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In order to assess the seismic performance of damaged reinforced concrete (RC) frame strengthened with carbon fiber reinforced
polymers (CFRP) sheets, two experimental specimens with identical reinforcement ratio and geometric dimensions were designed
following Chinese code for seismic design of buildings. Experimental specimens consist of a reference (undamaged) RC frame,
namely, KJ-1, and an earthquake-damaged RC frame strengthened with CFRP sheets, namely, KJ-2. A pseudostatic test was
conducted on the two specimens to simulate moderate earthquake damage. The strengthening effects of CFRP sheets on damaged
RC frame were discussed in terms of hysteretic curve, skeleton curve, stiffness degradation, and ductility. In addition, numerical
method based on fiber model method was utilized to analyze the seismic performance of KJ-1 and KJ-2 and it is compared with
the experimental result. Both the results confirm that the method of exterior bonding CFRP sheets on the damaged RC frame has
restored the seismic performance such as bearing capacity, stiffness, and ductility to its original undamaged level, and some of
the seismic performance of the damaged RC frame strengthened with CFRP sheets is even better than the undamaged one, which
proves that the method has significant effect in strengthening postearthquake-damaged RC frames.

1. Introduction

During Wenchuan Earthquake in 2008 [1, 2], reinforced
concrete (RC) frame structures showed good seismic perfor-
mance on the whole. Most of RC frame structures suffered
minor damage such as some cracks on beam and column
ends. However, many unequal-span buildings in primary
and middle school were seriously damaged due to the low
energy dissipation of this structure. Therefore, it is necessary
to find a proper retrofitting approach to improve its seismic
performance. Carbon fiber reinforced polymers (CFRP) with
high strength, light weight, corrosion resistance, and wide
adaptability are extensively used in structural rehabilitation as
well as in new constructions [3, 4].Many studies demonstrate
that CFRP composite effectively improves the seismic perfor-
mance of undamaged RC structure and components such as

concrete (RC) columns [5, 6], beams [7], beam-column joints
[8, 9], and frames [10].

Meanwhile many researches are concentrated on seismic
behaviors of earthquake-damaged structures strengthened
and/or repaired with CFRP sheets. Experiments on damaged
RC beams [11–13] strengthened with CFRP sheets confirm
that CFRP sheets significantly enhance the shear strength
and ductility capacity, and the effect of different retrofitting
scheme varies. A number of experiments [14–17] carried out
on CFRP rehabilitation of RC columns verify that CFRP
can increase ductility strength and energy dissipation. Beam-
column joints of RC frame also played an important role in
structural stability and seismic performance, since in many
cases the whole structural failure starts with joint failure.
The experiments [18–22] demonstrate that exterior bonded
CFRP sheets on RC joints can upgrade shear strength, restore
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Figure 1: Dimension and reinforcement of specimen. Ø represents the diameter of reinforcement; @ represents the interval of stirrups.

structural flexural stiffness, delay the degradation of stiffness,
and bring the damaged joints back into normal service.

Effect of CFRP sheets has been assessed at the RC compo-
nent level in terms of beams, columns, and joints. However,
there are few researches conducted at the structural level.The
strengthening and/or rehabilitating effect of exterior CFRP
sheets at structural level is to be further studied. Wang et
al. [23] examine CFRP sheets strengthened effect of a 1/3
scale one-storey one-span RC frame adapting quasi-static
approach to simulate severe earthquake. The experimental
results indicate that CFRP sheets can remarkably enhance
structural energy dissipation and improve the seismic per-
formance of seriously damaged RC frame. Guo et al. [24]
compare two earthquake-damaged RC frames strengthened
by exterior bonded CFRP sheets and combination of both
CFRP and steel sheets, respectively, with the original (undam-
aged) RC frame, while three RC frames have the same rein-
forcement ratio and geometric dimensions.Their experiment
shows that the two strengthening procedures can increase the
yield strength, ductility, ultimate displacement, and energy
dissipation.They also illustrate that the procedure of exterior
bonded CFRP sheets has better energy dissipation than that
of combination of both CFRP and steel sheets.

The two aforementioned experiments are all carried out
on one-storey one-spanRC frame.The effect of strengthening
with exterior bonded CFRP sheets on two-storey two-span

RC earthquake-damaged frame is assessed in this study
adopting quasi-static procedure. Aimed at evaluating seismic
performance including hysteretic behavior, ductility, ulti-
mate load, ultimate displacement, and stiffness degradation,
two RC specimens with similar geometric dimensions and
reinforcement details are subjected to low-cyclic reversed
loading. Then the experimental results are compared with
numerical analysis based on fiber element method using
OpenSees software. Both the results prove that the method
of exterior bonding CFRP sheets can effectively improve the
seismic performance of damaged RC frame.

2. Experimental System

2.1. Test Specimen. The two specimens, designed in accor-
dance with the design core of China [25, 26], are two-storey
and two-bay reinforced concrete frame structure with span
lengths of 3.0m and 1.2m, respectively. They are identical in
dimension and reinforcement and the details are illustrated
in Figure 1. The first specimen is used as reference specimen,
namely, KJ-1. The other specimen, namely, KJ-2, is subjected
to low-cyclic reversed loading so as to simulate moderate
earthquake and then it is strengthened with exterior bonded
CFRP sheets. The assessment of damaged RC frame is
detailed in item 2.
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Figure 2: Test setup.

2.2. Material Properties. The concrete cubic compressive
strength 𝑓

𝑢
= 23.8N/mm2 is determined from the test

on three concrete cubes, which were cast at the same time
and cured together with the two specimens, and the elastic
modulus is calculated [26] as 𝐸

𝑐
= 2.73 × 104N/mm2. The

yield strength and ultimate strength are obtained from actual
test examples and are found to be 𝑓

𝑦
= 425N/mm2 and

𝑓
𝑢
= 565N/mm2 for longitudinal bars and 𝑓

𝑦
= 305N/mm2

and 𝑓
𝑢
= 445N/mm2 for transversal bars, respectively. The

thickness, tension strength, and elastic modulus of CFRP
sheets are as follows: sheet thickness, 𝑡

𝑠
= 0.111mm, tension

strength, 𝑓
𝑓
= 3669N/mm2, and modulus, 𝐸

𝑓
= 2.42 ×

105N/mm2.

2.3. Test Setup and Instrument. As illustrated in Figure 2,
the quasi-static reversed cyclic lateral load is applied on the
second storey beam end using a servohydraulic actuator,
while constant vertical loads of 150 kN are imposed on the
top of three columns by hydraulic jacks which correspond to
an approximate axial load ratio of 0.25. The lateral loading
uses dual controlled method of force and displacement [27].
Before yield of specimen, loading is under force control,
repeating once for each level loadwith loading value of 20 kN;
after yield, loading is controlled by lateral displacement value
which is equivalently increased as integral multiples of yield
displacement value of specimen, repeating two times for
each level up to a load induced to 85% of ultimate bearing
capacity. It is difficult to precisely define the yield load
and displacement during the test. Normally, first inflection
point reflected in force-displacement curve is considered as
yield point, which is a little lower than the actual value
[28–30]. In this experiment, as force and displacement
are acquired dynamically, the first inflection point of 𝑃-Δ

curve is identified as yield point; corresponding force and
displacement are identified as yield force and displacement.

Displacements are monitored via displacement trans-
ducers at the locations shown in Figure 3. D1 and D2
displacement transducers are used to determine the lateral
displacement at each storey level of RC frame during lateral
reversed loading. D3 is used to monitor the integral slippage
of the frame sparked by the lateral loading. D4–D16 located
at the end of beams and columns are used to monitor the
angular displacements.The strain of reinforcement andCFRP
are measured using strain gauges and their positions can be
seen in Figures 3 and 6, respectively.

3. Evaluation of Damaged Frame and
Strengthening Scheme with CFRP Sheets

3.1. Safety Assessment of Damaged Frame. Low reversed
cyclic loading test to simulate moderate earthquake damage
is conducted on specimen KJ-2 under load control. During
the test, when lateral load is 40 kN, the first crack appears;
when load is±70 kN (“+” representing the push direction and
“−” representing pull direction) and the reinforcements (see
Figure 3) at the bottom of C4 column and the end of B4 beam
yield, the test is terminated. The average displacements are
measured, respectively, as 17mm in push and pull directions,
and interstorey drift angle is 1/169. This damaged specimen
could be taken asmoderate damaged RC frame in accordance
with the suggested interstorey drift limit value of 1/150 [31,
32]. Hysteresis curve and cracks distributions are shown in
Figures 4 and 5, respectively.

3.2. Strengthening Procedure. The strengthening scheme of
damaged frame KJ-2 is as follows: CFRP sheets are bonded
along the axial direction on the surface of tension region at
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Figure 4: Hysteretic curve of KJ-2 unreinforced with CFRP.

the end of beams and columns and joint regions to enhance
the structural tension capacity; annular CFRP sheets are
wrapped perpendicular to the axial direction at the end of
beams and columns; CFRP sheets are bonded in horizontal
and vertical directions in the joint region and at the bottom
of columns. The layout and details of CFRP sheets are
shown in Figure 6. The photos of the damaged components
strengthened by CFRP sheets are illustrated in Figure 7.

4. Experimental Results and
Numerical Analysis

4.1. Experimental Results and Discussion

4.1.1. Reference Specimen KJ-1. During the test, the cracks
appear at beam ends, column bottoms, and joint regions with
the increase of lateral load.When load is +40 kN, first flexural
crack occurs at the left bottom of B4 (see Figure 3) beam
and develops toward J5 joint; when load is −40 kN, flexural
crack generates at the right bottom of L3 beam and extends to
J5 joint until diagonal cracks form. When load is 60 kN, the
former cracks at J5 joint region grow and new titled cracks
appear at J2 joint region; meanwhile, some flexural cracks

can be observed at the left bottom end of L3 beam. When
load is −60 kN, cross-diagonal cracks occur at J2, J3, and J5
joints and several flexural cracks come out at the bottom of
C4 column and left end of B3 beam. When load is ±70 kN,
the former cross-diagonal cracks at J2, J3, and J5 widen, while
new cross-diagonal cracks appear at them and at J1 joint.
Flexural cracks occur at the bottom of C5 and C6 columns.
When load is ±80 kN and the reinforcements yield at B4
beam end, reinforced hinge is formed. The loading is under
displacement control from then on.The average displacement
in push and pull directions is 18.7mm, and Δ

𝑦
(nominal

yield displacement) is set as 15mm. Plastic hinges occur
successively at beam ends and columnbottoms, cracks extend
and widen gradually, and stiffness decreases noticeably along
with the increase of loading. When displacement reaches
3Δ
𝑦
(i.e., 3 times to nominal yield displacement), lateral

load is 142 kN (i.e., the maximum bearing capacity of the
specimen). When lateral load decreases to 120.7 kN (i.e., 85%
of maximum bearing capacity), the test is terminated. At
component level, the failure mode of beams and columns is
flexure failure, while it is shear failure at beam-column joints.
The failure modes of beam ends, column bottoms, and joints
are illustrated in Figure 8.

During the experiment, the plastic hinge occurs at beam
ends of B4, B2, and B1 successively, and then the longitudinal
reinforcements at column bottoms yield. The failure mode
of the reference specimen is with beam and column plastic
hinge collapse mechanism, conforming with the design phi-
losophy “strong-column, weak-beam and strong-joint, weak-
member” [25].

4.1.2. Specimen KJ-2 Strengthened with CFRP Sheets. After
being strengthenedwithCFRP sheets, KJ-2 specimen is tested
under load control. When lateral load is 80 kN, crack sounds
come out of the strengthened region. When lateral load is
90 kN, the reinforcements at the bottom of C5 column yield
and from then on the test is conducted under displacement
control.The average displacement in push and pull directions
is 14.1mm, while Δ

𝑦
is also set as 15mm. When the displace-

ment increases to 4Δ
𝑦
, tension failure of CFRP sheets at the
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Figure 5: Cracks distribution of KJ-2 unreinforced with CFRP.
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bottom of C4 and C5 columns has been observed, while the
other regions wielded by CFRP sheets are undamaged. At the
point, the load is 169.8 kN in push direction and −134.2 kN
in pull direction, reaching the maximum bearing capacity of
the specimen. When the displacement reaches 89.9mm and
−71.4mm in push and pull directions, and the corresponding
load decreases to 144 kN and −124.6 kN, respectively (i.e., less
than 85% of maximum bearing capacity), the experiment is
terminated.

4.2. The Numerical Analysis. The numerical models of ref-
erence specimen KJ-1 and CFRP strengthened damaged
specimen KJ-2 are established, respectively, using OpenSees
software based on fiber element model adopting nonlinear
beam-column element with 6 integrate points. The basic
assumptions for this model include the following: (a) plane
sections of concrete and CFRP would remain plane and
normal to the neutral axis after bending, (b) buckling and
slipping of CFRP sheets are neglected, (c) slippage between
concrete and reinforcement is neglected, and (d) any adverse

effect of cracks on the confinement of core concrete is
neglected.

The column and beam elements of two specimens are
defined, respectively, since they suffered different confined
effect of stirrups and CFRP sheets. The two different fiber
element models are shown in Figure 9. The material objects
of steel and concrete are defined as follows.

4.2.1. The Relationship of Steel. Steel 02 material object
considering isotropic strain hardening is employed in these
numerical models.The yield strength and elastic modulus are
determined by actual experiment. Parameters to control the
transition from elastic to plastic branches named R0, CR1,
andCR2 are 18, 0.925, and 0.15.The stress-strain curve of steel
is shown as Figure 10(a).

4.2.2. The Relationship of Concrete. The concrete 02 material
object in OpenSees software is employed in concrete numer-
ical models. 𝑒𝑠𝑝𝑐𝑜 is concrete strain at the maximum stress
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Figure 7: Details of CFRP sheets.

(a) Beam end (b) Column bottom (c) Joint region

Figure 8: Specimen failure pattern.

point, 𝑓
𝑝𝑐

is concrete compressive cylinder strength, 𝑒𝑝𝑠𝑈
is concrete strain at the crushing strength, 𝑓

𝑝𝑐𝑢
is concrete

crushing strength, 𝜆 is the ratio between unloading slope
at crushing strain and initial slope, 𝑓

𝑡
represents concrete

tension strength, and 𝐸ts is tension softening stiffness. And
the initial elastic modulus𝐸

𝑐
= 2.42×105N/mm2 is obtained

from the test. The stress-strain curve of core concrete is
illustrated in Figure 10(b):

(a) Concrete 01 material object, which ignores the tensile
strength of concrete, is used to simulate the covered
concrete and core concrete at mid-span of 3.0m
beams since the stirrups confined effect on the latter
is slight.

(b) Concrete 02 material object, which represents the
core concrete confined with stirrups or CFRP sheets,
adopting Scott-Park model [33] and Harajli model
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[34], respectively, is used to calculate stress and strain
at peak and ultimate point.

5. Analysis of Experiment and Simulation

5.1. Hysteretic Behaviors and Skeleton Curves. (1) The hys-
teretic behaviors of specimens including reference specimen
KJ-1 and strengthened specimen KJ-2 are illustrated as
hysteretic curves in Figure 11. Their hysteretic loops are in
reversed “s” shape and present severe pinch phenomena at
later stage of loading. The pinching on hysteretic loops of
concrete structures varies in accordance with many factors,
such as extension of concrete cracks, steel strain, relative
slipping between steel and concrete, accumulation of concrete
plastic deformation, and position of neutral axis.

Figure 11 demonstrates that the energy dissipation and
ductility of KJ-2 are superior to KJ-1, for hysteretic loops
of KJ-2 are plumper compared to KJ-1. At initial stage
of loading, the load and displacement relationship can be

considered to be linear. With the increase of load and
displacement, hysteretic loops become smoother and cover
larger area, developing toward displacement axis. The values
of load-bearing capacity and ultimate displacement of CFRP
strengthened specimen (KJ-2) are higher than those of
the reference one (KJ-1). This proves that the CFRP has
dramatic strengthening effect. The effects of CFRP sheets
include the following: (a) the confinement effect of CFRP
improves strength of core concrete and delays the buckling
of longitudinal reinforcement steel; and (b) wrapping CFRP
sheets enhance the structural ductility and undertake part
of bending moment which mitigates the relative slipping
between steel and concrete.

In this test, the confinement effects of CFRP sheets are
not utilizedmaximally because they are orthogonally bonded
on surface of components in radial and hoop directions. The
confinement effect of CFRP sheets would be greatly improved
if the concrete cracks were dealt with in advance and CFRP
sheets were validly anchored.
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(2) Numerical results agree with the experimental ones
on the whole. That is partially because the material objects
adopted in the numerical model fit well with the experiment.
It can be noticed that the numerical hysteretic circle is
plumper than the experimental one, for the reason that the
numerical model is an ideal one without considering the
factors of bond-slip between concrete and reinforcement and
cracks on concrete.

The skeleton curves of KJ-1 and KJ-2 are shown in
Figure 12. They are very close to each other at the initial
loading stage. When it comes to the later loading stage, they
present bigger difference, which proves that CFRP sheets
enhance the capacity of KJ-2 noticeably.

5.2. Displacement Ductility. As previously mentioned, the
yield force and displacement are obtained by first yield point
method, and their accuracy is subjected to testers’ subjective
judgments [28–30]. Hence, Park procedure [35] is employed
in this research to get yield force and displacement. The
force and displacement at yield, peak, and ultimate point
and ductility of KJ-1 and KJ-2 are illustrated in Table 1.
The seismic performance is evaluated through displacement
ductility. Compared with the reference specimen (KJ-1),
the capacities of deformation, ductility, and load-bearing
ability of CFRP sheets strengthened damaged specimen (KJ-
2) are remarkably improved. The ultimate displacements in
push and pull directions of experimental and numerical
results have increased up to 47 and 25% and 22.5 and 36%,
respectively. In addition, the maximum loads have increased
up to 19.2 and 29.3% and 14.3 and 11%, respectively.

5.3. Stiffness Degradation and Energy Dissipation. Figure 13
illustrates the stiffness degradation of KJ-1 and KJ-2 during
loading procedure utilizing secant stiffness method. Stiffness
degradation rate of KJ-1 specimen is very close to KJ-2 at the
initial stage; when it comes to the later stage, the stiffness
degradation rate of KJ-1 decreases faster compared to KJ-2.
The result indicates that CFRP sheets can remarkably confine
cracked concrete and improve the lateral stiffness of RC frame
at elastic-plastic stage and plastic stage.

The structural energy dissipation is evaluated by the
equivalent viscous damping factor. As illustrated in Figure 14,
the equivalent viscous damping factor ℎ

𝑒
[36] is calculated

based on the areas of hysteretic loop and corresponding
triangle; that is, ℎ

𝑒
= (1/2𝜋)(𝑆

𝐴𝐵𝐶
/𝑆
𝑂𝐵𝐷
). The relation curve

of equivalent viscous damping factor and corresponding
displacement is depicted in Figure 15. As can be seen in
Figure 15, (a) the equivalent viscous damping factor grows
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Table 1: Load, displacement, and ductility factor of KJ-1 and KJ-2.

Specimen number Loading direction
Yield point Peak point Ultimate point

Ductility factorLoad
kN

Displacement
mm

Load
kN

Displacement
mm

Load
kN

Displacement
mm

Test
KJ-1 Push 94.24 19.69 142.4 44.7 120.7 61.2 3.1

Pull 66.04 19.05 103.8 44.2 88.0 57.2 3.0

KJ-2 Push 118.79 22.34 169.8 58.4 144 89.9 4.0
Pull 95.82 23.92 134.2 65.9 124.6 71.4 3.0

Simulation
KJ-1 Push 106.5 19.98 143.1 45.5 140.3 64.1 3.2

Pull 94.8 18.72 94.0 36.8 93.9 54.5 2.9

KJ-2 Push 141.67 21.44 163.59 51.7 157.4 78.5 3.7
Pull 94.01 24.0 104.1 54.24 102.77 73.9 3.1
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Figure 13: Stiffness degradation of KJ-1 and KJ-2.

with the increase of displacement, but the ratio of increase has
little change; (b) the increase of equivalent viscous damping
factor verifies that energy dissipation of specimens grows
gradually; and (c) the equivalent viscous damping factor of
KJ-2 is higher than that of KJ-1, which indicates that specimen
of KJ-2 is superior in energy dissipation to KJ-1.

6. Conclusions

A low reversed cyclic test on seismic performance of reference
specimen (KJ-1) and CFRP strengthened damaged RC frame
(KJ-2) is conducted and the experimental result is compared
with the numerical one. The following conclusions can be
drawn:

(1) The CFRR sheets can remarkably improve bearing
capacity of damaged RC frame including yield and
maximum load. At elastic stage, the elastic stiffness
of specimen KJ-1 and elastic stiffness of specimen
KJ-2 are fairly close to each other. At elastic-plastic

P

A

B

C DO
Δ

Figure 14: Sketch of equivalent viscous damping factor.

stage, the stiffness of specimen KJ-2 is improved
dramatically compared with KJ-1.

(2) The ultimate displacement and ductility of KJ-2 pre-
cede those of KJ-1, which indicates that CFRP sheets
can noticeably enhance ductility of RC frame and
improve seismic performance eventually.

(3) Even though the cracks are not treated in this test,
the CFRP sheets strengthened scheme significantly
improves the seismic performance of RC frame.
Therefore, this method is practical and effective in
retrofitting damaged RC frame.

(4) The ideal fiber element model is used in numerical
simulation ignoring the factors such as cracks in
the frame and bond-slip between reinforcement and
concrete, which leads to some deviation between
numerical and experimental results.
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