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To investigate the effect of carbon fiber-reinforced polymer (CFRP) retrofitting on the failure modes and
seismic performance of reinforced concrete (RC) frames, this paper presents the quasi-static test results
of four full-scale interior subassemblies with slab and transverse beams. These beam-column-slab sub-
assemblies consisted of one control specimen and three specimens with different CFRP retrofitting
schemes. The seismic performance of subassemblies was discussed by comparing failure modes, hys-
teretic behavior, displacement ductility, stiffness degradation, energy dissipation capacity, shear defor-
mation of joint region and beam vertical deformations. The test results demonstrated that the control
specimen finally exhibited column-hinge failure mode due to the existence of slab and transverse beams.
After being retrofitted with CFRP, the failure varied to ductile beam-hinge failure mode and the ductility
and energy dissipation capacity were enhanced. For the interior beam-column-slab subassemblies, wrap-
ping CFRP wraps at the potential plastic hinge region of columns is a reasonable method for improving
the seismic performance and implementing the strong column-weak beam failure mode.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In many earthquakes, the failure of RC joints region and col-
umns end adjacent to it usually led to the partial or total collapse
of structures and caused extensive economic and human losses [1–
4]. It is noteworthy that some RC frames although designed in
accordance with current seismic codes still exhibited the nonduc-
tile column failure mode [5–7]. In order to improve seismic perfor-
mance and the safety of the RC frames, there is an urgent need for
seismic retrofitting of the beam-column-slab subassemblies, which
are usually chosen as an experimental model and defined as the
joint region plus the columns, beams, and slabs adjacent to it [8].

In the past two decades, the externally bonded fiber reinforced
polymers (FRP) composites for seismic retrofitting RC structures
have been widely used [9,10]. As a result, numerous experimental
studies have been conducted on the seismic rehabilitation of RC
interior beam-column subassemblies using FRP wraps [11–21].
The experimental models of these studies were mainly beam-
column subassemblies without slabs, transverse beams or internal
lateral steel reinforcement in the joint region. The purposes of FRP
retrofitting were to prevent or postpone shear failure of joint
region and to change the final failure modes into beam hinge
mechanism. The efficiency of externally bonded FRP wraps in
improving the seismic performance of beam-column subassem-
blies has been confirmed.

However, it is worth noting that the seismic performance and
failure mode of beam-column subassemblies are greatly affected
by transverse beams and slab [22–26]. Researches on FRP retro-
fitted interior beam-columns subassemblies considering the effect
of slab and/or transverse beams have so far been limited [27–30].
Wu and Wang [27] experimentally evaluated the efficiency of
bonded FRP in improving the shear strength of reduced scale inte-
rior beam-column subassemblies. The influence of transverse
beams was investigated, however, the contribution of slabs was
not considered. The test results indicated that the existence of
transverse beam could effectively postpone premature shear fail-
ure of the joint core region. Al-Salloum and Almusallam [28]
upgraded the shear strength and ductility of substandard interior
beam-column subassemblies with slab but no transverse beams
by two FRP retrofitting schemes. It was found that the shear failure
of joint core region was effectively delayed after being retrofitted
with FRP. The negative bending capacity of the beam was also
found to be increased due to the existence of slabs. Lu and Yu
[29,30] conducted the experiment on the FRP retrofitting of the
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pre-damaged half-scale interior beam-column subassemblies with
slab only or both slab and transverse beams. The test results
demonstrated that the control subassemblies with slab only exhib-
ited shear failure mode of joint core regions. Although the speci-
mens were designed according to the strong column-weak beam
principle [31,32], the specimens with slab and transverse beams
failed in column hinge mode. After being retrofitted with FRP,
the subassemblies with slab only failed due to the serious damage
of the joint core region and beam ends, however, the failure of sub-
assemblies with slab and transverse beams were varied to ductile
beam-hinge mode.

From the review of the limited studies above, it is necessary
that the specimens are designed with slab and transverse beams
to accurately simulate interior beam-column-slab subassemblies
of RC frame buildings. Moreover, all of the above studies have
addressed FRP retrofitting of beam-column subassemblies with
seismic deficiencies or pre-damaged subassemblies. However,
many existing RC structures complied with current seismic code
might be in need of a retrofitting before earthquakes for some rea-
sons including changes in seismic hazard levels, deteriorations
with time and design methods [33]. Against this background, this
paper presents the results of an experimental study on the seismic
performance of 4 full-scale interior RC beam-column-slab sub-
assemblies retrofitted with carbon fiber reinforced polymer (CFRP)
before earthquakes. The subassemblies were designed according to
strong column-weak beam principle of the current seismic code
[31,32]. The test specimens consisted of a control beam-column-
slab subassembly, one specimen wrapped by FRP at column end
and two specimens retrofitted with FRP at column end, beams
end and slabs. The main objectives of this study were to investigate
and evaluate the influence of slab and transverse beams and the
different FRP retrofitting schemes on the failure mode and seismic
performance of interior RC subassemblies. Finally, the effective and
reasonable retrofitting scheme for interior RC subassemblies was
recommended based on the experimental results.

2. Experimental program

2.1. Test specimens and material properties

To simulate interior beam-column-slab subassemblies of typi-
cal multi-storey RC frame buildings, 4 full-scale specimens were
designed and fabricated according to current national seismic
design code of China (GB50011-2010). One specimen, namely,
the control specimen (i.e. specimen C), was tested first without ret-
rofitting. The rest three specimens were tested after being retro-
fitted by CFRP with different schemes. All specimens have the
identical geometry and reinforcement details as shown in Fig. 1.
The cross section of the columns was 400 � 400 mm2. All the col-
umns were reinforced with eight 20 mm deformed bars, which
resulted in the longitudinal reinforcement ratio of 1.57%. The cross
section of the longitudinal beams was 250 � 600 mm2. The longi-
tudinal beams were reinforced with two 25 mm and 20 mm
deformed bars in the top and bottom of the section, respectively,
and four 16 mm bars as torsional reinforcement in the middle of
the section. The transverse beams had the section of
250 � 500 mm2 and longitudinal reinforced with two 16 mm
deformed bars in the top, middle and bottom of the section, respec-
tively. The shear reinforcements in columns and beams were both
provided using plain stirrups with 8 mm diameter at 100 mm spac-
ing and 10 mm at 200 mm spacing, respectively. The thickness and
width of the slab were 120 mm and 1450 mm, respectively. The
slab was reinforced by 10 mm plain bars with 200 mm center to
center spacing. The concrete cover was 35 mm, 25 mm, and
15 mm for columns, beams, and slabs, respectively.
The control and retrofitted specimens were produced from
two batches of ready-mixed concrete. To obtain the accurate con-
crete compressive strength, three standard cylinders were cast
along with each batch of subassemblies. The average 28-day
compressive strength obtained from standard cylinders in accor-
dance with ACI 318-08 [31] was 24.4 MPa and 21.5 MPa for the
control and retrofitted specimens, respectively. The mechanical
properties of the steel reinforcements were determined from
direct tensile tests in accordance with ASTM E8/E8M [34] and
given in Table 1. After 28 days curing, unidirectional CFRP with
the nominal thickness of 0.167 mm was externally bonded via
wet lay-up process for the three retrofitted specimens. The
material properties of the CFRP were obtained by testing six
flat coupons of 25 mm width and 200 mm length in accordance
with ASTM D3039 [35]. The measured average tensile
strength and elastic modulus were 4340 MPa and 240 GPa,
respectively.

2.2. CFRP retrofitting schemes

To find the efficient and reasonable retrofitting scheme for
interior RC subassemblies, three different retrofitting schemes
were investigated and evaluated in this study. Although the
design of specimens satisfied with the strong column-weak beam
principle, the test of the control specimen still exhibited unex-
pected column-hinge failure mode (more detailed discussions
are provided in the next section). According to the observations
and main requirements of the national retrofitting design code
for concrete structures in China [36,37], three different retrofit-
ting schemes were designed and applied. Before bonding CFRP,
the concrete surface was slightly ground and sharp corners of
columns and beams were rounded off to a radius of 25 mm at
the retrofitting areas.

Fig. 2 shows the retrofitting schemes of all specimens. The first
retrofitted specimen, namely SC, was retrofitted by laterally wrap-
ping 3 layers of CFRP only at the potential plastic hinge regions of
upper and lower columns with a height of 500 mm and 250 mm,
respectively. The second retrofitted specimen, namely SCBU, was
retrofitted in the following way: (1) four one-layer L-shaped CFRP
strips [sheets 1 and 2 in Fig. 2] with 250 mmwidth were bonded at
plastic hinge regions of columns and beams along the direction of
longitudinal reinforcement, which could improve the flexural
strength of beam and column; (2) three layers of CFRP sheets with
a height of 250 mm and 500 mm [sheets 3 and 4] were wrapped
laterally at the potential plastic hinge regions of upper and lower
columns; (3) one-layer U-shaped CFRP strips [sheets 5] were
applied to each beam end to prevent premature debonding of the
L-shaped longitudinal CFRP sheets and to enhance the shear capac-
ity; the lateral CFRP strips [sheets 6] were used to prevent the
U-shaped CFRP strips debonding; (4) the U-shaped CFRP strips
[sheets 7] were used at the end of transverse beams; four one-
layer CFRP strips with 200 mm width [sheets 8] were attached
on the surface of slab covered 1400 mm in the longitudinal direc-
tion; these straight strips were fixed by six 100 mm width strips
[sheets 9] at an interval of 100 mm. The detailed retrofitting
scheme of specimen SCBU is shown in Fig. 2(e). For the third retro-
fitted specimens, namely SCBW, all the retrofitting processes were
the same as the specimen SCBU, except the U-shaped strips at the
longitudinal beams were replaced by one-layer laterally wrapped
CFRP [sheets 10]. To achieve this goal, the slab of the retrofitted
area was not cast until the longitudinal beams were wrapped by
CFRP sheets. After the beams were retrofitted, the missed slab
was cast and cured and then retrofitted with the same scheme as
specimen SCBU. The retrofitting process of specimen SCBW are
shown in Fig. 3.



Fig. 1. Dimensions and reinforcement details of specimens.

Table 1
Material properties of steel reinforcements.

Diameter
(mm)

Yield strength
(MPa)

Ultimate strength
(MPa)

Elastic modulus
(GPa)

25 386 521 219
20 397 567 222
16 393 593 208
10 445 688 233
8 537 717 221
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2.3. Experimental setup and instruments

All the specimens were subjected to constant axial load and
reversed lateral load at the top end of the upper column. To simu-
late actual boundary conditions, the bottom end of the upper col-
umn was fixed by a hinge and the longitudinal beams ends were
supported by two rollers, which allowed free horizontal move-
ment. The loading schematic diagram of the test is given in
Fig. 4. In this study, the axial load was approximately equal to
0.45f0cAg, where f0c is the compressive strength of concrete and Ag

is the gross cross-sectional area. A designed and built loading appa-
ratus was utilized in order to guarantee the constant axial load and
moved with the upper part of the column during testing, as shown
in Fig. 5(a). Therefore, the second-order effects (i.e. P-delta effect)
could be incorporated and simulated during testing. The reversed
lateral load was applied by an electro-hydraulic actuator under
displacement control mode. Two different lateral loading schemes
were applied considering the different deformation capacity of
control and retrofitted specimens, as shown in Fig. 6. The displace-
ment increment was set to be multiples of the numerical yield dis-
placement (Dy) of upper RC column. Based on the finite element
analysis using the Open System for Earthquake engineering Simu-
lation (OpenSees) software, the value of Dy corresponding to the
tensile yield of the longitudinal steel bars was found to be 8 mm.
For control specimen, the lateral displacement was applied with
the increment of 0.5Dy and reversed once until reached yield Dy,
after that each displacement level was reversed twice with the
increment of Dy. For retrofitted specimens, the first two once
reversed cycles were applied with the increment of Dy, while the
each following displacement level was reversed twice with the
increment of 2Dy. The tests were finally halted if the lateral load
dropped to approximately 80% of the peak load.

The load-displacement response was carefully monitored dur-
ing the tests. The details of the instrumentations layout are illus-
trated in Fig. 5(b). The lateral displacements of specimens along
the height direction were measured by six linear variable displace-
ment transducers (LVDTs) (i.e. C1-C6). Due to the existence of
transverses beams and slab, the shear deformation of the joint
region was difficult to measure directly. Therefore, a measuring
apparatus was designed and installed around the joint region.
The shear deformation of the joint region then can be obtained
by the measure results of the four LVDTs (i.e. S1-S4). The vertical
deformations of the right longitudinal beams were also monitored
by the five vertical arranged LVDTs (i.e. B1-B5).

3. Test results and discussions

3.1. Failure of control specimen

The failure modes of the control specimen C are shown in Fig. 7
and a brief summary of the test observations were illustrated as
follows. With applying the lateral load, the flexural cracks initially
occurred at the plastic hinge regions of longitudinal beams. Then
the existing flexural cracks kept developing with increasing width
and length and new diagonal shear cracks appeared at the beam
ends. In addition, horizontal flexural cracks occurred at plastic
hinge regions of upper column end and the surface of the slab.
The relative wide splitting at beam-column interfaces was
observed at the drift ratio of 1.75%. Bottom longitudinal steel bars
of the longitudinal beams were also found to be yielded and
slipped at this displacement level. As the lateral drift ratio
increased to 2.0%, spalling of concrete cover at the plastic hinge
region of the upper column was noticed. The concrete spalling area
extended with the increase of lateral displacement. Finally, the



Fig. 2. CFRP retrofitting schemes.
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plastic hinge was formed at the upper column end. The cover con-
crete was severely spalled and crushed leading to the exposure of
internal hoops and longitudinal steel reinforcements. It was found
that the internal hoops have been bent out and the longitudinal
bars have been buckled.

It should be noted that the column-to-beam flexural strength
ratio (RMnc/RMnb) of the specimens considering the contribution
of slab reinforcement within an effective slab width to the flexural
strength of beam end according to ACI 318-08 was 1.94. It means
that the design of the specimens confirmed with the strong
column-weak beam principle. The experimental phenomena also
indicated that the beam end firstly yielded and the final plastic
deformation of the specimen C satisfied the limit of the ultimate
inter-story drift ratio (i.e. 2%) of RC frames specified by current
code of China (i.e. GB 50011-2010). However, the final failure of
the control specimen still displayed a ‘‘strong beam-weak column”
mechanism (i.e. column hinge mode). The main reasons for this
phenomenon are analyzed as follows. 1) The steel reinforcements
of slabs increased the negative flexural strength capacity of beams
and also can bear compressive stress when the beams subjected to



Fig. 3. Pictures showing retrofitted process of specimen SCBW.

Fig. 4. The schematic plot of loading.
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positive bending moment. However, the contribution of steel rein-
forcement to the compressive stress capacity was not considered in
design according to the current code (i.e. GB 50011-2010 or ACI
318-08). This was also the reason that the bottom longitudinal
steel reinforcement was yield but the concrete at the top compres-
sive area of the beams was not crushed in the test. 2) Due to the
wide splitting of beam-column interfaces, the torsional reinforce-
ments (four 16 mm) of longitudinal beam started to resist moment
load together with the longitudinal reinforcements. 3) The pres-
ence of transverse beams enhanced the shear resistance capacity
of the joint core area. Moreover, as the support ends of the slabs,
the transverse beams effectively restricted the deformation of the
slab and further improved the flexural stiffness and capacity of
the longitudinal beams.

3.2. Failure of retrofitted specimens

After being retrofitted with CFRP, the failure modes of retro-
fitted specimens were changed from the unexpected column-
hinge mechanism to the expected beam-hinge mechanism. Flexu-
ral cracks firstly appeared at the longitudinal beams. The beam-
column interface splitting and bottom longitudinal bars yielding
and slipping were also observed. With drift ratios increasing, the
longitudinal beams were seriously damaged and cover concrete
at the corner of joint region partly spalled off. Finally, the ends of
longitudinal beams severely damaged and the plastic hinge was
developed. Following removal of the CFRP wraps around column
ends after the tests, it was evident that the retrofitted part of the
column basically remained intact. For specimen SC, the damage
was concentrated on the uncovered longitudinal beam ends and
joint core region in the form of concrete cover cracking and spal-
ling, especially at the corner areas, as shown in Fig. 8(b) and (c).
For specimens SCBU and SCBW, severe concrete spalling occurred
at the corners of uncovered joint core region leading to the total
exposure of corner longitudinal steel reinforcements of columns,
as shown in Figs. 9(b) and 10(b). Serious debonding of the CFRP
sheets on the slab was also observed. The bond between CFRP
and concrete of slab was almost destroyed at the end of the tests.
Specimens SC and SCBU exhibited similar beam-hinge mechanism
failure modes. Specimen SCBW failed due to the severe damage of
beam end near the support and the beam-column interface.



Fig. 5. Test setup and instruments for specimens.

Fig. 6. Cyclic loading schemes.
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3.3. Load-displacement hysteretic response

The test lateral load-displacement hysteretic curves of each
specimen are shown in Fig. 11. In order to exclude the effect of
variation in concrete strength, the lateral load (P) of control speci-
men C was normalized by multiplying the standard concrete
strength ratio of retrofitted specimens to control specimen (is
equal to 21.5/24.4 = 0.88). It can be seen from Fig. 11 that the lat-
eral load-displacement hysteretic behavior of specimen was obvi-
ously improved after being retrofitted with CFRP. The lateral
resistance capacity was slightly improved, but the deformation
and energy dissipation capacity were obviously enhanced. The
specimen SC only retrofitted at the column ends exhibited superior
hysteretic behavior than the other two retrofitted specimens. Fur-
thermore, pinching and slipping effects can be found in the hys-
teretic curve for all the specimens, especially at the last stage of
the tests. The pinching and slipping effect of retrofitted specimens
were also found more obvious than that of the control specimen.
This may be mainly attributed to bond-slipping of longitudinal
steel bars of beams and the shear deformation of the joint core
region. As discussed above, the beam-column interface was
found splitting and the bottom longitudinal reinforcement bars
of beams yielded and slipped. And also the interface splitting and
longitudinal bars bond-slip behavior of retrofitted specimens was
larger than that of control specimen. The shear deformation of joint
core region was also developed more sufficiently after being
retrofitted (more detailed information is presented in the latter
section).



Fig. 7. Failure modes of specimen C.

Fig. 8. Failure modes of specimen SC.

Fig. 9. Failure modes of specimen SCBU.

Fig. 10. Failure modes of specimen SCBW.
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Fig. 11. Load-displacement hysteretic responses.

Fig. 12. Load-displacement envelope curves.
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3.4. Load-displacement envelopes

Fig. 12 shows the load-displacement envelope curves of the
tested specimens, which were obtained from load-displacement
hysteretic curves. The main seismic performance indexes of all
specimens are summarized in Table 2, and the values of all param-
eters are the average value in push and pull direction due to the
asymmetry of test envelope curves. The yield point is defined by
using the energy equivalent method [38]. The ultimate displace-
ment (Du) and corresponding drift ratio (du) were obtained from
the point where the lateral load reduced to 85% of the peak load
(Pc). The ductility ratio (l) is equal to the ratio of ultimate displace-
ment (Du) to the yield displacement (Dy).

As illustrated in Table 2, the CFRP retrofitting schemes have lit-
tle influence on the yield displacement (Dy) and the yield load (Py).
The peak displacements (Dc) of retrofitted specimens were larger
than that of specimen C, and the peak drift ratios were about 2%
for all the specimens. However, compared with the control speci-
men C, the ultimate displacements (Du) of specimen SC, SCBU,
and SCBW increased by 49%, 16%, and 19.8%, respectively, and
the ultimate drift ratios met the requirement of the ultimate
inter-story drift ratio (i.e. 2%) of RC frame structures specified by
the national seismic design code of China (i.e. GB50011-2010).
The ductility ratio (l) of specimen SC, SCBU, and SCBW were



Table 2
Main seismic performance indexes of specimens.

Specimen Dy (mm) Py (kN) Dc (mm) Pc (kN) Du (mm) Dy/H (%) l d (%) Dl Dd

C 32.1 197.3 62.6 235 107.9 1.00 3.37 3.37 – –
SC 33.9 203.7 73.5 232.8 160.9 1.06 4.74 5.03 41.03 49.11
SCBU 30.9 211.6 63.1 252.3 125.3 0.97 4.05 3.91 20.46 16.12
SCBW 30.3 202.3 71.1 240.8 129.3 0.95 4.27 4.04 27.03 19.85

Note: Py = normalized yield load; Pc = normalized peak load; Dy = yield displacement; Dc = peak displacement; Du = ultimate displacement; l = displacement ductility ratio;
d = ultimate drift ratio; Dl = increment of displacement ductility ratio; Dd = increment of ultimate drift ratio.
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increased by 41%, 20% and 27% compared with that of control spec-
imen, respectively. The plastic deformation capacity of the speci-
mens was significantly improved after being retrofitted by CFRP,
especially for specimen SC. It is evident that retrofitting of the plas-
tic hinge regions of columns is the most effective technical in
improving the seismic performance of interior RC beam-column-
slab subassemblies among the three retrofitting schemes.

3.5. Stiffness degradation

The stiffness degradation is usually attributed to concrete non-
linear deformations, concrete cracking, yielding of longitudinal
bars, steel reinforcement bonding-slippage. The degradation of
effective stiffness (Keff), which is defined as the secant stiffness at
the unloading point of each displacement level, is shown in
Fig. 13. It is indicated that specimen SCBW and SCBU exhibited lar-
ger effective stiffness than that of specimen C and SC in the initial
stage of lateral loading. Moreover, the control specimen C and ret-
rofitted specimen SC had approximately the same effective stiff-
ness and its degradation. The main reason is that the CFRP sheets
[sheets 5 and 6] effectively delayed the flexural cracks of longitu-
dinal beams for specimen SCBU and specimen SCBW, and then
delayed the stiffness degradation. As the drift ratio increased larger
than 2.5%, the effective stiffness degradation behavior was approx-
imately the same for all the specimens. This is due to the longitu-
dinal reinforcements had slipped before the drift ratio of 2.5% and
no new cracks generated after the drift ratio of 2.5%. In general, the
results indicate that the FRP retrofitting has little influence on the
effective stiffness of specimens.

3.6. Energy dissipation

The energy dissipation capacity is one of the other important
seismic performance indicators for structure. In this study, cumu-
lative energy dissipation was computed by summating the
Fig. 13. Stiffness degradation of tested specimens.
enclosed area within load-displacement loop of the first cycle at
each drift ratio. Fig. 14 shows the cumulative energy dissipation
versus drift ratio curves for all tested specimens. After the drift
ratio increased up to 1%, the single-loop energy dissipation of ret-
rofitted specimens was apparently larger than that of the control
specimen C. The cumulative energy dissipation of retrofitted spec-
imens was greatly larger than that of the control specimen C. The
single-loop energy dissipation of specimens SCBU and SCBW was
larger than that of specimen SC at a certain drift ratio over 3%,
but the cumulative energy dissipation was less than that of speci-
men SC. This indicates that the energy dissipation capacities of ret-
rofitted specimens were improved and specimen SC has the largest
energy dissipation capacity among all the retrofitted specimens.

3.7. Shear force of joint region

The shear force across the mid-depth of the joint core region
(Vjh) for each specimen was estimated according to the proposed
methods adopted by ACI 352R-02 [1], as illustrated in Fig. 15.
The expression of Vjh is given as follows:

V jh ¼ Tb1 þ Ts1 þ Ts2 þ Cb2 � V col1 ð1Þ

Tb þ Ts1 þ Ts2 ¼ f ybAb1 þ f ysAs1 þ f ysAs2 ð2Þ

Cb2 ¼ Tb2 ¼ f ybAb2 ð3Þ
where Vcol1 and Vcol2 = shear force in the column, calculated using
the conditions of equilibrium; Tb1 and Tb2 = tensile force in the
beam; Cb1 and Cb2 = compressive force in the beam; Ts1 and Ts2 =
tensile force in the slab; fyb = yield stress of reinforcements in the
beam; fys = yield stress of reinforcements in the slab; Ab1 and Ab2 =
area of longitudinal reinforcements in the beam; As1 and As2 = area
Fig. 14. Cumulative energy dissipation.



Fig. 15. Evaluation of horizontal joint shear force.

Fig. 16. Estimation of average joint shear deformation.
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of reinforcements in the slab; Abts = area of torsional reinforcements
in the beam; The calculated shear force of Vjh should be less than or
equal to the nominal shear force of the joint core region, as
expressed in Eq. (4), which specified by ACI 352R-02 and ACI 318-
08.

/Vn P V jh ð4Þ
where / = 0.85, strength reduction factor; Vn = the nominal shear
force of the joint region, is calculated as follows:

Vn ¼ 0:083c
ffiffiffiffi
f 0c

q
bjhc ð5Þ

where c = 20, factor based on the type of joint, which is provided in
ACI 318–08; f0c = compressive strength of concrete; bj = effective
width of the joint region; hc = depth of column in the direction of
the shear.

The calculated shear force in the joint core area of each speci-
men is presented in Table 3. It is evident that the nominal shear
forces (Vn) were larger than the horizontal shear force (Vjh) for all
the specimens. In other words, it means that the joint shear failure
would not appear for all the specimens, even though the joint core
regions of retrofitted specimens were not retrofitted. This result is
consistent with the previous discussed experimental observations
that the retrofitted specimens generally exhibited beam hinge fail-
ure mechanism and no shear failure of joint core area was
observed. It is then can be concluded that the joint region does
not need to be retrofitted if the interior beam-column-slab sub-
assembly satisfied with the current seismic code (i.e. ACI 318-08,
GB 50011-2010).

3.8. Shear deformation of joint region

The average joint shear deformation cj can be estimated based
on the deformed shape of the joint region, as illustrated in
Fig. 16. The definition of cj is therefore defined as follows:

cj ¼ c1 þ c2 ¼ d
hj

þ d0

bj
ð6Þ
Table 3
Joint region shear forces for tested specimens.

Shear forces Symbol

(kN)

Column shear force Vcol1

Horizontal shear force of joint region [Eq. (1)] Vjh

Nominal joint shear force [Eq. (5)] /Vn
where d and d0 = relative deformation in the horizontal direction
and vertical direction, respectively; hj and bj = the height and width
of the joint region, respectively.

To obtain average joint shear deformation, the four LVDTs (see
Fig. 5(b)) must monitor and record the deformation responses
simultaneously. However, due to one LVDT was damaged during
the test, the average joint shear deformation of specimen SC was
failed to measure. Fig. 17 shows the average shear deformations
of control specimen C and retrofitted specimen of SCBU and SCBW.
Specimen

C SC SCBU SCBW

235 232 252 240
812 815 795 807
905 850 850 850



Fig. 17. Average joint shear deformation.

Fig. 18. Beam vertical deformations.
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For the specimen C, the measured shear deformation was larger
than the actual value at the last drift ratio, because the upper col-
umn end of specimen C was severely damaged and largely
deformed. At the initial stage of loading, all specimens exhibited
similar shear deformation responses with relatively smaller values.
As the displacement reached to the elastic-plastic stage, the shear
deformations of the retrofitted specimens were larger in compar-
ison with that of the control specimen C, especially in the final
stage. It indicated that the external bonded CFRP could effectively
prevent the column hinge failure mode, but it will also increase the
shear deformation of joint core regions. The reasons are summa-
rized as follows: 1) the stiffness degradation of retrofitted columns
and beams were postponed. In this case, the stiffness ratio of joint
core regions to the retrofitted columns and beams was reduced. It
means that the joint core region becomes relatively weaker; 2) the
developing of beam hinge in the last loading stage reduced the
confinement to the joint core regions.

3.9. Beam vertical deformation

The vertical deformations of longitudinal beams were mainly
the flexural deformations. Fig. 18 shows the vertical deformation
responses of longitudinal beams of specimen C, SC, and SCBU at
elastic, yield, peak and ultimate point. For the specimen C, the
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beam vertical deformations at peak point were approximately
equal to that at ultimate point and the deformation in negative
direction was larger than that in positive direction. The mainly rea-
sons for this were: 1) the failure of the control specimen concen-
trated on the upper column end after the drift ratio of 2.0% and
the beam end hinge failed to form; 2) the existence of slab
increased the negative bending stiffness of longitudinal beam; 3)
the existence of transverse beams as the supports of slabs effec-
tively restricted the deformation of slabs, then the composite effect
of transverse beams and slabs further increased the bending stiff-
ness of longitudinal beams.

For retrofitted specimens, the beam vertical deformations at the
ultimate point were larger than that at the peak point, especially
for specimen SC. In addition, the deformations in negative and pos-
itive direction were approximately the same at the same drift ratio
level. The comparison of vertical deformation of longitudinal
beams between control and retrofitted specimens indicated that
the deformation of retrofitted specimens was larger than that of
control specimen. This attributed to the damage of retrofitted spec-
imens mainly concentrated on the plastic hinge regions of longitu-
dinal beams and slabs, which reduced the flexural stiffness of the
beams and further increased the deformation. It is also found that
the beam vertical deformation of retrofitted specimen SCBU was
smaller than that of the retrofitted specimen SC due to the retrofit-
ting of the longitudinal beams and slab, especially the L-shaped
CFRP strips [sheets 1 and 2] at plastic hinge regions of columns
and beams along the longitudinal direction.
4. Conclusions

This paper carried out the experimental study on the seismic
performance of full-scale RC interior beam-column-slab subassem-
blies retrofitted with CFRP before earthquakes. The specimens
were designed according to current national seismic design code
of China (GB50011-2010) to simulate commonly existed interior
beam-column-slab subassemblies of typical multi-storey RC frame
buildings across China. The main objectives of this study were to
investigate and evaluate the influence of slab and transverse beams
and the different FRP retrofitting schemes on the failure modes and
seismic performance of interior subassemblies. The failure modes,
hysteretic behavior, ductility, stiffness degradation, energy dissipa-
tion capacity and deformation of the joint core region and longitu-
dinal beams were compared and investigated in detail. The
following conclusions can be drawn:

1. The interior beam-column-slab subassemblies designed accord-
ing to the current Chinese code GB50011-2010 could satisfy the
limit of the ultimate drift ratio (i.e. 2%), but the control speci-
men finally exhibited column-hinge failure mode, which is an
unexpected ‘‘strong beam-weak column” mechanism. In order
to really achieve strong column-weak beam design, it is recom-
mended that the contributions of the slab, transverse beams,
and the torsional reinforcements of the longitudinal beam to
the flexural strength of longitudinal beam should be sufficiently
considered.

2. After being retrofitted with CFRP, the failure of specimens was
successfully changed to the expected ductile beam-hinge mech-
anism. The CFRP retrofitting methods have little effect on the
lateral resistance capacity, but obviously improve the energy
dissipation and ductility capacity of the interior beam-
column-slab subassemblies.

3. For interior beam-column-slab subassemblies that satisfied
with the current seismic code, the joint region does not need
to be retrofitted due to the existence of transverse beams and
enough transverse hoops. Even the column end, the beam end
and the slab adjacent to the joint region were retrofitted by
CFRP, the core concrete of joint regions still remained intact
and no shear failure of joint core region was observed.

4. The comparison of retrofitted specimens with different retrofit-
ting schemes demonstrated that only the potential plastic hinge
regions of columns were retrofitted specimen exhibited the best
seismic performance. Therefore, to effectively prevent column-
hinge mechanism and improve the seismic performance of inte-
rior joint subassemblies, lateral wrapping FRP around the
potential plastic hinge regions of column ends was the reason-
able and recommended method.
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