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Abstract: Fiber-reinforced plastic-wrapped concrete columns (FRP-C) have been extensively used in building
structures and transportation infrastructures around the world during the past two decades. These members
are actually subjected to a long-term sustained axial compression before they experience the designated ultimate
loading. However, little attention has been given to the performance of FRP-C after sustained axial compression
compared with that of its short-term instant performance. This study aims to establish a design-oriented numerical
model for the long-term deformation of circular FRP-C after sustained load. A modiﬁed constitutive model of
FRP-wrapped concrete is proposed for numerical analysis of FRP-C considering two dominant eﬀects of sustained
axially compressive loading. Numerical veriﬁcations against existing tests indicates that the ultimate strength will
be slightly enhanced while the ultimate strain will be conspicuously reduced in most cases of normal strength FRP-C
after a long-term sustained load.
Key words: Fiber-reinforced plastic (FRP), Sustained load, Column, Long-term deformation, Creep, Constitutive
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1 Introduction
As the cost of applying ﬁber-reinforced plastic (FRP) in structural engineering has decreased
markedly, FRP-wrapped concrete columns (FRP-C)
have been widely applied worldwide in the past two
‡
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decades. The behavior of FRP-C under short-term
loading has been investigated in depth, and a number
of models for predicting the stress strain relationship of FRP-conﬁned concrete have been proposed
by Samaan et al. (1998), Toutanji (1999), Xiao and
Wu (2000), Lam and Teng (2003), Rousakis et al.
(2007), and Wang and Wu (2011). These stressstrain models can be classiﬁed into two main categories: (1) design-oriented models, and (2) analysisoriented models.
While the analysis-oriented models have advantages in describing the detailed mechanical interaction between FRP laminates and the concrete core with the inevitable complexity of the
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incremental process, the design-oriented models can
be much more eﬀectively and practically used in
engineering design through treating FRP-conﬁned
concrete as a single composite material, and, according to a comprehensive review and assessment of the FRP-conﬁned concrete constitutive models
including design-oriented and analysis-oriented ones
(Ozbakkaloglu and Akin, 2012), the design-oriented
models generally performed better in predicting ultimate strength and strain enhancement.
However, compared with the short-term assumption adopted in these previous studies, FRP-C
are actually subjected to a sustained axial compression which is long-term enough in engineering application before they experience the ultimate loading,
and limited attention has been paid to the eﬀects
of a sustained load on the mechanical behavior of
FRP-C. Compared with the short-term analysis of
FRP-C, the creep eﬀect of concrete core and FRP
laminates together with their interaction on FRP-C
performance after sustained load remain uncertain.
This lack of information makes it necessary to conduct further research to obtain a full understanding
of this common, but generally neglected problem. A
few of experimental and theoretical studies on the
creep and shrinkage eﬀects of FRP-C have been reported (Naguib and Mirmiran, 2003; Yu et al., 2003;
Berthet et al., 2006; Wang et al., 2011). It has been
found that the drying shrinkage strain in FRP-C is
very small or eliminated due to the prevention of
moisture egress in a sealed environment. Also the effect of FRP-conﬁnement on the creep of the concrete
was not very signiﬁcant. Compared with FRP-C
long-term deformation research, very little attention
has been given to the modeling of FRP-C after sustained load. This might be due to the fact that the
concrete structure strength and corresponding ultimate strain are usually not compromised by longterm deformation phenomena. However, the composite characteristics of FRP-C and the potential increase in concrete strength gained from a sustained
load will make it diﬀerent from what it was supposed
to be. The schematic of FRP-C long-term deformation under sustained compressive load is shown in
Fig. 1.
Theoretical analysis and a better understanding of this problem are far from achieved. Therefore, this study intends to establish analytical models
for the long-term deformation of FRP-C and design-
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Fig. 1 Conceptual schematic of FRP-C deformation
under sustained compressive loading

oriented models for FRP-C after sustained load. The
development of a long-term deformation model is
based on the B3 model proposed by Bazant (1995).
A modiﬁed constitutive model of FRP-wrapped concrete is proposed for a numerical analysis of FRP-C
considering two dominant eﬀects of long-term sustained load. Finally, numerical veriﬁcation against
existing tests and a series of parametric studies are
conducted to further understand the ultimate performance of FRP-C after a sustained load.

2 Creep behavior of confined concrete
To analyze the deformation of FRP-C under sustained compression, the conﬁned concrete and the
wrapped FRP conﬁnement should be considered integrally. Besides the creep behavior of the concrete
core and the wrapped FRP conﬁnement, the interaction between them should be explicitly included.
For simpliﬁcation the case of interest, no axial stress
redistribution is counted in FRP-C. The justiﬁcaion
for such a simpliﬁcation is that FRP-wrapped laminates only provide lateral conﬁnement and not axial
resistance.
For plain concrete, creep models are abundant.
However, the creep model for FRP-wrapped concrete
is limited because of its sealed condition and triaxial
stress status. In this study, the B3 model originally
presented by Bazant (1995) is adopted for predicting
concrete core creep. The B3 model is theoretically better justiﬁed than the previous models and its
coeﬃcients of variation of deviations are very small.
The creep of a conﬁned concrete core under sustained uniaxial compression can be calculated by
the B3 model as below. The compliance function
J(t, t0 ), which represents the total strain including
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elastic, shrinkage strain and creep strain at target
time t caused by unit axially compressive stress during loading age t0 , is given as
J(t, t0 ) = q1 + C0 (t, t0 ) + Cd (t, t0 , ts ),

(1)

where q1 is the instantaneous strain due to unit
stress, C0 (t, t0 ) is the compliance function for basic creep (10−6 MPa−1 ), Cd (t, t0 , ts ) is the compliance function for simultaneous drying shrinkage
(10−6 MPa−1 ), and ts is the age when shrinkage begins. As to conﬁned concrete with sealed curing, the
drying creep and shrinkage can be neglected owing
to the eﬀective prevention of moisture loss. Then
only the basic creep needs to be taken into account,
so the compliance function can be simpliﬁed to
C0 (t, t0 ) = q2 Q(t, t0 ) + q3 ln[1 + (t − t0 )l ]
 
t
+ q4 ln
,
t0

(2)

where q2 , q3 , and q4 are the aging viscoelastic compliance, non-aging viscoelastic compliance, and ﬂow
compliance concerning the material parameters of
concrete, respectively, as deduced from solidiﬁcation
theory (Bazant and Prasannan, 1989). Q(t, t0 ) is a
function concerning the age at loading which can be
easily obtained from an approximate explicit formula or numerical integration, while l is an empirical
parameter whose value can be taken as 0.1 for all
normal concrete.
With the creep of the concrete core in composite
columns like FRP-C, hoop stress may vary over time
due to the lateral static equilibrium and geometric
compatibility. To account for variable stresses in
concrete, the Boltzmann principle of superposition
can be used (Mayﬁeld, 1983). Therefore, the total
strain due to a variable stress history can be obtained
by integrating the strains responded to small stress
increments applied at small time intervals.
ε(t) =

n


0.5 [J(tn , ti ) + J(tn , ti−1 )] Δσ(ti ),

(3)

i=1

where the subscripts n and i refer to the total and
individual time steps for numerical integration, respectively, and Δσ(ti ) refers to the ith stress incremental step. The application of the Boltzmann
principle of superposition is appropriate for a deformation response in the linear range, so the linear
creep assumption is introduced.
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The triaxial stress status is another highlighted
characteristic of conﬁned concrete. It is known that
the net creep strain under triaxial stress can be less
than that under a uniaxial stress of the same magnitude. Gopalakrishnan et al. (1970) showed that
despite anisotropy and creep nonlinearity, creep strain in concrete under triaxial stress conforms to
the Boltzmann principle of superposition. Therefore, the total creep strain in any direction can be
obtained by adding all its portions caused by each
stress composition acting separately, and its total
axial creep strain and radial creep strain can be calculated by
εc1 (t) = J(t, t0 )σc1 − 2μc J(t, t0 )σc3 ,

(4)

εc2 (t) = μepr εc1 (t),

(5)

where σc1 is the axial stress in the concrete core
(MPa), σc3 is the hoop stress in the concrete core
(MPa), μc is the static Poisson’s ratio of concrete,
and μepr is the eﬀective creep Poisson’s ratio. According to Gopalakrishnan et al. (1970) and Jordaan
and Illston (1971), the eﬀective creep Poisson’s ratio μepr under the triaxial state can be assumed to
remain constant over time.

3 Creep behavior of wrapped FRP
Creep sources in FRP laminates include creep of
ﬁbers, creep of resin, and creep due to ﬁber straightening. The power law relationship established by
Findley (1960) has been widely accepted and used
for predicting the creep behavior of FRP laminates
under constant uniaxial stress.
εf = ε0 + εt tm
l ,
σ

εt = εt sinh ,
σt

(6)
(7)

where εf is the total elastic and creep strain of
FRP laminates (MPa), ε0 is the elastic strain, εt is
the time-dependent strain coeﬃcient, tl is the time
after loading (h), σ is the constant stress in FRP
laminates, and m, εt , and σt are the empirical material constants. For three diﬀerent types of FRP
laminates, these parameters are given as: m=0.123,
0.129, and 0.061; εt =0.0011, 0.1112, and 0.0387 for
carbon FRP (CFRP), aramid FRP (AFRP), and
glass FRP (GFRP), respectively; and σt =68950 for
all cases (Naguib, 2001).
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When it comes to the variable stress history,
the strain in FRP laminates also follows the Boltzmann principle of superposition. It was modiﬁed by
Findley (1960) to include the possible nonlinearity
of FRP as follows:


σ

tm
εf = ε0 + εt sinh
σt l


(8)
Δσ
m
+ εt sinh
Δtl ,
σt
where Δσ is the change of stress in time increment
Δtl . This approximation is accurate when the stress
ratios σ/σ0 and σ/σt are within the range of service
loads.

4 Integrated creep of FRP-C
Based on knowledge of creep of conﬁned concrete and wrapped FRP, integrated deformation of
FRP-C with long-term deformation characteristics
is obtained. The so-called integrated deformation
modelling originates from two fundamental relations
including static equilibrium and geometric compatibility in the hoop direction.
4.1 Interaction of wrapped FRP and concrete
As shown in Fig. 2, in the lateral direction, the
static equilibrium condition is
σc3

2tf
+ σf3 ,
=
D

(9)

where σf3 is the hoop stress of the FRP laminates,
and tf and D are the thickness of the FRP laminates and the outer diameter, respectively. Given
the assumption that the concrete core and the FRP laminates are perfectly bonded during the whole
loading process, the radial strain in concrete must be
equal to the hoop strain in FRP.
εc3 = εf3 ,

(10)

where εc3 and εf3 are the radial strain in the concrete
and the hoop strain in the FRP, respectively.
The analysis procedure for the long-term deformation of FRP-C can be divided into two main steps:
initial short-term static analysis and long-term creep
analysis. The initial short-term static stresses and strains are determined at loading age t0 based on the
two main requirements stated above.
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Fig. 2 Schematic presentation of FRP-C section and
its lateral stress equilibrium

The axial stress in concrete can be calculated
with a given long-term sustained load NL and concrete sectional area Ac .
σc1 (t0 ) =

NL
.
Ac

(11)

Here the short-term exponential stress-strain
constitutive model proposed by Liu et al. (2013)
for FRP-conﬁned concrete core is used to calculate the axial strain in concrete εc1 (t0 ) with initial σc1 (t0 ). The hoop strain in FRP laminates
εf3 (t0 ) = εc3 (t0 ) = μc εc1 (t0 ) and its corresponding
hoop stress σf3 (t0 ) = μc εc1 (t0 )Ef can be obtained,
where Ef is the elastic modulus of FRP. Then the
initial radial stress in the concrete core can be calculated through a lateral static equilibrium as
σc3 (t0 ) = μc

2tf
εc1 (t0 )Ef .
D

(12)

Once the initial stresses in both the concrete
core and the FRP laminates have been determined,
the long-term deformation analysis of FRP-C can be
performed. As the ﬁnal result at target time t instead
of the whole process of deformation is emphasized in
this study, there is no analysis of deformation versus
time here. The calculation of the long-term creep of
a concrete core and FRP laminates can be simpliﬁed
as follows:
σc3 (t)+σc3 (t0 )
,
2
(13)


σf3 (t) 1
σf3 (t0 ) n
σf3 (t)
+
+ sinh
εf3 (t) =
tf ,
sinh
Ef
2
σt
σt
(14)

εc1 (t) = J(t, t0 )σc1 (t0 )−2μc J(t, t0 )

where εc1 (t) is the axial strain in concrete core at
the target time t, εf3 (t) is the hoop stain in FRP
laminates at the target time t, σc1 (t0 ) and σc3 (t0 )
are the axial strain and radial strain in concrete
core at loading age, respectively, σc3 (t) is the radial
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strain in concrete core at target time t, and σf3 (t)
and σf3 (t0 ) are the hoop strain in FRP laminates at
target time and loading age, respectively. Here the
FRP laminates are assumed to remain elastic, and
the radial strain of the concrete core can be obtained
as εc3 (t) = μc εc1 (t). The trial values of σc3 (t) and
σf3 (t) can be estimated as σc3 (t0 ) and σf3 (t0 ) ﬁrst,
then be obtained through the iterative calculation
stated below.
4.2 Iterative procedure for FRP-C creep
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,

,

ξ

Satisfy
Not satisfy

According to the geometric compatibility, we
check the diﬀerence between the hoop strain in FRP
εf3 (t) and the radial strain in concrete εc3 (t). If it is
greater than the preset tolerance, we make the new
value of εc3 (t) equal to the value of εf3 (t), and update
the new value of σc3 (t) with Eq. (14) accordingly. In
addition to the static equilibrium in the hoop direction, the updated hoop stress in FRP σf3 (t) can be
calculated as
σf3 (t) =

D
σc3 (t).
2tf

(15)

In this way, the whole iterative procedure of
long-term deformation analysis for FRP-C is repeated until convergence is achieved. The ﬂow chart for
analyzing the long-term deformation of FRP-C at
target time t is illustrated in Fig. 3, where tolerance
limit ξ ≥ 0.
4.3 Validation of iterative procedure
The accuracy of the proposed long-term deformation analysis method is validated in this section.
We choose the long-term deformation test data reported by Naguib and Mirmiran (2003) and Yu et al.
(2003) as the benchmarks, with the corresponding
geometric and material parameters listed in Table 1.
As to the labelling of the specimens, the ﬁrst letter S or L denotes the short-term or long-term, the
second number denotes the specimen group, and the
last number denotes the long-term load ratio r. fc0
denotes the plain concrete strength.
The total axial strain of a concrete core is predicted by the simpliﬁed analytical method proposed
in Section 4.2. The predicted axial strains are plotted against the experimental observations with different long-term load ratios in Figs. 4a, 4b, and 4c,
respectively. It appears that the total axial strain
estimated by the proposed analytical method is in

s

Fig. 3 Flow chart of creep eﬀect analysis for FRP-C

good agreement with experimental results with different sustained load ratios. Even though a slight
overestimation may be found in some cases, it will
lead to a relatively conservative design according to
the mechanical analysis. Therefore, the simpliﬁed
analytical model for FRP-C long-term deformation
can be reliably used in practical design.

5 FRP-C under sustained compression
Based on the long-term deformation analysis
presented above, we can subsequently deduce the
constitutive models for FRP-conﬁned concrete after
creep to make the analysis of FRP-C after sustained
load more theoretical and convincing. Three eﬀects
of sustained load on FRP-C ultimate performance
will be discussed here, and the modeling of FRP-C
after sustained load is then elaborated accordingly.
5.1 Short-term constitutive models of FRP-C
concrete
5.1.1 Stress-strain envelope
Extensive experimental studies have shown
that the stress-strain curve of concrete uniformly
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Table 1 Basic information of selected test members in numerical veriﬁcation
Specimen number
S-1
L-1-0.15
S-2
L-2-0.30
L-2-0.60

800

Total axial strain (×10−6)

t − t0 (d)

fc0 (MPa)

εfrp (%)

Ef (mm)

tf (mm)

D (mm)

0
178
0
150
300

0
100
0
160
160

29.0
29.0
43.2
43.2
43.2

2.3
2.3
1.2
1.2
1.2

26 135
26 135
118 000
118 000
118 000

2
2
0.222
0.222
0.222

152
152
100
100
100

(a)

700
600
500
400
300
200

Experiment
Prediction

100
0

0

1600
1400
Total axial strain (×10−6)

NL (kN)

10

20
30
40
50
60
70
Duration of sustained load (d)

80

90

(b)

1200
1000
800
600
400
Experiment
Prediction

200
0
0

20

40 60 80 100 120 140 160 180
Duration of sustained load (d)

4000

Total axial strain (×10−6)

3500

(c)

3000
2500

⎧
2
⎨E ε − (Ec − E2 ) ε2 , 0 ≤ ε ≤ ε ,
c c
c
tp
c
4f0
σc =
⎩
f0 + E2 εc ,
εtp < εc ≤ εcu .
(16)
The transition point strain εtp and the linear
portion E2 are given as
2f0
,
(17)
Ec − E2
fcc − f0
,
(18)
E2 =
εcu
√
where Ec = 4750 fc0 is the elastic modulus of con
crete, f0 is the stress axial intercept and f0 = 1.1fc0
can be adopted here for simplicity according to statistical study, and fcc and εcu are the ultimate
strength and ultimate strain of the FRP-conﬁned
concrete, respectively.
εtp =

2000
1500
1000
500
0
0

conﬁned with FRP shows a monotonically ascending
shape (the increasing type) if the conﬁnement provided by the FRP laminate exceeds a threshold. For
such FRP-conﬁned concrete, both the compressive
strength and the ultimate axial strain are reached simultaneously and are signiﬁcantly enhanced. Otherwise, a postpeak descending branch can be expected
and the compressive strength is reached before rupture of the FRP laminate (the decreasing type). This
phenomenon is mainly caused by the lack of conﬁnement, and the degree of conﬁnement oﬀered by FRP
laminates can be represented by the conﬁnement ratio α which is deﬁned as the ratio of the maximum
conﬁning pressure to the un-conﬁned concrete compressive strength.
As mentioned above, the FRP-conﬁned concrete
model proposed by Liu et al. (2013) was adopted in
determining the short-term stress-strain relationship
here. It is a modiﬁed model based on the prevalent
Lam-Teng’s model (Lam and Teng, 2003), and the
envelope curve can be expressed as a combination of
a parabola ﬁrst branch and a linear second branch
as shown in Fig. 5.

Experiment
Prediction

20

40 60 80 100 120 140 160 180
Duration of sustained load (d)

Fig. 4 Validation of FRP-C long-term deformation
model: (a) r = 0.15; (b) r = 0.30; (c) r = 0.60
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5.1.2 Ultimate stress and ultimate strain
Based on the general shape of the stress-strain
curve described above, the determination of the ultimate strength fcc and the ultimate strain εcu are
critical to constitutive model. Eventual failure occurs when the FRP jacket ruptures as a result of
tensile stresses in the hoop direction. The actual
maximum conﬁning pressure fl,a is assumed to be
controlled by the FRP rupture strain εh,rup instead of
the ultimate strain εfrp achieved in a tensile coupon
test, and it can be much smaller than the ideal maximum conﬁning pressure fl . In this way, a so-called
FRP strain reduction factor kε is deﬁned to describe
the ratio between εh,rup and εfrp as
kε =

εh,rup
,
εfrp

(19)

2Ef tf εh,rup
.
(20)
D
As previously reported by Ozbakkaloglu and
Akin (2012), an increase of plain concrete strength
fc0 and elastic modulus of FRP Ef both have
an adverse inﬂuence on εh,rup . Based on multivariate regression analysis covering 976 FRPconﬁned specimens during last two decades (Lim and
Ozbakkaloglu, 2014), the expression of FRP rupture
strain can be statistically quantiﬁed for FRP types
including CFRP, GFRP, AFRP, and high-modulus
CFRP (HM CFRP) as follows:
fl,a = kε fl =

kε = 0.9 − 2.3fc0 × 10−3 − 0.75Ef × 10−6 ,

(21)

where fc0 and Ef are in MPa, and 1 × 105 MPa ≤
Ef ≤ 6.4 × 105 MPa.
The circular section FRP-C can be regarded as
a basic case due to its uniform conﬁnement provided
σc
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by FRP laminates, where no shape factors need to be
introduced in comparison with rectangular sectional
FRP-C. Its ultimate axial strain can be determined
as
Kl ε1.35
εcu
h,rup
= c2 + k2
.
(22)
εc0
fc0 εc0
According to the study of a combined database
that covers unconﬁned concrete strength ranging
from 6.2 MPa to 169.7 MPa (Lim and Ozbakkaloglu,
2013), the strain enhancement coeﬃcient k2 = 0.263
is suggested and the normalized ultimate strain coeﬃcient c2 can be statistically determined as
c2 = 2 − 0.01(fc0 − 20),

1

(24)

1.65
Kl0 = fc0
,

(25)

fl,a − fl0
fcc
= c1 + k1
,
fc0
fc0

(26)

where Kl0 is deﬁned as the threshold for FRP conﬁnement stiﬀness to exhibit a monotonic ascent.
If Kl ≥ Kl0 ,
Kl
,
fc0

(27)

Kl
)εc0 ,
fc0

(28)

c1 = 1 + 0.0058

E2

fl0 = Kl εl1 .
If Kl < Kl0 ,


c1 =


εtp

εc

Fig. 5 Envelope curve for FRP-conﬁned concrete

(23)

2Ef tf
,
D

Kl =

εl1 = (0.43 + 0.009

f0

0

c2 ≥ 1.

As to the expression of ultimate strength, k1 = 3.18
is suggested (Lam and Teng, 2003), and a deﬁnition
of FRP stiﬀness threshold kl0 needs to be introduced.
It is a minimum threshold for FRP conﬁnement stiﬀness Kl to make FRP-conﬁned concrete exhibit a
monotonic ascent; otherwise a postpeak strain softening will happen due to insuﬃcient conﬁnement.

(εcu, fcc)

f0+E2εc

53

εl1 = 24

Kl
1.6
fc0

(29)

0.2

fc0
Kl1.6

,

(30)

0.4

fl0 = Kl εl1 .

εc0 ,

(31)
(32)
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5.2 Eﬀects of sustained load on FRP-C
Sustained axial loads make the performance
of FRP-C diﬀerent from that with short-term
ones. The main reasons for this diﬀerences are
the extra residual hoop strain in the FRP laminates caused by creep behavior of the concrete core
and FRP, and the potential beneﬁts of concrete
strength.
5.2.1 Residual hoop strain in FRP due to creep
The creep recovery of concrete is assumed to be
negligible in this study. This assumption is consistent with common situations in practice: extreme
loading usually takes place right after the service
load and the time interval between them is short
enough to neglect creep recovery. Creep deformation
could develop during the service life of FRP-C and
an irreversible residual hoop strain in FRP laminates
would exist due to the compatibility of deformation.
The residual hoop strain ε̌f3 at target time t can be
expressed as
ε̌f3 = ε̌c3 = | − μepr ε̌c1 |,

(33)

ε̌c1 = εc1 (t) − εc1 (t0 ),

(34)

where ε̌c1 and ε̌c3 are the residual axial strain and
the residual radial strain in the concrete, respectively. Here, we adopt a linear formula to characterize
the reduction of eﬀective conﬁnement strength, so
the reserved conﬁnement strength provided by FRP
wrapped laminates can be calculated as
εh,rup − ε̌f3
fl,a < fl,a .
f˜l,a =
εh,rup

(35)

This means that the eﬀective conﬁnement strength
f˜l,a provided by FRP laminates will decrease after a
long-term sustained load. Negative inﬂuences of the
residual hoop strain in FRP on both the ultimate
strength and the ultimate strain of FRP-C can be
expected.
5.2.2 Enhanced plain concrete strength due to sustained load
The compressive strength of plain concrete after sustained load (axial compression in this case)
is assumed to be moderately higher than that of
the short-term counterpart here. This assumption is
emphasized, because this possible beneﬁcial gain in
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concrete strength has been observed in many experimental studies for normal strength concrete. Hughes and Ash (1970) found that concrete strength after sustained load increases with decreasing concrete
age, increasing cement content, and increasing aggregate size, which all result in a greater creep in
concrete. Dhir and Sangha (1972) conducted a review on this problem, and proposed that this enhancement was about 11% for 28-d tests. This phenomenon could be induced by increased consolidation of concrete (Coutinho, 1977) and by improved
healing of cracks perpendicular to the load (Hellesland et al., 1972). Based on the experimental results
stated above, we introduce an enhancement coeﬃcient kc0 ≥ 1 to characterize plain concrete strength
after a long-term sustained load:
f˜c0 = kc0 fc0 .

(36)

5.2.3 Modiﬁed constitutive model of FRP-conﬁned
concrete after a sustained load
Based on the eﬀects of a sustained load on FRPC stated in Section 5.2.2, we can further depict the
mechanism from the perspective of a constitutive
model.
The ultimate stress of FRP-conﬁned concrete
may either be increased or decreased after long-term
sustained load. The coupling eﬀects of the increase
in plain concrete strength and the decrease in conﬁnement strength compete with each other to determine the change of ultimate strength of conﬁned
concrete. The speciﬁc value of the strength change is
dependent on the material and geometric properties
of FRP-C and the level and duration of sustained
load. By means of the general analytical model established in this study, the seemingly divergent observation on the strength change of conﬁned concrete
caused by sustained load can be well explained and
characterized here.
With respect to the ultimate strain after sustained load ε̃cu , it will be smaller than the ultimate
strain of the corresponding short-term counterpart
εcu . This trend can be clearly seen from Eqs. (21)
and (22), where the enhanced plain concrete strength
f˜c0 and its corresponding decreased kε will lower the
value of the ultimate strain.
Substituting fc0 and fl,a in Eqs. (26) and (22)
with f˜c0 and f˜l,a , the ultimate stress and strain after
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sustained load can be calculated as follows:

Short-term constitutive model

σc

f˜cc = c̃1 f˜c0 + k1 (f˜l,a − f˜l0 ),


Kl
ε̃cu = c̃2 εc0 + k2
ε̃1.35
h,rup .
f˜c0

(37)

Modified model after sustained load

fcu
fcu

(38)

We modify the short-term constitutive model with
newly estimated parameters and horizontal coordinates translation of residual axial strain of concrete
ε̌c1 , by which the aforementioned eﬀects of a longterm sustained load can be accounted for. The proposed modiﬁed constitutive model after a sustained
load can be expressed by
⎧
⎪
−ε̌c1 ≤ ε∗c < 0,
⎪0,
⎪
⎨
(Ẽ − Ẽ2 )2 ∗2
σc = Ẽc ε∗c − c
εc , 0 ≤ ε∗c < ε̃tp ,
˜0
⎪
4
f
⎪
⎪
⎩˜
f0 + Ẽ2 ε∗ ,
ε̃tp ≤ ε∗ < ε̃cu ,
c

55

c

(39)
where ε∗c = εc − ε̌c1 , the modiﬁed concrete elastic
modulus Ẽc = 4750 f˜c0 and intercept f˜0 = 1.1f˜c0 ,
while the modulus of the linear branch and the strain
in the transit point can be calculated as
Ẽ2 =

f˜cc − f˜0
,
ε̃cu

(40)

ε̃t =

2f˜0
.
Ẽc − Ẽ2

(41)

The comparison between the short-term constitutive model of FRP-wrapped concrete and the modiﬁed one after sustained load of FRP-C is schematically illustrated in Fig. 6.

6 Numerical validation
Based on the design-oriented models proposed
above for FRP-C subjected to sustained compression, the numerical validation for the eﬀectiveness
of the proposed model is reported and discussed.
In the numerical validations, the following modeling
assumptions based on the OpenSees ﬁber element
method were made:
1. The strain-stress relationship presented in
Section 5 is adopted for predicting the behavior of
FRP-conﬁned concrete;
2. The original plane cross-sections remain
plane during the whole analysis process;
3. The relative slippage between the concrete
core and the FRP laminates is omitted;

f0
f0

\
σ c1 (W 0 )

εc1

εt

εc1 (W 0 ) εc1 (W )

εcu
εt

εcu

εc

Fig. 6 Short-term model and modiﬁed model after
sustained load of FRP-C

4. The contribution of concrete to tension is
neglected;
5. The plain concrete strength enhancement
coeﬃcient is assumed to be 1.1 according to previous
analogous tests (Cook and Chindaprasirt, 1980).
Long-term tests were introduced ﬁrst on specimens L-1 and L-2 for 100 d and 162 d, respectively,
while specimens S-1 and S-2 were kept unloaded for
the whole duration. Then all the specimens were
further loaded to failure to investigate the inﬂuence
of time eﬀects on the ultimate capacity of FRP-C.
In the long-term deformation tests, the deformation
increased at a greater rate in the ﬁrst couple of weeks
and then gradually became constant. Then with the
results of ultimate axial loading tests, the comparison with the stress-strain curves of corresponding
specimens was illustrated. It can be found that the
failure patterns were identical and were characterized by shear fracture of the wrap in the middle third
of the specimen height and along ﬁber direction. It
is interesting that no strength degradation was noted for the FRP-C after sustained load, instead the
strength was moderately enhanced. As to the ultimate strain, the reserved deformation capacity of
FRP-C was much reduced by long-term sustained
load compared with its short-term counterparts as
indicated by the value of the experimental ultimate
strength σuE and ultimate strain εuE .
The numerical results of all specimens were
compared with the experimental results in Fig. 7
and Table 2. σuN and εuN are the numerical ultimate strength and numerical ultimate strain, respectively. It can be seen that the model gave good
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Table 2 Numerical results and the comparison with
experimental results
Specimen

σuN (MPa)

σuE (MPa)

εuE (%)

εuN (%)

S-1
L-1-0.15
S-2
L-2-0.30
L-2-0.60

71.69
71.72
65.45
66.16
65.72

68.06
70.22
54.91
58.28
58.13

3.93
2.76
0.84
0.74
0.61

3.30
2.95
0.83
0.68
0.72
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80

(a)

70
Axial stress (MPa)

predictions of the ultimate condition for most FRP-C
specimens. The numerical load-deformation curves
indicated a satisfactory and relatively conservative
correlation with the experimental curves during the
whole process. The numerical results of L-1 and
L-2 also showed a moderate greater ultimate strength
and a much smaller peak strain than those of
S-1 and S-2, respectively, consistent with the test
studies (Naguib, 2001; Yu et al., 2003) and theoretical analysis proposed in this study. According to
the experimental and numerical results, the eﬀects of a sustained load on ultimate strength were not
as signiﬁcant as the eﬀect on ultimate strain. The
main reason is that two main eﬀects of sustained load
stated above have opposite inﬂuences on the ultimate
strength, while they both decrease the deformation
capacity.

60
50
40
30
20

S-1 experiment
L-1-0.15 experiment
S-1 prediction
L-1-0.15 prediction
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0

0
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Axial strain (×10−3)
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(b)
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Axial stress (MPa)
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S-2 experiment
L-2-0.3 experiment
S-2 prediction
L-2-0.3 prediction

10
0

0

5

10
15
Axial strain (×10−3)

20

25

80

(c)

7 Conclusions
A designed-oriented analytical model for longterm deformation of FRP-C and a proposed modiﬁed
constitutive model of FRP-conﬁned concrete after
sustained compression have been proposed. Veriﬁcations for the proposed models have been carefully
carried out, and the results are in a good agreement with experimental data. Several conclusions and
remarks can be summarized as follows:
1. A design-oriented analytical model was established for highly eﬃcient estimation of long-term
deformation in FRP-wrapped composite columns at
any designated target time. The whole procedure of
the iterative calculation has been elaborated, and the
model validation has been conducted with existing
experimental data. It can be used as an eﬃcient and
general framework for long-term deformation analysis of FRP-C specimens with diﬀerent geometric and
material properties.
2. Based on the exploration of the mechanism
underlying long-term sustained load eﬀects on FRP-

Axial stress (MPa)

70
60
50
40
30

S-2 experiment
L-2-0.6 experiment
S-2 prediction
L-2-0.6 prediction

20
10
0

0

2

4
6
Axial strain (×10−3)

8

10

Fig. 7 Comparison of axial stress-strain curves for
FRP-C: (a) r = 0.15; (b) r = 0.30; (c) r = 0.60

C, a modiﬁed constitutive model of FRP-conﬁned
concrete after sustained load was proposed. The effects of sustained axial compression on FRP-C can
be summarized as two main parts: (1) the residual
hoop strain in FRP due to concrete creep; (2) enhanced plain concrete strength due to sustained load.
As the superposition of these two main eﬀects, the
change of ultimate strength is determined by their
competition, i.e., the ultimate strength of FRP-C
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may either increase or decrease after sustained compression; while ultimate strain can be expected to
considerably reduce in most cases. The numerical
predictions of the stress-strain curves for FRP-C after sustained load based on the modiﬁed constitutive
model were generally in good agreement with the experimental results.
Future research needs to focus on diﬀerent crosssectional FRP-wrapped composite column components, and the studies of concrete-ﬁlled FRP tubular
columns, which may be expected to be more complicated with potential axial stress redistribution and
bi-axial creep in FRP laminates, should be the object
of further research.
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方

本构模型，从本构关系的角度描述两个方面的影
响机理。
法：运用混凝土和 FRP 徐变的长期变形分析迭代计算

结

方法（图 3）。
论：1. 提出的长期变形分析模型实现了对 FRP 约束混

中文概要
题

目：圆形纤维增强塑料缠绕混凝土柱在持续轴向压缩

目

下的面向设计的模型分析
的：在实际工程服役过程中，纤维增强塑料（FRP）

约束混凝土柱在遭遇极限荷载前往往已经经历
了长时间的轴压荷载作用。因此，相比其短期力
学性能，本文旨在研究 FPR 约束混凝土柱在长期
荷载作用后的力学性能。
创新点：1. 考虑长期轴压荷载作用，提出一种轴压作用下
圆形截面 FRP 约束混凝土柱的长期变形分析模
型；2. 提出了长期轴压作用后的 FRP 约束混凝土

凝土柱任意目标时刻的应力和应变状态的高效、
准确预测；2. 将提出的本构模型嵌入有限元软件
中，有效地实现对长期轴压作用的考虑；3. 基于
OpenSees 有限元软件，验证了长期变形分析模型
和本构模型的有效性和准确性。
关键词：FRP 约束混凝土柱；长期荷载；长期变形；徐变；
本构模型

