infilled frame
Fig. 4 also shows the resistance force versus the vertical dis-

placement of the center column for the infilled frame. From the
vertical displacement of 12.8 mm to 14.9 mm, a drop in resistance
force was occurred because of the cracks in the infill walls. It
should be note that 14.9 mm is also assigned to the end of the ini-
tial stage for both of the frame specimens, because as for the bare
frame, the vertical displacement about 14.9 mm corresponds to the
formation of plastic hinges in beams by theoretical prediction. At
the vertical displacement of 67.5 mm, the resistance force achieved
its maximum value of 52.2 kN, then gradually decreased to 41.1 kN
until the vertical displacement reached 224.5 mm. After that point,
the resistance force dropped several times due to rebar fractures
before it increased again owing to the catenary action. The test
ended at the vertical displacement of 467.7 mm. Fig. 6 shows the
horizontal displacements of joints at the adjacent and external
columns versus the vertical displacement of the center column.
Similar to the response of the bare frame, as the vertical displace-
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ment increased, the adjacent and external joints firstly moved out-
ward and achieved their maximum values of approximately
6.8 mm at the vertical displacement of 106.3 mm. Then, the joints
moved back to their initial positions (with a horizontal displace-
ment of 0 mm) at the vertical displacements of approximately
215.5 mm (the end of the compressive stage and the start of cate-
nary stage). Thereafter, the joints continued to move inward until
the end of test. In the compressive stage, the horizontal displace-
ments of joints at the first and second stories were almost the
same, but in the catenary stage, the horizontal displacements of
joints at the second story gradually exceeded those at the first
story. At the vertical displacement of 415.3 mm, approximately
at which point the test for the bare frame ended, the average
inward displacement of joints at the first story and second story
was 22.1 mm and 37.3 mm, respectively, and the latter was about
1.69 times the former. The maximum outward horizontal displace-
ments of the adjacent and external joints were observed to be
approximately 1.79 times those of the bare frame, whereas the
maximum inward horizontal displacements of joints were only
approximately 1.06 times those of the bare frame when compared
at the vertical displacement of 417.7 mm.

3.2. Crack development and rebar fracture

3.2.1. Bare frame
Fig. 7 shows the crack propagation observed at three stages of

the test. In the end of initial stage, (the vertical displacement of
14.9 mm), only three or four cracks emerged at the ends of beams
in bays B and C. At the maximum compressive stage (the vertical
displacement of 85.4 mm), the major cracks, which formed in
beams in bays B and C, further developed, but they still concen-
trated in regions near the beam ends. These cracks continued to
widen and extend until the end of the compressive stage. (the ver-
tical displacement of 204.5 mm). In the compressive stage, the
cracks in the beams were mainly caused by the bending moment,
which achieved their maximums at the beam end cross-sections. In
the catenary stage, due to the gradually increasing inward horizon-
tal displacements of joints, new cracks began to form in regions
near the beam ends in bays A and D. When the vertical displace-
ment reached 317.1 mm, old cracks continually widened and some
new cracks emerged and approached the middle of beams BB1 and
BC1. After the vertical displacement reached 317.1 mm, rebars
began to fracture. The two rebars in the top of left end of beam
BB2 fractured at the vertical displacements of 317.1 mm and
346.3 mm, respectively, resulting in the two sharp drops in the
resistance force as shown in Fig. 4. Both rebars in the top of right
end of beam BC2 fractured at the vertical displacement of
354.4 mm. Since the fractures in the rebars in beams BB2 and
BC2 had released the tensile forces in these beams, few new cracks
formed in beams BB2 and BC2 throughout the remaining of the
test. The two rebars in the bottom of left end of beam BC1 fractured
at the vertical displacements of 354.4 mm and 359.0 mm, respec-
tively. Due to the catenary action and the relative displacement
between the joints at the first and the second stories, bays A and
D had a horizontal deformation. The cracks in the beams in bays
A and D at the vertical displacement of 417.7 mm, the end of the



(a) At the vertical displacement of 14.9 mm (maximum initial stage)

(b) At the vertical displacement of 85.4 mm (maximum compressive stage)
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Fig. 7. Crack developments of the bare frame in typical deformation states.
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Fig. 8. Cracks in bays A and D of the bare frame at the vertical displacement of 417.7 mm, the end of the test.
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test, are shown in Fig. 8. It is seen that there were only slight cracks
in those beams. The final failure mode of the bare frame at the end
of test is shown in Fig. 9, in which the damage was mostly concen-
trated in the beam ends in bays B and C, while the damage to
beams in bays A and D was slight.

3.2.2. Infilled frame
The existence of infill walls changed the crack formation pro-

cess. Compared with the bare frame, it is noticed that more cracks
formed in the beams in the initial stage of the test and there were
major cracks in the infill walls. In the end of initial stage, at a very
small vertical displacement of 14.9 mm, the major cracks in the
infill walls had already formed, and gradually widened in the later
stages. However, after the formation of the major cracks, only a few
secondary cracks gradually formed in the weak positions around
the major cracks in the infill walls with the increase of the vertical
displacement. Fig. 10 shows the major cracks formed in infill walls
and beams at the vertical displacement of 14.9 mm, 67.5 mm and
215.5 mm, corresponding to the end of the initial stage, maximum
compressive stage and maximum catenary stage. The cracks
divided the infill wall into four main parts around the opening,
which can be seen as four equivalent compressive struts bracing
in bays B and C. The cracks in the beams were concentrated in
the beam ends and in the regions near the corners of the openings.
At the vertical displacements of 235.3 mm, 241.9 mm, 245.0 mm,
and 267.3 mm, the rebars in the bottom of left end of beam BC2,
the top of right end of beam BC1, the bottom of right end of beam
BB2, and the bottom of right region of beam BB1 fractured, succes-



Fig. 9. Failure mode of the bare frame at the end of the test.
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sively. As the vertical displacements increasing from 329.7 mm to
357.9 mm, the rebars in the top of left end of beam BB1, the top of
left region of beam BB2, the top of right region of beam BC2, and
the bottom of left region of beam BC1 fractured, successively. At
the vertical displacement of 375.4 mm, one rebar in the top of left
region of beam BC1 fractured. The cracks in the infill walls and
(a) At the vertical displacement of 14

(b) At the vertical displacement of 67.5 

(c) At the vertical displacement of 215

Fig. 10. Crack developments of the infilled
beams in bays A and D at the vertical displacement of 415.3 mm,
approximately corresponding to the end of the test of bare frame,
are shown in Fig. 11. Unlike in the case of bare frame, in which the
beams were only slightly damaged, there were many cracks found
in the beams in bays A and D of this specimen. The difference of
adjacent bays deformations between the two frame specimens
are not too much during the catenary stage. On the other hand,
the stiffness of the infilled frame in bays A and D is much higher
due to the contribution of infill walls. Therefore, it can be con-
cluded that the internal forces in the beams in bays A and D of
the infilled frame are much higher than those of the bare frame,
hence more cracks are distributed in the beams of the infilled
frame. The final failure mode of the infilled frame at the end of
the test is shown in Fig. 12, the damage of which was very different
to that inflicted on the bare frame. The failure positions in the
beams were located at the ends of the beams in the diagonal com-
pression direction and nearby the corners of openings in the diag-
onal tensional direction.
3.3. Strain variation

3.3.1. Bare frame
Fig. 13a shows the strain variations of rebars in beam BC1 for

the bare frame. It is observed that the rebars in the bottom of left
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.5 mm (maximum catenary stage) 

frame in typical deformation states.
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Fig. 11. Cracks in bays A and D of the infilled frame at the vertical displacement of 415.3 mm, approximately the end of the test for the bare frame.

Fig. 12. Failure mode of the infilled frame at the end of the test.

-2000

0

2000

4000

6000

8000

10000

12000

14000
CBAO

Catenary
stageCompressive

stage

Initial stage

St
ra

in
 (μ

ε)

Vertical displacement (mm)

 Top left end
 Bottom left end
 Top of middle
Bottom of middle

 Top right end
 Bottom right end

Disable before the end of test
14.9 204.5

(a) Beam BC1 

0 100 200 300 400 500

0 100 200 300 400 500

-2000

-1000

0

1000

2000

3000

4000
CBAO

Catenary stage
Compressive
stage

Inital stage

St
ra

in
 (μ

ε)

Vertical displacement (mm)

 Left side
 Right side

Disable before the end of test
14.9 204.5

(b) Column CD1 

Fig. 13. Strains of rebars in beam and column for the bare frame.
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end of the beam and those in the top of right end of the beam were
in tension during the test. On the contrary, initially, the rebars in
the top of left end, bottom of right end and in the middle of beam
were in compression in the initial and compressive stages. When
the vertical displacement reached 204.5 mm (the beginning of
catenary stage), the strains in these rebars gradually changed from
compression to tension due to the development of catenary action.
After the vertical displacement of 346.3 mm, the stress in rebars in
the bottom of left end sharply dropped because of rebar fracture
processes. Meanwhile, the stress in rebars in the top of left end
considerably increased because the tension forces were transferred
from the fractured rebars to un-fractured ones. Fig. 13b shows the
strain variations of rebars in the bottom end of column CD1. It can
be observed that in compressive stage, the left side in the bottom
end of column CD1 was in tension and the right side was in com-
pression. In the catenary stage, the left side shifted into compres-
sion and the right side into tension. This reconfirmed the change
of direction of the joint’s movement from outward to inward dur-
ing the test.
3.3.2. Infilled frame
Fig. 14a shows the strain variations of the rebars in beam BC1

for the infilled frame. It is seen that the rebars in the bottom of
middle of beam were in tension during the test. The rebars in the
top of middle and bottom of right end changed from compression
into tension due to the occurrence of catenary action. Unlike the
strains in the bare frame, strains were concentrated in the right
part of beam BC1, and strains in the left end of beam BC1 were
small during the whole test. This proved that the load distribution
was changed in the infilled frame and the deformation of beam BC1
was concentrated in the right part due to the contribution of equiv-
alent compressive strut mechanism. The phenomena will be fur-
ther discussed in the later Section 3.4.2. Fig. 14b shows the strain
variations of the rebars in the bottom end of column CD1. It can
be observed that at the beginning of test, the left side in the bottom
end of CD1 was in tension and the right side was in compression.
Later, due to the catenary action, the left side shifted into compres-
sion and the right side into tension.
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Fig. 14. Strains of rebars in beam and column for the infilled frame.
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3.4. Failure mechanism

3.4.1. Bare frame
As previously mentioned, the progressive collapse process can

be classified into three stages, including the initial stage, compres-
sive stage and the catenary stage. In the compressive stage, the
compressive arch action is activated and contributes to the resis-
tance force. It is very easy to note that the length of the line con-
necting two diagonal corners of the beam exceeds the horizontal
length of the beam in the centroidal axis. When the center column
was pushed downward, the originally inclined diagonal line will
gradually move into the horizontal position. Consequently, the
adjacent and external joints will be pushed outward. As the out-
ward movement of the joints is restrained by the lateral stiffness
of the columns, the compressive arch action is triggered. Intu-
itively, the maximum resistant force value was expected at a ver-
tical displacement of 106.6 mm by when the joints attained their
maximum horizontal outward displacements. It was observed,
however, that the resistance force reached its maximum at the ver-
tical displacement of 85.4 mm, instead. This was because the ver-
tical components of the forces resulted from the compressive
arch action decreased, despite the compressive forces in beams
being kept increasing, as the originally inclined diagonal line
became horizontal as the vertical displacement varied from
85.4 mm to 106.6 mm. After the vertical displacement reached
106.6 mm, the compressive forces in beams started to decrease
because the diagonal line became inclined again from that moment
and the compressive arch action gradually transited into the cate-
nary action, as illustrated in Fig. 15.

The maximum horizontal outward displacements of joints
occurred at the vertical displacement of 106.6 mm, implying that
the direction of the compressive forces in beams was nearly hori-
zontal at this deformed configuration. Therefore, the compressive
arch action was unstable at this condition, and it was adverse to
the load resistance capacity of the joint when the vertical displace-
ment increased from 106.6 mm to 204.5 mm. The adverse effect
can be explained by the schematic diagram shown in Fig. 15.
Before the vertical displacement reached 204.5 mm, the beams
were always in compression and the joints always moved outward.
However, at the vertical displacement of 106.6 mm, the directions
of the vertical components of the compressive forces in the beams
began to shift from pointing upward to downward, which imposed
an additional load on the center column, implying the transition
from beneficial compressive arch action to the adverse compres-
sive action. These explain the gradually decrease in resistance force
as the vertical displacements increasing from 85.4 mm to
204.5 mm.

3.4.2. Infilled frame
As illustrated in Fig. 16, the infill walls in the bays bridging the

center column (i.e., bays B and C) can be seen as four equivalent
compressive struts, and each strut provided an alternative path
for load transfer. One portion of load on the center column trans-
ferred from beams BB2 and BC2 and then through struts 3 to adja-
cent bays, and another portion of load transferred from struts 4 and
then through beams BB1 and BC1 to adjacent bays. Load was trans-
ferred to the adjacent resisting elements thanks to the axial and
flexural stiffness of the beams, and to the compressive actions in
the struts. Because of the alternative load paths, unlike the bare
frame, relative small portion of load was transferred in the beams
at the region above the struts 3 and below the struts 4. These
explain the different failure modes and different strains develop-
ment in beam BC1 between the infilled frame and bare frame.
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The other portion of load on the center column was transferred
through struts 1 and 2 to the adjacent bays by the form of axial
compressive force. Because of the cracks development and the
change of direction of the struts 1 and 2, the effects of struts 1
and 2 reduced as the vertical displacement increased. These
explain the resistance force decreasing from the vertical displace-
ment of 67.5 mm to 224.5 mm.
3.5. Comparison of the two specimens

The progressive collapse processes of both the specimens before
the final failures demonstrated three loading stages. In the first
stage, the bending capacities of the beams provided the resistance
force; in the second stage, the bending capacities and compressive
arch action of the beams provided the resistance force; in the third
stage, the tensile forces of the rebars in the beams begin to provide
the resistance force, i.e., the catenary action. The infill walls served
as compressive struts and contributed to the resistance force
throughout the three stages. The joints moved outward horizon-
tally and then moved inward, and the joint displacements at the
second story gradually exceeded those at the first story as the ver-
tical displacement of the center column increased. The existence of
infill walls changed the rebar strain distribution in the beams, but
Table 2
Comparison of the test results.

Secant stiffness in
initial stage
(kN/mm)

Maximum resistance force
at compressive stage (kN)

Vertical dis
achieved ou
displaceme

Bare frame 1.57 (1.00) 33.2 (1.00) 106.6 (1.00
Infilled frame 2.55 (1.62) 52.2 (1.57) 106.3 (1.00

Note: (�) denotes ratio to values for the bare frame.
had little influence on the rebar strain distribution in the columns.
Furthermore, the existence of infill walls changed the load transfer
path and failure mode of the frames.

The infilled frame provided a larger initial secant stiffness.
Through a comparison of the initial secant stiffness calculated
based on 10–50% maximum resistance forces of both the speci-
mens in the initial stage, as shown in Table 2, it can be found that
the ratio of the initial secant stiffness between the infilled frame
and the bare frame was 1.62.

In the compressive stage, the maximum resistance forces of the
bare frame and the infilled frame occurred at the vertical displace-
ments of 85.4 mm and 67.5 mm, respectively. As shown in Table 2,
the maximum resistance force of the infilled frame was 1.57 times
that of the bare frame. The infilled frame had a larger outward hor-
izontal displacement of joint. The vertical displacements of the
center column corresponding to the maximum outward horizontal
displacement of joint of the both specimens were 106.6 mm and
106.3 mm, respectively. The catenary stage started at the vertical
displacement of 204.5 mm and 215.5 mm for the bare frame and
infilled frame, respectively.

The reason for the first significant drop in the resistance force of
the bare frame and the infilled frame was the bending failures of
beams induced by fractures of the rebars. As shown in Table 2,
the vertical displacements corresponding to the first rebar fracture
in the two specimens were 317.1 mm and 235.3 mm, respectively.
Therefore, infill walls reduced the ductility performance of the
frame. It was observed from Fig. 4, after the first fracture of the
rebar, which happened at the vertical displacement of 235.3 mm,
the resistance force of the infilled frame was close to or even lower
than that of the bare frame.
4. Macro modeling

Macro finite element model analysis conducted by OpenSees
[29] was performed to investigate the behavior of the test frame
specimens. Parametric analyses were carried out to further study
the sensitivity of the infill wall to the resistance force of the infilled
frame. The center column was pushed down controlled by dis-
placement to mimic loading strategy in this test.

Beams and columns were modeled using force-based beam–
column elements, with five integration points along each element
length and Corotational coordinate transformation for geometric
nonlinearity. Three layers of fibers in the cover region and twenty
layers of fibers in the core region were assigned to model the beam
and column cross-sections. Rebar materials were modeled by using
bilinear material model, with elastic modulus 2.0 � 105 MPa and
strain hardening 0.5%. Concrete materials were assumed by using
Kent–Scott–Park model [30,31], with material properties specified
in Table 3 according to the test. Infill walls were seemed as four
solid infill region surrounding the opening and each region was
modeled as a pair of diagonal equivalent compressive struts (only
the compressive strut is effective) using truss element as illus-
trated in Fig. 17. According to [15,16], the strut width a for each
solid infill region in progressive collapse scenario are estimated
and modified as
placement when joints
tward maximum
nt at compressive stage (mm)

Beginning of the
catenary stage

Vertical displacement
at the first bar fracture

) 204.5 (1.00) 317.1 (1.00)
) 215.5 (1.05) 235.3 (0.74)



Table 3
Material parameters used in Opensees’ Kent–Scott–Park model.

Maximum compressive
strength fc (MPa)

Strain at maximum
strength ec

Crushing
strength fcu (MPa)

Strain at crushing
strength ec2

Cover concrete 1st story 41.3 0.002 8.26 0.006
2nd story 31.8 0.002 6.36 0.006

Confined concrete 1st story beam 45.2 0.0022 9.04 0.016
1st story column 44.0 0.0021 8.80 0.012
2nd story beam 35.7 0.0022 7.14 0.016
2nd story column 34.5 0.0022 6.90 0.012

Struts 1, 10 and 2, 20 9.08 0.0022 0.908 0.0055
3, 30 and 4, 40 12.79 0.0022 1.279 0.0055
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a ¼ 0:175ðk1lbÞ�0:4rinf ð1Þ

in which

k1 ¼ Ehtinf sin 2a
4EfeIbLinf

� �1
4

ð2Þ

where lb is the beam length between centerlines of columns or
between the centerline of the column and the location taking into
consideration the dimensions of the left and right infill regions; rinf
and tinf is the diagonal length and thickness of the infill region,
respectively; a = arctan (Linf/Hinf); Ib is moment of inertia of beams;
Efe is elastic modulus of frame material; Linf and Hinf are the length
and height of the infill region, respectively; and Eh is the elastic
modulus of infill region estimated as [32]

Eh ¼ 1
1
E0

cos4 hþ � 2m0�90
E0

þ 1
G

h i
cos2 h sin2 hþ 1

E90
sin4 h

ð3Þ

where h = arctan(Hinf/Linf); m0–90 is the Poisson’s ratio; E0 and E90 are
the Young’s modulus in the directions parallel and normal to the
bed joints, respectively; and G is shear modulus. According to Ref.
[33], E90 ¼ 900f 0m�90 and G = 0.4E90, in which f 0m�90 is the compres-
sive strength normal to the bed joints. According to Ref. [34],
E0 = 0.7E90.
Beam-column element 

(a) Frame members in the model 

1

1’

2

2’

’4’33 4

(b) Struts layout in each bay (only struts in compression are 
effective in the model) 

Fig. 17. Macro finite element model of the test frame specimens.
a is the strut width proposed on the assumption of frame mem-
bers constraining both sides of diagonal region of the infill walls. In
view of the frame members constraining only one side of diagonal
region of the infill region, the effective struts width of the infill
region w is assumed as a/2. In this study, w is 77.0 mm for struts
1, 10 and 2, 20, 65.8 mm for struts 3, 30 and 4, 40.

The strut strength is estimated as f m�h ¼ Eh
E90

f 0m�90 [35]. The strut

material is also assumed by Kent–Scott–Park model [30,31],
According to the test results the parameters used in the model
are specified in Table 3. Note that a progressive collapse analysis,
only uses the monotonic curve of the Kent–Scott–Park model,
rather than the hysteretic rules. Therefore, the masonry material
behavior can be represented by using of a concrete material model
with a reliable accuracy.

The numerical simulation results were compared with those
observed from the experiment in Figs. 4–6. The numerical response
gave acceptable predictions for the overall behaviors of the frame
specimens. However, the numerical maximum resistance force of
the bare frame was smaller than the experimental value in the
compressive stage. This was in part due to that the beneficial com-
pressive arch action cannot be represented by the macro model
using beam–column elements. The compressive stress of struts 1,
2 and 3, 4 in bay C is shown in Fig. 18. Struts 3 and 4 worked during
the test, whereas struts 1 and 2 failed at the peak load. The reduc-
tion of compressive force in struts 1 and 2 caused decreasing in the
resistance force of the infilled frame. To further investigate the
effects of struts on the progressive collapse performance of infilled
frames, the models with the compressive strength of struts 1, 2 and
3, 4 scaled from 0.5 to 1.5 times were compared in Fig. 19. It can be
seen that the maximum resistance force was enhanced, with
increasing the compressive strength of struts 1 and 2. However,
the overall behavior only has slightly change as the compressive
strength of struts 3 and 4 was increased.
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Fig. 19. Influence of strut strength on the resistance force of the infilled frame.
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5. Conclusions

Two four-bay, two-story RC frame specimens without infill
walls and with infill walls were constructed to study the progres-
sive collapse performance of the RC frames. The variations in the
resistance force, horizontal displacement of joint, strains in the
beams and columns, development of cracks in infill walls, beams
and columns, rebar fractures, failure mechanisms were provided
in this study. The test data supplement the existing progressive
collapse tests, with an emphasis on the infill wall effects. The
observations and findings drawn from the test results are summa-
rized below.

In the compressive stage, the maximum resistance force in the
case of infilled frame was larger than that in the bare frame, how-
ever, in the catenary stage, the resistance force in the former case
may become smaller than the latter. The capacity of the infilled
frame was dominated by the maximum resistance force in the
compressive stage. Therefore, the infilled frame buildings may col-
lapse in this stage in the real progressive collapse scenario, rather
than in the catenary stage as the bare frame buildings.

Compared with the bare frame, the infilled frame has a larger
initial stiffness but lower ductility. At a same vertical displacement
of the center column, more damage emerged at beams in bays
bridging the center column and in adjacent bays for the infilled
frame. Therefore, for the case with a large external load or fragile
structure to the progressive collapse, although there was a relative
larger maximum resistance force, infill walls may lead to more
damage to the structure. The major cracks in the infill walls and
the cracks in beams formed in the early stage with a very small
deformation. Also, the first fracture of rebar occurred at a smaller
vertical displacement of the center column.

The maximum outward horizontal displacements of joints in
the columns adjacent to the center column in the infilled frame
were larger than those of the bare frame. Therefore, larger horizon-
tal forces and more damage were developed in adjacent bays in the
infilled frame in the compressive stage. Depending on the
deformed configuration of the beams, the compressive arch action
may induce either a beneficial or an adverse effect on the resis-
tance force. The mechanical model of the infill wall can be seen
as equivalent compressive struts which provided alternative load
paths to redistribute the loads supported by the beams. Similar
to the case of bare frame, the failures of beams occurred when their
bending capacities were exceeded.

The experimental results were verified by the macro model pro-
posed in this study. By modifying the compressive strength of
equivalent compressive struts from 0.5 to 1.5 times of their exper-
imental values, the results indicated that the maximum resistance
force in compressive stage is greatly influenced by compressive
strength of struts 1 and 2, whereas the overall behavior is slightly
influenced by the compressive strength of struts 3 and 4. Due to
the contribution of equivalent compressive struts, the deformed
configuration was different and some failure positions of the
beams were changed from the beams end to the location nearby
the corners of opening. To improve the progressive collapse perfor-
mance, it is an effective way for the infilled frame to strengthen the
beam regions nearby the corners of the opening in engineering
applications.
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