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Abstract

One important application of fiber reinforced polymer (FRP) composites in construction is as FRP jackets to confine concrete in the
seismic retrofit of reinforced concrete (RC) structures, as FRP confinement can enhance both the compressive strength and ultimate
strain of concrete. For the safe and economic design of FRP jackets, the stress–strain behavior of FRP-confined concrete under cyclic
compression needs to be properly understood and modeled. This paper presents the results of an experimental study on the behavior of
FRP-confined concrete under cyclic compression. Test results obtained from CFRP-wrapped concrete cylinders are presented and exam-
ined, which allows a number of significant conclusions to be drawn, including the existence of an envelope curve and the cumulative effect
of loading cycles. The results are also compared with two existing stress–strain models for FRP-confined concrete, one for monotonic
loading and another one for cyclic loading. The monotonic stress–strain model of Lam and Teng is shown to be able to provide accurate
predictions of the envelope curve, but the only existing cyclic stress–strain model is shown to require improvement.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fiber reinforced polymer (FRP) composites have found
increasingly wide applications in civil engineering due to
their high strength-to-weight ratio and high corrosion resis-
tance. One important application of FRP-composites is as
a confining material for concrete, in both the retrofit of
existing reinforced concrete (RC) columns and in con-
crete-filled FRP tubes in new construction [1–3]. As a result
of FRP confinement, both the compressive strength and
the ultimate strain of concrete can be greatly enhanced.
In both types of applications, the stress–strain behavior
of FRP-confined concrete, under both monotonic and
cyclic compression, needs to be properly understood and
modeled. The stress–strain behavior of confined concrete
under cyclic compression is of particular interest in the
seismic retrofit and design of concrete structures.
0958-9465/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Many studies have examined the stress–strain behavior
of unconfined and steel-confined concrete under cyclic com-
pression (e.g. [4–12]). In the past decade, extensive research
has also been conducted on the monotonic stress–strain
behavior of FRP-confined concrete (e.g. [13–25]), but only
a few studies have been concerned with FRP-confined
concrete under cyclic compression [26–33]. While the latter
studies provided limited but valuable experimental results,
considerable uncertainties still exist in several issues, includ-
ing the ultimate condition of FRP-confined concrete under
cyclic compression in comparison with the case of
monotonic compression [34], the effect of loading history
on the stress–strain response, and the accurate modeling
of the stress–strain behavior. To the best knowledge of
the authors, only one cyclic stress–strain model has been
proposed for FRP-confined concrete by Shao [33] based
mainly on his own limited test data.

This paper presents the results of a recent experimental
study on the behavior of FRP-confined concrete under
cyclic compression. Test results obtained from CFRP-
wrapped concrete cylinders are presented and examined
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Fig. 1. Test specimen (a) test setup and (b) location of strain gauges for
hoop strains in an FRP jacket.
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first. These results are then compared with two existing
models for FRP-confined concrete, one for monotonic
loading and another one for cyclic loading.

2. Experimental details

2.1. Test specimens

A total of 18 concrete cylinders of 152 mm in diameter
and 305 mm in height were prepared and tested in two ser-
ies. Each series consisted of six cylinders confined by carbon
FRP (CFRP) jackets, plus three unconfined cylinders as
control specimens, all prepared from the same batch of con-
crete. The CFRP jackets were formed in a wet lay-up pro-
cess by wrapping a continuous carbon fiber sheet with the
impregnation of epoxy resin. The six confined cylinders in
Series I were wrapped with one ply of CFRP, and those
in Series II were wrapped with two plies of CFRP. An over-
lap length of 150 mm was included for all wrapped speci-
mens to form a vertical joint. Both the upper and lower
ends of each wrapped cylinder were strengthened with an
additional CFRP strip of 25 mm in width. These strength-
ening strips contained one ply of CFRP for the one-ply
jackets and two plies of CFRP for the two-ply jackets.
Table 1 provides the key information of the test specimens.

2.2. Strain gauge layout

The axial strains were determined using two linear
variable displacement transducers (LVDTs), at 180� apart
and covering the mid-height region of 120 mm (Fig. 1(a)).
The hoop strains of the concrete cylinders were measured
using strain gauges. For each unconfined concrete cylinder,
two strain gauges with a gauge length of 60 mm were
bonded, at 180� apart, at the mid-height of the cylinder.
For each FRP-wrapped concrete cylinder, eight strain
gauges with a gauge length of 20 mm were installed at
Table 1
Details of CFRP-confined specimens and key test results

Series Loading pattern Specimen f 0cc ðMPaÞ ecu eh,rup

Average Maximum

I Monotonic CI-M1 52.6 0.0090 0.0081 0.0088
CI-M2 57.0 0.0121 0.0108 0.0117
CI-M3 55.4 0.0111 0.0107 0.0116

Single cycles at prescribed
displacements

CI-SC1 60.2 0.0134 0.0132a 0.0143a

CI-SC2 56.8 0.0117 0.0103 0.0112
Three repeated cycles at
prescribed displacements

CI-RC 56.5 0.0120 0.0113 0.01224

II Monotonic CII-M1 76.8 0.0191 0.0106 0.0120
CII-M2 79.1 0.0208 0.0113 0.0121
CII-M3 65.8 0.0125 0.0079 0.0090

Single cycles at prescribed
displacements

CII-SC1 81.5 0.0244 0.0122 0.0131
CII-SC2 78.2 0.0189 0.0108 0.0120

Three repeated cycles at
prescribed displacements

CII-RC 85.6 0.0234 0.0122 0.0139

a One strain gauge outside the overlapping zone was damaged.
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Fig. 2. Cyclic stress–strain curves of concrete confined with one ply of
CFRP in comparison with monotonic stress–strain curves of confined and
unconfined concrete. (a) Specimen CI-SC1, (b) specimen CI-SC2, and (c)
CI-RC.
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the mid-height of the cylinder, which were evenly distrib-
uted around the circumference to measure the hoop strains
of the FRP jacket. Five of them were located outside the
overlapping zone, and the remaining three located in the
overlapping zone (Fig. 1(b)). This strain measurement
scheme was employed to study the hoop strain distribution
in and the ultimate condition of the FRP jacket under cyc-
lic compression. Further details of the strain gauge layout
can be found in Ref. [34], which is concerned with the ulti-
mate condition of FRP-confined concrete in monotonic
compression.

2.3. Compression tests

The compression tests were performed using a 1600 kn
capacity servo-controlled MTS testing machine under
displacement control (stroke control) at a constant rate
of 0.6 mm/min. It should be noted that this displacement
included not only the shortening of the concrete cylinder
under compression, but also the deformation of the whole
loading system itself.

For the three unconfined cylinders and three of the six
FRP-confined cylinders in each series, loading was applied
with monotonically increasing displacements until failure.
The failure of FRP-confined concrete cylinders was all by
the rupture of the FRP jacket. For the other three FRP-
confined cylinders in each series, cyclic compression involv-
ing unloading and reloading cycles was applied at several
unloading displacement values before failure. Two of these
three specimens were subjected to a single loading/unload-
ing cycle at each prescribed displacement level. In this case,
the specimen was loaded by increasing the axial displace-
ment to a prescribed value, and was next unloaded by
reducing the axial displacement to a target load level.
The specimen was then reloaded to the next prescribed
displacement for cyclic loading. The third FRP-confined
cylinder was subjected to three unloading/reloading cycles
at each prescribed unloading displacement level. For both
cases of cyclic compression, the target load level at which
unloading was terminated and reloading started was
20 kn, which is equivalent to an axial stress of about
1.1 MPa. All the loading patterns were automatically exe-
cuted by a computer program. Readings of the load,
displacement, strain gauges and LVDTs were taken using
a data logging system and were stored in a computer.

2.4. Properties of CFRP

The wet lay-up CFRP system used in this study included
unidirectional carbon fiber sheets and epoxy-based primer
and resin. The carbon fiber sheets had a nominal thickness
of 0.165 mm. The measured thicknesses of the CFRP out-
side the overlapping zone were 0.69 mm in one-ply jackets
and 1.09 mm in two-ply jackets, respectively. The elastic
moduli of the CFRP were 250 GPa for one-ply jackets
and 247 GPa for two-ply jackets respectively, which were
determined from flat coupon tests according to ASTM
D3039 [35] and calculated based on the nominal thickness
of the CFRP sheet, accounting for the effect of the actual
thickness of the CFRP sheet [34]. The ultimate tensile
strain of the CFRP from these flat coupon tests was 1.52%.

3. Test results

The compression tests of the unconfined concrete cylin-
ders showed that the concrete for the Series I specimens
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had an unconfined concrete compressive strength f 0co of
41.1 MPa at an axial strain of 0.00256, while the concrete
for the Series II specimens had an unconfined concrete
strength f 0co of 38.9 at an axial strain of 0.0025.

All the FRP-confined specimens failed by the rupture of
the FRP jacket. The key results are shown in Table 1. The
ultimate axial strains of confined concrete ecu were aver-
aged from the two LVDTs. For the FRP hoop rupture
strain eh,rup, both the average values from strain gauges
outside the overlapping zone and the maximum values
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Fig. 3. Cyclic stress–strain curves of concrete confined with two plies of
CFRP in comparison with monotonic stress–strain curves of confined and
unconfined concrete. (a) Specimen CII-SC1, (b) specimen CII-SC2, and (c)
specimen CII-RC.
around the circumference, which also occurred outside
the overlapping zone, are presented. Stress–strain curves
of FRP-confined concrete under cyclic compression are
shown in Fig. 2 for specimens confined with one ply of
CFRP, and in Fig. 3 for specimens confined with two plies
of CFRP. In each figure, stress–strain curves of three
confined and three unconfined concrete specimens under
monotonic loading from the same series are also shown
for comparison. In plotting these figures, the axial strains
ec (compressive strains) in concrete are defined as positive,
while the lateral strains el are defined as negative and
assumed to have the same magnitude as the FRP hoop
strains eh, which are defined as positive and averaged from
the five strain gauges outside the overlapping zone. The
strain gauge values within the overlapping zone are affected
by the additional thickness due to the overlapping, so the
use of the strain values outside the overlapping zone alone
provides a more accurate picture of the dilation response of
the confined concrete [34]. The critical points include the
starting points of unloading and reloading, the reference
strain point on the reloading curve, and the estimated zero
stress point for the unloading curve. The reference strain is
taken as the axial strain at which the first unloading/
reloading cycle starts at a prescribed displacement value.

4. Discussions

4.1. Envelope curve

A basic hypothesis in studies on the cyclic stress–strain
behavior of unconfined and steel-confined concrete is that
an envelope curve exists and this envelope curve is approx-
imately the same as the stress–strain curve for the same
concrete under monotonic loading [5,7]. Such an envelope
curve can be considered as the upper boundary of the
response of the concrete subjected to different loading
histories in the stress–strain domain.

Recently, Rodrigues and Silva [27] suggested the possi-
bility that for FRP-confined concrete, the monotonic
stress–strain curve may stay below the envelope curve of
the cyclic stress–strain curve, based on their test results
of CFRP-confined small RC columns with both longitudi-
nal and transverse steel reinforcement. Other studies by
Theodoros [29] and Ilki and Kumbasar [30,31], however,
suggested the coincidence of the monotonic curve with
the envelope curve of the cyclic curve. An uncertainty in
the comparison by Ilki and Kumbasar [30,31] is that the
unconfined concrete strengths were slightly different for
the specimens under monotonic compression and cyclic
compression respectively.

To compare the monotonic and cyclic stress–strain
strain curves of FRP-confined concrete, Figs. 2 and 3 show
envelope curves for both the axial stress-axial strain and
the axial stress–lateral strain curves (heavy solid lines),
which were obtained by connecting the initial unloading
points on the stress–strain curve within the strain range
for cyclic loading. In some of the diagrams shown in these
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figures, it is difficult to distinguish the envelope curve from
the stress–strain curve from the corresponding monotonic
loading test, as the two almost coincide. This observation
indicates that the basic hypothesis of envelope curves is
valid for FRP-confined concrete. For this reason, the first
unloading/reloading cycle at each prescribed axial displace-
ment following monotonic loading can be considered as
unloading/reloading from the envelope curve, while the
subsequent unloading/reloading cycles are cycles within
the envelope curve (i.e., not reaching the envelope curve).

4.2. Plastic strain

The plastic strain of concrete is defined as the residual
axial strain of concrete when it is unloaded to the zero
stress. In the present study, all the unloading curves except
one unloading curve of specimen CI-SC1 were terminated
before reaching the zero stress, so the plastic strains had
to be estimated by extending the unloading curves to the
zero stress. These estimated axial strains at zero stress are
shown in Fig. 4.

In a number of existing studies (e.g. [10,12]), the plastic
strain of unconfined or steel-confined concrete were related
to the axial strain at the starting point of unloading. Sakai
and Kawashima [12] suggested that the plastic strain epl of
steel-confined concrete is a linear function of the unloading
strain eun for each of the two regions of 0.001 6 eun 6

0.0035 and eun P 0.0035. It should be noted that unloading
can be initiated from the envelope curve, or from a reload-
ing path as is the case in the tests of Specimens CI-RC and
CII-RC in the present study. Only the plastic strain for
unloading from the envelope curve can be directly related
to the unloading strain, as shown in Fig. 4. This unloading
strain is referred to as the envelope unloading strain eun,env.
In Fig. 4, a linear relationship between the plastic strain
and the envelope unloading strain is also observed for
FRP-confined concrete, at least for eun,env P 0.0035.
Fig. 4 shows that for the two series of specimens confined
with one and two plies of CFRP respectively, the trend
lines almost coincide. This appears to indicate that the
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Fig. 4. Plastic strain versus envelope unloading strain.
plastic strain of FRP-confined concrete is independent of
the amount of confinement. As both series of specimens
had almost the same unconfined concrete strength, it is
not clear whether the unconfined concrete strength has an
effect on the plastic strain.

4.3. Effect of loading history

Sinha et al. [4] suggested a uniqueness concept which
means that the locus of common points, where the reload-
ing path of an unloading/reloading cycle crosses the
unloading path, can be considered as a stability limit. Stres-
ses at or below this limit will lead to stress–strain responses
following the same path without causing further permanent
strains. According to this uniqueness concept, the effect of
loading history is negligible in predicting the unloading and
reloading paths of concrete. However, this uniqueness con-
cept was not supported by subsequent tests by Karson and
Jirsa [5]. This non-uniqueness concept has been verified by
other studies on unconfined concrete and steel confined
concrete (e.g. [10,12]).

The results of the present tests show that the uniqueness
concept is also invalid for FRP-confined concrete. Figs.
2(c) and 3(c) show that when subjected to repeated cycles
at each prescribed axial displacement level, the axial
stress-axial strain response of a subsequent unloading/
reloading cycle does not coincide with that of the previous
cycle and instead shifts to the higher axial strain side. This
shift of the unloading/reloading curve indicates a cumula-
tive effect of the loading history on the permanent strain
(plastic strain) and stress deterioration of FRP-confined
concrete.

4.4. Ultimate condition

Extensive studies on FRP-confined concrete under
monotonic compression have shown that eventual failure
of FRP-confined concrete is by the rupture of the FRP
jacket. The ultimate condition of the confined concrete,
often characterized by the compressive strength and the
ultimate axial strain, is thus intimately related to the ulti-
mate tensile strain (or tensile strength) of the confining
FRP in the hoop direction. Experimental results have
shown that the material tensile strength of FRP for the
hoop direction, defined as the tensile strength from coupon
tensile tests, cannot be reached in FRP-confined concrete
(e.g. [19,36,37]). A recent study by Lam and Teng [34]
provided an in-depth examination of this important issue.
In their study, the distribution of FRP hoop strains on con-
fined cylinders of 152 mm in diameter was measured using
a strain gauge layout as shown in Fig. 1. Lam and Teng
[34] concluded that the smaller FRP strains on confined
cylinders at hoop rupture than those obtained from coupon
tensile tests are due to at least three causes: (a) the curva-
ture of the FRP jacket; (b) the deformation non-uniformity
of cracked concrete; and (c) the existence of an overlapping
zone in which the measured hoop strains are much lower
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than strains measured elsewhere. Lam and Teng [34] also
noticed that the overlapping zone had little effect on the
distribution of lateral confining pressure as the FRP jacket
is thicker within this zone although the strains are smaller.
Thus, they suggested using the average hoop strain from
strain gauges outside the overlapping zone in calculating
the lateral confining pressure.

The present study used the same hoop strain measure-
ment scheme (Fig. 1) to study the ultimate condition of
FRP-confined concrete under cyclic compression. All
FRP-confined specimens tested in the present study failed
by the rupture of the FRP jacket and the hoop rupture
strains were smaller than the FRP material tensile strain.
The distributions of FRP hoop strains at the last unload-
ing/reloading cycle are shown in Fig. 5, and those at
ultimate failure are shown in Fig. 6.

It is interesting to note that unloading/reloading cycles
postponed the occurrence of hoop rupture failure. Table
1 shows that the FRP hoop rupture strains of cyclically
loaded specimens are on average about 15% higher than
those of the monotonically loaded specimens, in terms of
both the maximum value around the circumference and
the average value outside the overlapping zone. In this
comparison, Specimen CI-SCI (cyclically loaded) was
excluded, because one hoop strain gauge was damaged
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 60 120 180 240 300 360

Angle from finishing end of wrapping (degree)

F
R

P
 h

oo
p 

st
ra

in
 (

%
)

CI-SC1
CI-SC2
CI-RC
CII-SC1
CII-SC2
CII-RC

Overlapping zone

At  onset of unloading

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 60 120 180 240 300 360

Angle from finishing end of wrapping (degree)

F
R

P
 h

oo
p 

st
ra

in
 (

%
)

CI-SC1
CI-SC2
CI-RC
CII-SC1
CII-SC2
CII-RC

Overlapping zone

At  onset of reloading

a

b
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Fig. 6. Distributions of FRP hoop strains at failure. (a) Specimens under
monotonic compression and (b) specimens under cyclic compression.
during loading. The higher FRP hoop rupture strains for
cyclically loaded specimens have also been observed by
Theodoros [29], although only average hoop strains were
reported by him.

A comparison of specimens within the same series also
indicates that apart from the FRP hoop rupture strain,
the compressive strength and ultimate axial strain of
FRP-confined concrete are also higher when loading is
cyclically applied.

5. Comparison with existing stress–strain models

In this section, the present experimental results are com-
pared first with a monotonic axial stress-axial strain model
for FRP-confined concrete and then with a cyclic axial
stress-axial strain model. For brevity, the term ‘‘stress–
strain’’ is used to mean ‘‘axial stress-axial strain’’ in the
following discussion.

5.1. Lam and Teng’s model for monotonic stress–strain

responses

The test results presented in the above section show that
the cyclic stress–strain curve of FRP-confined concrete has
an envelope curve which coincides with the monotonic
curve. This observation suggests that a stress–strain model
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for FRP-confined concrete developed based on monotonic
tests can be used to predict the envelope curve of cyclic
stress–strain responses. Of the existing models, a simple
(i.e. design-oriented) but accurate model is that developed
by Lam and Teng [24] based on a large test database assem-
bled from the literature [38]. This model has several advan-
tages over other design-oriented models for FRP-confined
concrete in terms of accuracy and simplicity. In this model,
the stress–strain curve of FRP-confined concrete is repre-
sented by a parabola as the first portion plus a straight line
as the second portion, with a smooth transition between
the two portions. The compressive strength and ultimate
axial strain of FRP-confined concrete are predicted using
the actual FRP hoop rupture strain. Details of this model
can be found in Ref. [24].

Close agreement between the test results and the predic-
tions by Lam and Teng’s model [24] is seen in Figs. 7 and 8
for the stress–strain curves of monotonically loaded speci-
mens and the envelope curves of cyclically loaded speci-
mens respectively. Further comparisons between the tests
and the predictions by Lam and Teng’s model [24] for
the compressive strength and the ultimate axial strain of
FRP-confined concrete subject to cyclical loading are
shown in Fig. 9(a) and (b). These comparisons show that
although the FRP hoop rupture strains of cyclically loaded
specimens are higher than those of monotonically loaded
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specimens, the ultimate condition can still be closely pre-
dicted by Lam and Teng’s model, provided that the actual
hoop rupture strains are used. However, if FRP hoop rup-
ture strains obtained from monotonic tests are used, Lam
and Teng’s model [24] leads to conservative predictions.

5.2. Shao’s model for unloading and reloading paths

Shao [33] proposed a model for predicting the unload-
ing/reloading hysteresis loops of FRP-confined concrete
under cyclic compression. Details of this model are also
available in Ref. [39]. In this model, the stress–strain model
for monotonic behavior proposed by Samaan et al. [14] is
used to predict the envelope curve. For unloading from
the envelope curve, the stress–strain path is given by

rc ¼
ð1� xÞ2

ð1þ 2xÞ2
run;env ð1Þ

where run,env is the stress at the envelope unloading strain,
and x is defined as

x ¼ ec � eun;env

epl � eun;env

ð2Þ

The plastic strain epl is given by

epl ¼ eun;env �
run;env

Esec u
ð3Þ
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where Esec u is the unloading modulus defined as

Esec u ¼
run;env

eun;env � epl

ð4Þ

The following equation was proposed to evaluate the
unloading modulus:

Esec u

Ec

¼
1; 0 6 run;env=f 0co < 1

�0:44run;env=f 0co þ 1:44; 1 6 run;env=f 0co < 2:5

0:34; run;env=f 0co P 2:5

8><
>:

ð5Þ
where the elastic modulus of unconfined concrete
Ec ¼ 3950

ffiffiffiffiffiffi
f 0co

p
ðMPaÞ, as suggested by Samaan et al.

[14]. Shao [33] suggested that for unloading from an arbi-
trary point, the stress–strain path should be predicted using
Eqs. (1) and (2) with eun,env and run,env replaced by eun and
run, the strain and stress at the unloading point respec-
tively, while the plastic strain epl remains the same as that
determined from the envelope unloading strain eun,env using
Eqs. (3)–(5).

Shao [33] proposed straight lines to represent reloading
paths, as has been done by Mander et al. [8] and Bahn and
Hsu [10] for unconfined or steel-confined concrete. To
determine the reloading path, the new stress at the refer-
ence strain (the envelope unloading strain) rnew on a
reloading path is a key value, which is determined by

rnew ¼ 0:9run;env ð6Þ
Shao [33] developed a number of rules for determining the
stress–strain path, depending on the starting point of
reloading. For reloading from a point with the stress being
between zero and rnew, which is the case for the present
specimens, the reloading stress–strain path follows a
straight line from the starting point of reloading to the
reference strain point (eun,env,rnew), and then follows anther
straight line with the slope being that of a straight line con-
necting the plastic strain point to the reference strain point.

It should be noted that Shao’s model makes use of the
uniqueness concept. Consequently, the plastic strain and
the new stress at the reference strain determined from the
initial unloading/reloading cycle from the envelope curve
are used for predicting the unloading and reloading paths
of the subsequent cycles within the envelope curve. How-
ever, this uniqueness concept is not supported by the test
results of the present study for FRP-confined concrete
under cyclic compression. Thus, Shao’s model is unable
to predict the cumulative effect of loading history on the
permanent strain and stress deterioration of FRP-confined
concrete, as experienced by specimens CI-RC and CII-RC
in the present study.

In Fig. 10, experimental plastic strains obtained in the
present study are compared with the predictions by Eqs.
(3)–(5) in Shao’s model [33]. In Fig. 11, the experimental
stress–strain curves of specimens CI-SC2 and CII-SC2
are compared with the unloading and reloading paths pre-
dicted using Shao’ model. Envelope curves predicted using
Samaan et al.’s model [14] and the actual FRP hoop rup-
ture strains are also shown in this figure. In predicting
the unloading paths, the experimental values of the unload-
ing strain eun, unloading stress run, and plastic strain epl

were used. The use of the experimental plastic strains
instead of the predictions of Eqs. (3)–(5) is because these
equations overestimate the plastic strains of the present
specimens considerably. In predicting the reloading paths,
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experimental values of the stress and strain at the starting
point of reloading, as well as the envelope unloading strain
eun,env and stress run,env were used, while the new stress at
the reference strain point rnew was found using Eq. (6).
In Eq. (6), a factor of 0.9 is very close to the average value
of 0.917 found from the present tests. According to Shao
[33], the termination point of a reloading curve needs to
be determined using Samaan et al.’s model [14], but in
Fig. 4, these curves are terminated at approximately the
experimental envelope curve instead of that given by
Samaan et al.’s model [14] as the latter does not match
the present test envelope curves well.

Fig. 10 shows that the experimental plastic strains are
overestimated by Shao’s model [33]. Fig. 11 shows that
for the four specimens subjected to single unloading/
reloading cycles at prescribed displacements, the predicted
reloading paths match the test results reasonably well, but
the predicted unloading paths do not. The two specimens
subjected to repeated cycles at prescribed displacements
are not used for comparison because Shao’s model [33]
does not cover this type of unloading/reloading cycles.

6. Conclusions

This paper has been concerned with the behavior and
modeling of FRP-confined concrete under cyclic compres-
sion. Results from monotonic and cyclic compression
tests on CFRP-confined concrete cylinders have been
presented and discussed. The test results have also been
compared with a monotonic stress–strain model and a
cyclic stress–strain model for FRP-confined concrete.
The following conclusions may be drawn from the present
study:

1. Unloading/reloading cycles have little effect on the enve-
lope curve of stress–strain responses of FRP-confined
concrete, except for a small enhancement of the FRP
hoop rupture strain.

2. For the same concrete strength, the plastic strain of
FRP-confined concrete is linearly related to the envelope
unloading strain, but is independent of the amount of
FRP-confinement.

3. Repeated unloading/reloading cycles have a cumulative
effect on the permanent strain and stress deterioration,
so the uniqueness concept of cyclic stress–strain responses
is invalid.

4. The envelope curve, compressive strength and ultimate
axial strain of FRP-confined concrete can be accu-
rately predicted using Lam and Teng’s monotonic
stress–strain model [24] for FRP-confined concrete,
provided that the enhanced FRP hoop rupture strain
is used.
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5. The recent model proposed by Shao [33] is the only
model available for predicting the stress–strain response
of FRP-confined concrete under cyclic axial compres-
sion. Comparisons between the present test results and
the predictions of this model indicated that this model
predicts reloading paths reasonably closely but does
not predict the unloading paths well. Another weakness
of the model is that it makes use of the uniqueness
assumption, which renders the model incapable of pre-
dicting the cumulative effect of loading history on the
permanent strain and stress deterioration of concrete.

It should be noted the above conclusions have been
reached on the basis of tests conducted on small-scale spec-
imens (i.e. standard cylinders). Size effects may exist and
such effects should be examined using full-scale specimens
in the future.
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