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Design-oriented strength and strain models for GFRP-wrapped concrete
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Abstract. The aim of this paper is to develop design-oriented models for the prediction of the ultimate strength and ultimate
axial strain for concrete confined with glass fiber-reinforced polymer (GFRP) wraps. Twenty of most used and recent design-
oriented models developed to predict the strength and strain of GFRP-confined concrete in circular sections are selected and
evaluated basing on a database of 163 test results of concrete cylinders confined with GFRP wraps subjected to uniaxial
compression. The evaluation of these models is performed using three statistical indices namely the coefficient of the
determination (R?), the root mean square error (RMSE), and the average absolute error (AAE). Based on this study, new strength
and strain models for GFRP-wrapped concrete are developed using regression analysis. The obtained results show that the
proposed models exhibit better performance and provide accurate predictions over the existing models.
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1. Introduction

Among the techniques employed for strengthening and
retrofitting of concrete structures, fiber-reinforced polymer
(FRP) is currently widely used and accepted in the civil
engineering community (e.g., Ding et al. 2018, Hou et al.
2015, Sumathi and Vignesh 2017). From its beneficial
properties such as high strength-to-weight ratio, high
resistance to aggressive environmental conditions, ease and
speed of application, providing great improvement in both
strength and ductility to concrete columns is the most
important advantage (Bakis et al. 2002, Wu et al. 2012).

Numerous experimental studies have been carried out to
understand the compressive behavior of concrete confined
with FRP. At the beginning, the steel and active
confinement models of Mander et al. (1988), Newman and
Newman (1972), and Richart et al. (1928) were suggested
to model FRP-confined concrete by Fardis and Khalili
(1981, 1982), and Saadatmanesh et al. (1994). However,
this approach has been shown to be disadvantageous where
many studies have recognized the differences in the stress-
strain behavior of FRP-confined and steel-confined concrete
(Mirmiran et al. 1996, Miyauchi et al. 1997, Saafi et al.
1999, Samaan et al. 1998, Spoelstra and Monti 1999).
Consequently, a large number of experimental studies were
carried out to model the behavior of concrete confined with
various type of FRP, leading to a large experimental data
(e.g., Hou et al. 2015, Jiang and Teng 2007, Lam and Teng
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2004, Shehata et al. 2002, Vincent and Ozbakkaloglu 2013)
for Carbon-FRP (CFRP), (Almusallam 2007, Cui and
Sheikh 2010, Elwan and Omar 2014, Youssef et al. 2007)
for Glass-FRP (GFRP), (Dai et al. 2011, Ozbakkaloglu and
Akin 2012, Wang and Wu 2011, Wu and Wang 2010) for
Aramid-FRP (AFRP)). Basing on that, many strength and
strain models were suggested by researchers. Diverse-use
models that are devoted for common types of FRP
confinement were largely proposed (e.g., Al Abadi et al.
2016, Cascardi et al. 2017, Fahmy and Wu 2010, Ilki et al.
2004, Lam and Teng 2003, Lim et al. 2016, Realfonzo and
Napoli 2011). Also, models that are specific for certain FRP
type and confinement technique such as Benzaid et al.
(2010), Mesbhah and Benzaid 2017, Rashid and Aboutaha
(2014), Wu et al. (2006), Xiao and Wu (2000) for CFRP-
confined concrete; Arabshahi et al. (2020), Djafar-Henni
and Kassoul (2018), Wu and Wang 2010, and Wu et al.
2009, for AFRP-confined concrete were also proposed since
the FRP have different behaviors according to the type of
the fiber as can be seen in Fig. 1. However, few models
were dedicated to GFRP confinement such as those of
Huang et al. (2016) and Touhari and Mitiche-Kettab (2016)
that were developed for GFRP wraps and tubes.

CFRP has the highest tensile strength and modulus of
elasticity among the other types, however it has the highest
price as they tend to be 10 to 30 times more expensive than
GFRP (Sonnenschein et al. 2016). Although GFRP provide
lower strength and ductility compared to CFRP and AFRP,
it is the most used in industry due to its low price. Despite
that, no researchers have predicted strength and strain
models of confined concrete columns with GFRP-wraps
only except Touhari and Mitiche-Kettab )2016 .

This paper treats 20 of the most used and recent existing
design-oriented models that were developed to predict the
ultimate strength and strain of GFRP-confined concrete.
The models were evaluated using a database of 163
compression test results of GFRP-wrapped normal and
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Fig. 1 Typical stress-strain curves of some FRP composite
materials

high-strength concrete cylinders assembled from the
literature. Using regression analysis, new design-oriented
strength and strain models for concrete columns confined
with GFRP-wraps only are proposed. Finally, to show the
validity of the proposed models, comparisons with
experimental data and with the considered models are
performed.

2. Experimental test database

A database of experimental tests performed on short
concrete columns confined with glass-fiber reinforced
polymer wraps is collected through an extensive review of
the literature. The test results were chosen basing on the set
of selection criteria listed below, which resulted to the
selection of 163 test data from 27 experimental studies as
shown in Table 1 (Appendix 1). The selection criteria aimed
to ensure the reliability and the consistency of the analysis:

* Specimens with unconfined concrete strength ranging
from normal to high strength (9.3 to 128 MPa) were
considered.

* Specimens with a height-to-diameter ratio greater than
three were excluded, to eliminate the influence of specimen
slenderness.

* Specimens with no and/or negligible strength and/or
strain improvement were excluded.

» Specimens with either transverse and/or longitudinal
steel or internal GFRP reinforcement were excluded.

* Only specimens confined with GFRP sheets were
included (i.e., concrete-filled GFRP tubes were excluded).

* Only specimens confined with continuous GFRP were
included (i.e., partially GFRP-wrapped specimens were
excluded)

* Only specimens wrapped with GFRP wraps having
fibers oriented in the hoop direction were included.

* Only specimens failed due to the rupture of the GFRP
wrap were included.

The database includes for each specimen: the
dimensions of the specimen (height h (mm), diameter
d (mm), and the ratio h/d); the properties of concrete
(strength of unconfined concrete f'., (MPa) and its
corresponding strain &, (%)); The properties of GFRP
(elastic modulus E; (GPa), maximum tensile strength
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Fig. 2 Confinement mechanism in FRP-confined concrete

fr (MPa), total thickness t; (mm), the ultimate tensile
strain & (%)); The ultimate measurements of confined
concrete (axial strength f’.. (MPa) and axial deformation
&cc (%), the rupture deformation of the GFRP ¢, ., (%),
the strain efficiency factor k., and the confinement
effectiveness strength and strain ratios (f'../f ) and

(&cc/€c0) respectively).

3. Compressive behavior of FRP-confined concrete

When concrete cylinders confined with FRP wraps are
subjected to axial compression, the concrete follows a
behavior similar to that of unconfined concrete at low strain
levels. However, with the increase of the axial load, the
concrete starts to dilate and push against the FRP (Lam and
Teng 2003). The FRP generates a passive confining
pressure to restrain the gradual dilation of the concrete. This
stress condition puts the concrete in a triaxial state of stress
until failure of the FRP as shown in Fig. 2.

Based on the confinement mechanism drawn in Fig .2,
the maximum confinement stress (f;) generated by the
FRP is expressed as shown in Eq. (1)

2t

Where (pf) and (E;) are the volumetric ratio and the
lateral stiffness of the FRP expressed in Egs. (2)-(3)
respectively

_ 1

2E,t;
=7 3
== ®

It has been observed that the FRP ruptures at a strain
(sh,rup) lower than its ultimate strain (ef) (De Lorenzis
and Tepfers 2003, Lam and Teng 2003, Pessiki et al. 2001,
Shahawy et al. 2000, Spoelstra and Monti 1999, Xiao and
Wu 2000). A strain factor (k.) was proposed to account
for this reduction (Lam and Teng 2003, Pessiki et al. 2001).
Therefore, the confinement stress at rupture ( fl,rup) is
expressed as follows (Eq. (4))
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Where (pg) and (p,) are the stiffness and the strain
ratios of the FRP relative to that of the concrete expressed
as shown in Egs. (5)-(6) respectively.

b= T )
K d(f,CO/ECO)
Eh,
pe = g—”” (6)
co

4. Existing strength and strain models

A review of the existing literature is carried out for the
investigation of the available confinement models
developed for circular GFRP-confined concrete. This
resulted in the selection of 20 widely used and recent
strength and strain models. Their expressions are given by
the confinement effectiveness strength and strain ratios
(f'cc/f'co) and (eq./&c0) Tespectively as shown in Table
2 (Appendix 2).

5. Evaluation of the existing models
5.1 Statistical analysis

The performance of the existing strength and strain
models is evaluated by comparing their predictions with the
experimental data reported in Table 1. Three statistical
indices namely the coefficient of the determination (R?),
the root mean square error (RMSE), and the average
absolute error (AAE) expressed in Egs. (7)-(9) are used in
the assessment.

(7

2=< L@ -0 -7) )2
VEG-D2E0 - )?

RMSE = / Z(XT_Y)Z (8)

2[5
AAE =—2 ©)
where (x) and (y) are the experimental and the predicted
value, respectively; (x) and (y) are the average of the
experimental and predicted values, respectively, and (n) is
the total number of the datasets.

Ranging from 0 to 1, (R?) is used to evaluate the
relationship between predicted and experimental values,
where high values indicate better fit. It should be noted that
(R? = 1) does not guarantee a perfect prediction, it shows
only that there is a linear correlation between predicted and
experimental values (Sadeghian and Fam 2015).

(RMSE) and (AAE) are used to indicate how close are
the predicted values to the experimental values. Low values
of (RMSE) and (AAE) indicate accurate prediction.

Each model was assessed against all the test results
included in the database, unless specific limitations or
specific equations for certain test parameters are specified
by the model. These specifications include: method of
confinement (i.e., wraps, wraps and tubes), type of FRP
material (i.e., diverse FRP, GFRP, GFRP and CFRP),
unconfined concrete strength (f',,), strain efficiency factor
(k,), and strain at unconfined concrete strength (e.,). Each
of these limitations are considered in the performance
assessment of the models.

As shown in Table 2, specifications are reported for
each model, where some models were only applicable to
certain FRP type or confinement techniques (e.g., Huang et
al. 2016, Saadatmanesh et al. 1994, Touhari and Mitiche-
Kettab 2016, Xiao and Wu 2003), while others were applied
to certain unconfined concrete strength ranges (f'.,) (i.e.,
Berthet et al. 2006, Fahmy and Wu 2010). There were also
a group of models that specified certain coefficients and
equations for certain parameters such as the strain
efficiency factor (k.) (Baji et al. 2016, Matthys et al.
2006, Touhari and Mitiche-Kettab 2016, Xiao and Wu
2003), and the strain at unconfined concrete strength (e.,)
(Lim et al. 2016).

5.2 Strain efficiency factor

Since the values of the strain efficiency factor (k)
required by the majority of the reported models for the
calculation of the rupture confinement stress (fl,up) and
the strain ratio (p,) are often not provided in the available
test results, prediction of the omitted values is performed in
this study.

Analyzing the experimental results of (k,), it is
observed that (k.) depends on the properties of the GFRP
and the unconfined concrete strength. It was found that
increase in (f;) results in a decrease in the strain reduction
factor, whereas an increase in (f’.,) results in an increase
in (k). Other studies such as that of Ozbakkaloglu and
Akin (2012) for CFRP and AFRP-confined concrete, and
that of Lim and Ozbakkaloglu (2014) for FRP-wrapped and
tube-encased concrete showed that an increase in (f';,)
results in a decrease of (k,), which is the opposite of the
observation reported above in this study. Using regression
analysis, the influence of these two parameters resulted in
the expression shown in Eq. (10) for the calculation of the
strain reduction factor.

ke = 0.645 + 1.49 f',, x 1073

15.5 10

+———15.13 f;> x 107° 1o

fr

where (f';,) and (f7) are in MPa.
The statistical evaluation demonstrates a strong

correlation (R? = 0.85) with the experimental results and

very low errors (RMSE = 0.05) and (AAE = 0.04) for

this equation, which indicates an accurate fit between
experimental and predicted values.

5.3 Performance assessment of the existing strength
models
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Table 3 Performance of selected strength and strain models

Strength model Strain model
No. Source
R2 RMSE AAE R2 RMSE AAE
Saadatmanesh et al.
1 (1994) 0.52 0.65 055 0.10 4.69 3.33
Karbhari and Gao
2 (1997) 0.65 042 031 0.26 6.68 5.20
3 Toutanji (1999) 0.65 0.83 0.69 0.18 10.10 7.85
Moran and Pantelides
4 (2002) 0.66 1.05 0.81 0.12 10.07 8.82
5 Xiao and Wu (2003) 0.69 0.99 0.65 0.23 5.00 3.42
6 Bisbyetal. (2005) 0.69 0.40 0.28 0.26 6.24 4.78
7 Matthys etal. (2005) 0.55 0.50 0.38 0.07 6.53 4.89
8 Berthetetal. (2006) 0.63 0.53 0.35 0.31 4.07 3.12
9 Wuetal. (2006) 0.26 0.75 0.52 0.15 6.08 4.00
10 Ciupalaetal. (2007) 0.64 0.81 0.69 0.65 3.13 2.30
11 Youssef etal. (2007) 0.67 0.49 0.37 023 512 3.57
12 Fahmy and Wu (2010) 0.72 0.47 0.34 0.09 5.12 3.65
13 Pham and Hadi (2014) 0.58 0.78 0.63 0.11 6.45 4.85
Sadeghian and Fam
14 (2015) 0.47 047 037 013 471 3.38
15 Touhariand Mitiche- oo 48 36 023 449 3.26

Kettab (2016)
16 Huangetal.(2016) 052 0.61 042 0.16 6.97 5.33
17  Bajietal. (2016) 057 049 0.35 0.13 5.68 3.91
18 Limetal. (2016) 0.73 1.07 1.00 0.23 4.70 3.13
19 Keshtegar et al. (2017) 0.53 0.45 0.33 0.16 4.52 3.19

Fallah Pour et al.
20 (2018) 0.67 0.44 0.30 0.23 459 3.03

The strength models shown in Table 2 are examined
using the statistical parameters described above using 163
experimental data collected in Table 1. The obtained results
are summarized in Table 3.

According to Table 3, the strength models show an
average (R?) of 0.60 in predicting the experimental data,
which indicates a fair forecast. (R2) ranges between 0.73
and 0.26 for the models of Lim et al. (2016) and Wu et al.
(2006) respectively, which shows that the first model
proves the best fit compared to the other 19 models.
However, this model shows low accuracy, where the
minimum values of errors (RMSE = 0.40) and (AAE =
0.28) which are the closest to 0 are recorded by the model
of Bisby et al. (2005) proving its high accuracy over the
other models. Fig. 3 illustrates the performance of these two
strength models. Although the model of Lim et al. (2016)
provides the best (R?), its predictions are totally biased
from the line of the perfect fit (45°) showing
underestimation of the experimental results (see Fig. 3). On
the other hand, the model of Bishy et al. (2005) shows a
good dispersion of the data around the reference line (45°)
but its (R? = 0.69) is less than the best value. From this
analysis, it can be concluded that there is no model gives
the best statistical indices showing good performance, even
the model exclusively developed for GFRP-wrapped
concrete of Touhari and Mitiche-Kettab (2016).

5.4 Performance assessment of the existing strain
models

@Lim et al. (2016) R?=0.73; RMSE=1.07; AAE=1.00

OBisby et al. (2005) R2=0.6%; RMSE=0.40;
AAE=0.28

¢ Touhari and Mitiche-Kettab (2014) R2=0.44;
RMSE=0.48: AAE=0.36
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Fig. 3 Performance of three existing strength models

Statistical results of the performance analysis of the 20
strain models shown in Table 2 using the collected database
are presented in Table 3. From this table, the coefficient of
determination (R?) for these models varies between 0.65
and 0.07, with an average of 0.20. This shows reduced fit
comparing to their corresponding strength models. The
model of Ciupala et al. (2007) shows the top (R? = 0.65)
proving the best fit with the experimental data and provides
the minimum values of the error indices (RMSE = 3.13)
and (AAE = 2.3) which indicates that this model is the
best accurate one compared to the other 19 strain models.
Fig. 4 illustrates the performance of this model with the
model of Touhari and Mitiche-Kettab (2016). The figure
shows that although the model of Ciupala et al. (2007) is
the best accurate model, it shows high values of errors and
low accuracy in predicting the experimental results as
illustrated by a large dispersion of the data around the
reference line (45°). Based on this analysis, there is no
model with an accuracy reflecting a good performance in
predicting the ultimate strain, even the model of Touhari
and Mitiche-Kettab (2016) that was based only on GFRP-
wrapped concrete test results.

6. Proposed models for GFRP-wrapped concrete

After review of the selected strength and strain models
and showing their performance in the prediction of the
ultimate condition (f "o ecc) of GFRP-wrapped circular
concrete columns, improved design-oriented models are
proposed in this section. The models were obtained through
calibration of variable number of parameters (e.g. f'co,
firup) Which influences the level of accuracy obtained
regarding the targeted parameters (ie. (f'.c/f'co) and
(SCC/SCO))‘

The calibration of the models is performed on the basis
of a general regression analysis of the reported experimental
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Fig. 4 Performance of two existing strain models

database. The regression analysis is based on minimization
of errors. No limits on the form of the model and the
number of parameters are imposed, and hence, an endless
heavy iterative procedure is unavoidable. To that end, the
regression analysis was performed using a data analysis
engine (Eureqa software (Schmidt and Lipson 2009)).

6.1 Proposed strength model

Basing on the analysis of the experimental results
reported in the collected database and referring to the
equations and the performance of the assessed strength
models, and after consideration of a wide range of
parameters that were covered by the experimental database,
the parameters observed to have high influence on the
strength  effectiveness of GFRP-wrapped concrete
specimens are: the unconfined concrete strength (f”,,), the
strain ratio (p,), and the stiffness ratio (pg).

These parameters are inter-related as shown in Eq. (11)

firwo _ oo (11)
f co

Through consideration of a large number of cases, the
following empirical relationship was derived for the
ultimate stress (Eq. (12))

Lee 0775+15'8+ (434 42
— = U - TP . p
fco f co K ¢ Pe
This relationship can be written as a function of the
confinement ratio (fl_mp/ f’co) as the majority of the
existing models which were based on the general form of
the expression proposed by Richart ez al. (1928) (Eq. (13))
f’CC ﬁ
T =C +k - (13)
f co ! 1fco
Where, (c;) is a calibration constant, and (k) is a
strength enhancement coefficient. Several models have
modified this equation and proposed nonlinear and power

— 16.4) (12)
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Fig. 5 Performance of the proposed strength model

equations of the confinement ratio (f;/f'c) (e.g.,
Saadatmanesh et al. 1994, Toutanji 1999, Wu et al. 2006,
Xiao and Wu 2003).

The proposed strength model used the same form as
these existing models, where (k;) is expressed as a
function of the strain ratio (p,), as shown in Eq. (14)

o 16.4 24.5) firup  15.8
f’co Pe .082 f’co flco
Where, an increase in (f';,) shows an adverse

influence on (f'../f'co) as reported by the exiting
literature.

=0.775 + (4.34 - (14)

6.2 Validation of the proposed strength model

The accuracy of the proposed model is evaluated and
compared with the 20 strength models assessed previously.
The statistical indices defined in section (5.1) are used in
the comparison. Fig. 5 illustrates the performance of the
proposed strength model with respect to the collected
database. It can be seen that predictions of the proposed
strength model are in good agreement with the experimental
data with a high correlation (R? = 0.80), and small indices
of errors (RMSE = 0.28, and AAE = 0.21) that tend
towards O indicating a good accuracy and well distributed
data points around the (45°) line.

Comparison of the statistical indices (R?, RMSE, and
AAE) of the proposed model and the 20 strength models is
shown in Figs. 6(a)-(c) respectively. Fig. 6(a) illustrates that
the proposed strength model provides the best fit of the
experimental data compared to the other models where the
model of Lim ef al. (2016) is the best fitting of the existing
models offered (R? = 0.73). In the same context, all the
assessed models such as the best accurate model of Bisby et
al. (2005) with (RMSE = 0.40, and AAE = 0.28) show
considerably low accuracy comparing to the proposed
model which offers substantially the lowest indices of errors
as shown in Figs. 6(b)-(c) respectively. Therefore, it can be
concluded that the proposed model is more effective in
predicting the ultimate strength of GFRP-wrapped concrete.



298 Houssem Messaoud, Amar Kassoul and Abdelkader Bougara

%
%
]

=] =] =] =] o) =] =] =]y
-]=
0
oI I oo o [o o [0 o o ~
oY = Ra

Lim et al. (2016)

Fahmy and Wu (2010)
Bisby et al. (2005)

Xiao and Wu (2003)
Fallah Pour et al. (2018)
Youssef et al. (2007)
Touhari and MK (2016)
Moran and PS (2002)
Toutanji (1999)
Karbhari and Gao (1997)
Ciupala et al. (2007)
Berthet et al. (2006)

Pham and Hadi (2014) 0,58
Bdiji et al. (2016) (X720
Matthys et al. (2005) (Y-
Keshtegar et al. (2017) (Y-~
Saadatmanesh et al. (1994) N X-7 10D
Huang et al. (2016) -7
Sedeghian and Fam (2015) Y 72D
Wu et al. (2009) @FID
2

0 02 04 06 08 1
Coefficient of determination (R?)
Fig. 6(a) Comparison of coefficient of determination (R?) of
the proposed and existing strength models

Proposed sirength model
Bisby et al. (2005)
Karbhari and Gao (1997)
Fallah Pour et al. (2018)
Keshtegar et al. (2017)
Sedeghian and Fam (2015)
Fahmy and Wu (2010)
Touhari and MK (2016)
Baji et al. (2016)

Youssef et al. (2007)
Maithys et al. (2005)
Berthet et al. (2006)
Huang et al. (2016)
Saadatmanesh et al. (1994)
Wu et al. (2006)

Pham and Hadi (2014)
Ciupala et al. (2007)
Toutanji (1999)

Xiao and Wu (2003)
Moran and PS$ (2002)

Lim et al. (2016)

HHIEEE

0 03 06 09 12 15
Root Mean Square Emror (RMSE)

Fig. 6(b) Comparison of root mean square error (RMSE) of
the proposed and existing strength models

6.3 Proposed strain model

Using the same procedure as in the proposed strength
model, the strain ratio (p,), the stiffness ratio (pg), and
the volumetric ratio of the FRP (pf) are found to be the
most influencing parameters on the strain effectiveness of
GFRP-wrapped concrete. Considering the effect of these
parameters, a regression analysis was conducted on the
experimental test database to find the best-fit equation. This
resulted in the relationship shown in Eq. (15)

€c _ 3.57pgp: 2.31 s
€o 0.0842+pr 031p.2 —pg (15)

This relationship can be written as some of the existing
strain models (e.g., Karbhari and Gao 1997, Matthys et al.
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Fig. 7 Performance of the proposed strain model

2005, Saadatmanesh et al. 1994, Youssef et al. 2007) that
used the general form of the expression proposed by Richart
et al. (1928) for the ultimate strain (Eq. (16))
ECC ]cl
ECO CZ + kz f,CO
Where, (c,) is a calibration constant, and (k,) is a
strain enhancement coefficient. Large variety of strain
equations that used a wide range of parameters have been
proposed in the literature (e.g., Berthet et al. 2006, Fallah
Pour et al. 2018, Lim et al. 2016, Xiao and Wu 2003). This
can be attributed to the wvariability in the recorded
experimental strains. For the proposed strain model, the
equation of Richart er al. (1928) have been adopted and
modified, where (k,) was expressed as a function of the
volumetric ratio (pf), whereas (k,) was expressed as a
function the strain ratio (p,) and the stiffness ratio (pg)
as expressed in Eq. (17)

(16)
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Fig. 8(a) Comparison of coefficient of determination (R?) of
the proposed and existing strain models
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Fig. 8(b) Comparison of root mean square error (RMSE) of
the proposed and existing strain models
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The performance of the proposed model is illustrated in
Fig. 7. Good fit of the experimental data is observed with
(R? = 0.85), and small indices of errors (RMSE = 1.85,
and AAE = 1.36) showing high accuracy and low scatter
of the data around the (45°) line.

SCO

6.4 Validation of the proposed strain model

Figs. 8(a)-(c) illustrate comparison of the statistical
indices (R2, RMSE, and AAE) of the proposed strain model
and the 20 selected strain models. As shown by the figure,
the proposed model outperformed the assessed models by a
significant margin. It provides better fit of the experimental
data with (R? = 0.85) compared to the others models,
where the closest model of Ciupala et al. (2007) offered

Proposed strain model!
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Fig. 8(c) Comparison of average absolute error (AAE) of
the proposed and existing strain models

(R? =0.65). It is clear from Figs. 8(b)-(c) that the
proposed model reveals very accurate predictions over the
considered models showing the minimum errors (RMSE =
1.85, and AAE = 1.36), where the best accurate model of
Ciupala et al. (2007) showed (RMSE = 3.13, and AAE =
2.3). Hence, it can be deduced that the proposed strain
model is more efficient in predicting the ultimate strain of
GFRP-wrapped concrete.

7. Conclusions

This paper has investigated 20 most used and recent
design-oriented models for the prediction of the ultimate
condition of GFRP-wrapped concrete. The models were
reviewed and their applicability was assessed using a
database of 163 experimental results of concrete cylinder
confined with GFRP wraps. New design-oriented strength
and strain models for concrete confined with GFRP wraps
were proposed using regression analysis and compared to
the existing models. Findings from this study can be
summarized as follows:

* The predictions of the ultimate strain show much
larger errors than those of the ultimate stress. This can
be attributed to the scatter in the recorded experimental
strains comparing to the experimental strengths.
* Of the 20 assessed models, those of Bisby et al
(2005), Fahmy and Wu (2010), and Fallah Pour et al.
(2018) are the most accurate for the prediction of the
ultimate strength. However, those of Berthet er al
(2006), Ciupala et al. (2007), and Touhari and Mitiche-
Kettab (2016) are the most accurate for the prediction of
the ultimate strain.
* The proposed models provide accurate predictions and
show significantly better performance over the existing
models, particularly for ultimate strains. Such improved
models applied for concrete strengths up to 128 MPa
can be considered as useful tools for the future design
applications.
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Design-oriented strength and strain models for GFRP-wrapped concrete
Appendix 1

Table 1 Summary of the test results

Specimen Unconfined . )

dimensions concrete GFRP properties Experimental results
No. Source properties

d h h/d f'co o) Et ff s & f'cc &ce &h,rup ke Feclf'co ol o

(mm) (mm) (MPa) (%) (GPa) (MPa) (mm) (%) (MPa) (%) (%)
1 101.6 203.2 2.00 38.99 020 483 2070 0.8 4.286 1153 1.130 296 565
2 Ahra%%ga" 101.6 2032 2.00 5051 0.24 483 2070 0.8 4.286 135.1 1.240 267 517
3 101.6 203.2 200 642 027 483 2070 0.8 4.28614559 1.230 227 456
4 150 300 200 363 028 52 175 03 0337 46 2292 127 819
5 150 300 200 363 028 52 175 0.6 0.337 60.52 3.079 167 11.00
6 150 300 200 363 028 52 175 0.6 0.337 59.23 3.405 163 12.16
7 150 300 2.00 363 028 52 175 0.6 0.337 59.77 2.744 165 9.80
8 150 300 200 363 028 52 175 0.6 0.337 60.16 2.887 166 10.31
9 150 300 200 363 028 52 175 0.6 0.337 69.02 3.100 1.90 11.07
10 Nanniand 150 300 200 363 028 52 175 0.6 0.337 55.75 2.489 154 889
11 Bradford (1995) 150 300 2.00 36.3 028 52 175 0.6 0.337 56.41 2.968 155 10.60
12 150 300 200 363 028 52 175 1.2 0.337 84.88 3.145 234 1123
13 150 300 200 363 028 52 175 1.2 0.337 84.33 4.150 232 1482
14 150 300 200 363 028 52 175 1.2 0.337 79.64 4.100 219 1464
15 150 300 200 363 028 52 175 2.4 0.337106.87 5242 294 1872
16 150 300 200 363 028 52 175 2.4 0.337104.94 5453 2.89 19.48
17 150 300 200 363 028 52 175 2.4 0.337107.91 4.509 297 16.10
1g  Kabhariand .5, 505 501 1801 35856 5131 5.31 1.431 82.25 2.400 457
Gao (1997)

19 1525 305 2.00 31.2 11703 345 3 2.948 64.67 2.950 2.223 0.770 2.07
20 1525 305 2.00 31.2 11703 345 3 2948 647 3.150 1.972 0.680 2.07
21 1525 305 2.00 31.2 11703 345 5 2948 91 3.800 1.798 0.620 2.92
22\ octrapa (1007) 525 305 200 312 11703 345 5 2948 969 6.200 1.769 0.610 3.11
23 1525 305 2.00 31.2 11703 345 3 2948 63.1 2.650 2.204 0.760 2.02
24 1525 305 2.00 31.2 11703 345 3 2948 654 2.800 2.175 0.750 2.10
25 1525 305 2.00 31.2 11703 345 5 2948 919 4.200 1943 0.670 2.95
26 1525 305 2.00 31.2 11703 345 5 2948 89 4.800 1.711 0590 2.85
27 120 240 200 327 020 329 7439 09 2261 622 1.90
28 120 240 200 327 020 329 7439 09 2261 614 1.88
29 Lin and 120 240 200 327 020 329 7439 09 2261 66.3 2.03
30 Chen(2001) 120 240 2.00 327 020 329 7439 18 2261 1013 3.10
31 120 240 200 327 020 329 7439 1.8 2261 88 2.69
32 120 240 200 327 020 329 7439 1.8 2261 1045 3.20
33 _ 152 305 201 321 028 49* 75 9% 1531 467 0.680 1.110 0.725 145 243
34 K?g;e(sz?)%dz) 152 305 201 321 028 4.9* 75 12* 1531 50.2 0.820 1.090 0.712 156 2.93
35 152 305 201 321 028 49* 75 15% 1531 60 0.870 1110 0.725 1.87 3.11
36 Harriesand 152 305 201 321 0.39 49* 75* 9% 1600 532 0.950 1438 0.900 1.66 2.44
37 Carey(2003) 152 305 201 321 039 4.9* 75% 9* 1600 467 0.680 1.132 0.900 145 1.74
38 100 200 2.00 26.987 23.8253 445.437 1.84 1.870 62.422 2.31
39 100 200 2.00 20.888 23.8253 445.437 1.84 1.870 62.056 2.97
40 Lin and 100 200 2.00 23.846 23.8253 445.437 1.84 1.870 61.446 258
41  Liao (2004 100 200 2.00 26.987 22.4579 403.141 3.89 1.795 93.557 3.47
42 100 200 2.00 20.888 22.4579 403.141 3.89 1.795 90.69 4.34
43 100 200 2.00 23.846 22.4579 403.141 3.89 1.795 88.983 373
44 152 305 201 385 22455 490 127 2.325 56.2 1.849 0.744 1.46
45 152 305 201 385 22455 490 127 2.325 51.9 1315 1442 0.744 1.35
46 Lamand Teng 152 305 201 385 22455 490 127 2.325 583 1459 1.885 0.744 151
47 (2004) 152 305 201 385 20455 490 254 2.325 757 2457 1.762 0.744 1.97
48 152 305 201 385 22455 490 254 2.325 77.3 2.188 1.674 0.744 2.01
49 152 305 201 385 22455 490 254 2.325 75.2 1772 0.744 195
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Table 1 Continued

Specimen Unconfined . _

dimensions concrete GFRP properties Experimental results
No. Source properties

d h h/d f'co £eo = ff tf & f'cc &ee &h,rup k}‘ f'cc/f'co é'cc/rfbo

(mm) (mm) (MPa) (%) (GPa) (MPa) (mm) (%) (MPa) (%) (%)
50 150 300 2.00 35 80.7 2560 0.48 3.500 60 0.943 1.200 0.343 1.71
51 150 300 2.00 35 80.7 2560 0.48 3.500 59.4 1637 1.683 0.481 1.70
52 150 300 2.00 35 80.7 2560 0.48 3.500 61.2 0930 1.371 0.392 1.75
53 Faella et al. 150 300 2.00 35 80.7 2560 0.48 3.500 61.7 1.76
54 (2005) 150 300 2.00 35 80.7 2560 0.96 3.500 76.3 1.190 1.061 0.303 2.18
55 150 300 2.00 35 80.7 2560 0.96 3.500 86.1 1.056 1.047 0.299 2.46
56 150 300 2.00 35 80.7 2560 0.96 3.500 78.6 2.25
57 150 300 2.00 35 80.7 2560 0.96 3.500 84.6 2.42
58 100 200 2.00 30.7 027 26.1 575 1.3 2.200 545 1540 1.78 5.70
59 100 200 2.00 30.7 027 26.1 575 26 2200 79.3 2.750 2.58 10.19
60 100 200 2.00 46.3 0.23 26.1 575 1.3 2.200 58.5 0.900 1.26 3.91
61 Mandal et al 100 200 2.00 46.3 023 26.1 575 2.6 2200 83.8 1.480 1.81 6.43
62 (2005) ' 100 200 2.00 545 024 26.1 575 2.6 2200 84.1 0.800 154 3.33
63 100 200 200 67.1 022 26.1 575 1.3 2.200 86.8 0.320 1.29 1.45
64 100 200 2.00 67.1 022 26.1 575 26 2200 95 0.380 1.42 1.73
65 100 200 2.00 80.6 022 26.1 575 1.3 2.200 102.7 0.370 1.27 1.68
66 100 200 2.00 806 0.22 26.1 575 2.6 2200 983 0.350 1.22 159

Au and

7Buyukozturk (2005) 150 375 250 242 036 26.1 575 1.2 2200 438 1630 1480 0.672 181 453
68 Lietal (2006) 152.4 304.8 2.00 456 0.80 151 320.2 1.476 2.320 54.62 2.200 1.20 275
69 Greenetal. (2006) 152 305 2.01 59 33.8* 748* 2* 2200 73 1.24
70 Shao et al. (2006) 152 305 201 402 0.22 26.13 610 1.02 2500 49.6 0.730 1.340 1.23 3.32
71 ' 152 305 2.01 40.2 0.22 26.13 610 2.03 2500 714 0.850 1.320 1.78 3.86
72 150 300 200 31.1 021 213 575 254 2700 916 2.610 2.180 295 1243
73 150 300 200 296 0.19 213 575 254 2700 89.4 2.720 2.180 3.02 1432
74 i d 150 300 200 311 0.20 213 575 254 2700 875 2.280 2.180 281 1140
5 o dﬁlg;\JZSa?ZOOG) 150 450 3.00 31.1 213 575 254 2700 919 2340 2.180 2.95
76 150 450 3.00 29.6 21.3 575 254 2.700 89.8 2.320 2.180 3.03
77 150 450 3.00 31.2 21.3 575 254 2700 919 2310 2.180 2.95
78 250 750 3.00 312 024 213 575 254 2700 558 1.090 2.180 1.79 454
79 406.4 812.8 2.00 294 0.24 185 425 7.267 2.160 70.77 1.527 2.41 6.36
80 406.4 8128 2.00 294 0.24 185 425 7.267 2.160 71.78 1.445 2.44 6.02
81 406.4 8128 2.00 294 0.24 185 425 7.267 2.160 76.78 1.387 2.61 5.78
82 406.4 8128 2.00 294 0.24 185 425 4,472 2.160 49.53 1.345 1.68 5.60
83 406.4 8128 2.00 294 0.24 185 425 4,472 2.160 54.9 1.003 1.87 4,18
84 406.4 8128 2.00 294 0.24 185 425 4,472 2.160 61.19 1.189 208 4.95
85 406.4 8128 2.00 294 0.24 185 425 3.354 2.160 49.3 0.971 1.68 4.05
86 406.4 8128 2.00 294 0.24 185 425 3.354 2.160 51.19 0.897 1.74 3.74
87 406.4 8128 2.00 29.4 0.24 185 425 3.354 2.160 47.88 0.912 1.63 3.80
88 Youssef et al. 406.4 8128 2.00 29.4 0.24 185 425 1.677 2.160 44.14 0.781 150 3.25
89 (2007) 406.4 8128 2.00 29.4 0.24 185 425 1.677 2.160 42.96 0.695 1.46 2.90
90 406.4 8128 2.00 29.4 0.24 185 425 1.677 2.160 45.11 0.715 1.53 2.98
91 152.4 304.8 2.00 441 0.24 185 425 3.354 2.160 94.1 2.013 213 8.39
92 152.4 304.8 2.00 441 0.24 185 425 3.354 2.160 91.87 2.014 2.08 8.39
93 152.4 304.8 2.00 441 0.24 185 425 3.354 2.160 89.29 2.011 2.02 8.38
94 152.4 304.8 2.00 441 0.24 185 425 2.236 2.160 80.39 1.518 1.82 6.33
95 152.4 304.8 2.00 441 0.24 185 425 2.236 2.160 80.04 1.488 1.81 6.20
96 152.4 304.8 2.00 441 0.24 185 425 2.236 2.160 81.13 1.530 1.84 6.38
97 152.4 304.8 2.00 441 0.24 185 425 1.677 2.160 66.2 1.298 150 541
98 152.4 304.8 2.00 441 0.24 185 425 1.677 2.160 66.6 1.357 1.51 5.65
99 152.4 304.8 2.00 441 0.24 185 425 1.677 2.160 63.62 1.295 1.44 5.40
100 150 300 2.00 47.72 031 27 540 3.9 2.000100.11 2.723 0.800 210 8.83
101 Almusallam 150 300 2.00 50.57 0.29 27 540 3.9 2.000 89.88 1.968 0.802 1.78 6.68
102 (2007) 150 300 2.00 60,52 030 27 540 3.9 2.000 99.6 1.597 0.698 165 5.37
103 150 300 2.00 80.82 0.27 27 540 3.9 2.000 101.43 0.694 0.869 1.26 2.62

104 150 300 2.00 90.29 0.32 27 540 3.9 2.000 110 0.900 0.825 122 281
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Table 1 Continued
Specimen Unconfined _ )
- - concrete GFRP properties Experimental results
dimensions .
No. Source properties
d h f'eo £eo = fr s & f'ec &ee &h,rup "

mm) (mm) " (MPa) %) (GPa) (MPa) (mm) (%) (MPa) (%) (%) ¢ [elfe ada
105 150 300 2.00 148 0.24 26.49 537 0508 2.027 30 1.850 2.03 7.71
106 Bakhshi et al 150 300 2.00 251 0.23 26.49 537 0508 2.027 34.2 1.400 1.36 6.09
107 (2007) ' 150 300 200 417 0.28 26.49 537 0.508 2.027 51.9 0.430 1.24 1.54
108 150 300 200 251 0.23 26.49 537 1.016 2.027 55.5 1.960 2.21 8.52
109 150 300 2.00 251 0.23 26.49 537 2.032 2.027 833 2.770 3.32  12.04
110 Wu et al. (2008) 150 300 200 231 0.27 73 1500 0.354 2.055 46.4 2.490 2.01 9.22
111 ) 150 300 2.00 227 0.31 73 1500 0.354 2.055 45 2.360 1.98 7.61
112 160 320 2.00 56.7 0.24 238 383 044 2120 74 1120 1.140 0.708 1.31 4.67
113 Benzaid et al. (2009) 160 320 2.00 56.7 0.24 238 383 0.88 2120 84 1280 1.150 0.715 1.48 5.33
114 160 320 2.00 56.7 0.24 238 383 176 2120 955 1.880 1.260 0.783 1.68 7.83
115 Comert et al. 150 300 200 93 0.20 65 1700 0.56 2.800 41  5.500 441 2750
116 (2010) 150 300 2.00 9.3 0.20 65 1700 0.56 2.800 43.2 5.100 4.65 25.50
117 152 305 201 47.76 0.22 26.84 620 125 2310 591 1350 2.020 0.874 1.24 6.08
118 152 305 201 47.76 0.22 26.84 620 125 2310 59.8 1.150 2.143 1.25 5.18
119 152 305 2.01 47.76 0.22 26.84 620 25 2310 889 2210 2.032 0.880 186 9.95
120 152 305 2.01 47.76 0.22 26.84 620 25 2310 88 2210 2114 1.84 9.95
121 152 305 201 47.76 0.22 26.84 620 3.75 2310 1132 2850 2.112 237 1284
122 152 305 201 47.76 0.22 26.84 620 3.75 2310 1125 2800 2.110 236 12,61
123 Cui and Sheikh 152 305 2.01 47.76 0.22 26.84 620 125 2310 634 1.150 2.179 1.33 5.18
124 (2010) 152 305 2.01 47.76 0.22 26.84 620 125 2310 624 1.350 2.116 1.31 6.08
125 152 305 201 47.76 0.22 26.84 620 25 2310 89.7 2140 2.074 0.898 1.88 9.64
126 152 305 201 47.76 0.22 26.84 620 25 2310 883 2.050 2049 0.887 1.85 9.23
127 152 305 2.01 47.76 0.22 26.84 620 3.75 2310 108 2.620 1.893 0.819 226 11.80
128 152 305 2.01 799 0.24 26.84 620 3.75 2310 120.8 1.260 2.008 0.869 151 5.23
129 152 305 201 799 0.24 26.84 620 3.75 2310 126.1 1.180 1.916 0.829 1.58 4.90
130 152 305 201 1106 0.26 26.84 620 5 2310 1746 0.950 1.398 0.605 1.58 3.63
131 152 305 2.01 1106 0.26 26.84 620 5 2310 1729 1280 1.538 0.666 1.56  4.89

Micelli and

132 Modarelli (2013) 150 300 2.00 28.35 0.49 65 1700 0.23 2.600 53.27 1.900 4.980 1.88 3.88
133 Lietal. (2013) 150 300 2.00 31.72 0.30 69.45 1079 0.222 2.230 47.63 1.081 1.225 0.600 1.50 3.58
134 63 126 200 516 0.25 953 3055 0.2 3.210 101.2 3.030 2.350 0.733 196 12.37
135 63 126 200 516 0.25 953 3055 0.4 3.210 153.7 4.310 2.190 0.683 298 17.59
136 Lim and 63 126 200 516 025 953 3055 0.4 3.210 1529 4500 2.250 0.702 296 18.37
137 Ozbakkaloglu (2015) 63 126 200 516 0.25 953 3055 0.4 3.210 1747 5.180 2440 0.761 339 21.14
138 63 126 200 128 0.32 953 3055 0.4 3.210 1618 2.150 2.340 0.730 126 6.83
139 63 126 2.00 128 0.32 95.3 3055 04 3.210 166.3 2.250 2.360 0.736 1.30 7.14
140 160 320 2.00 26.2 0.27 26 325 1 1900 383 1500 1480 0.780 146 5.62
141 160 320 2.00 26.2 0.27 26 325 1 1900 346 1260 1.450 0.760 1.32 4.72
142 160 320 2.00 26.2 0.27 26 325 1 1900 38 1.390 1.500 0.790 1.45 5.21
143 160 320 2.00 26.2 0.27 26 325 2 1900 494 2410 1.450 0.760 1.89 9.03
144 160 320 2.00 26.2 0.27 26 325 2 1900 525 2550 1.500 0.790 2.00 9.55
145 160 320 200 26.2 0.27 26 325 3 1900 628 3.390 1.400 0.740 240 12.70
146 160 320 200 26.2 0.27 26 325 3 1900 56.4 2980 1.300 0.680 2.15 11.16
147 160 320 2.00 26.2 0.27 26 325 3 1900 54.7 2890 1.290 0.680 2.09 10.82
148 160 320 2.00 426 0.29 26 325 1 1900 56,5 1100 1.430 0.750 1.33 3.81
149 160 320 2.00 426 0.29 26 325 1 1900 555 1040 1.400 0.730 1.30 3.60
150 160 320 2.00 426 0.29 26 325 1 1900 59.8 1230 1.630 0.860 1.40 4.26
151 Touhari and Mitiche- 160 320 2.00 426 0.29 26 325 2 1900 685 1.650 1.460 0.770 1.61 5.71
152 Kettab (2016) 160 320 2.00 426 0.29 26 325 2 1900 70 1.720 1.470 0.770 1.64 5.95
153 160 320 2.00 426 0.29 26 325 2 1900 717 1810 1500 0.790 1.68 6.26
154 160 320 2.00 426 0.29 26 325 3 1900 755 2100 1400 0.730 1.77 7.27
155 160 320 2.00 426 0.29 26 325 3 1900 788 2490 1500 0.780 1.85 8.62
156 160 320 2.00 426 0.29 26 325 3 1900 775 2240 1430 0.750 1.82 7.75
157 160 320 2.00 61.7 0.31 26 325 1 1900 775 1110 1.600 0.840 1.26 3.57
158 160 320 200 61.7 0.31 26 325 2 1900 80.8 1490 1500 0.790 1.31 4.79
159 160 320 2.00 61.7 0.31 26 325 2 1900 76.7 1350 1.420 0.740 124 434
160 160 320 200 617 0.31 26 325 2 1900 78 1440 1.480 0.780 1.26 4.63
161 160 320 2.00 61.7 0.31 26 325 3 1900 90.1 1.720 1.350 0.710 1.46 5.50
162 160 320 200 61.7 0.31 26 325 3 1900 921 1880 1.420 0.740 1.49 6.05
163 160 320 2.00 61.7 0.31 26 325 3 1900 944 1950 1500 0.790 1.53 6.27

*Er: Elasticity modulus is given in KN/mm-ply; *fi: Tensile strength is given in N/mm-ply; *ts: Thickness is given in ply
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Appendix 2
Table 2 Selected design-oriented strength and strain models
No. Source Strength equation Strain equation T){pe of
confinement
Saadatmanesh fr.. _ _ f1 f1 £ec (f!cc _ ) GFRP and CFRP-
! etal. (1994) froo 1.254 -2 (f’co) +2.254 14794 freo o =145 feo 1 confined concrete
Karbhari and Flee _ £1\-87 fec _ 0.01( f1 FRP-wrapped
2 Gao (1997) freo 1+21 (E) £co L+ (f’co) concrete
i free _ £1\%%8 goc _ free FRP-wrapped
3 Toutanji (1999) L1435 (f) « = 1+ (310.57¢ +1.9) (f 1) et
Moran and Eee _ 1/ freo) canfi
4 Pantelides Llee =1 44, 14( Ji ) e 1T £ \3 FRP-confined
(2002) flco eo 9.27><10-3( = ) concrete
, 1.4 _ 0.9
5 Xioamdwu Le—qy (4 1-045(-2) ) (L) e e () CFRP and GFRP-
(2003) k.= 0508 k.=05—08 confined concrete
. CFRP, GFRP and
’ 0.84 cc X 1 .
6 B'?%Oest)a" L = 143587 (=) =1+ ‘”:ﬁ(fi) AFRP-confined
co co co €0 i concrete
, 0.85 Ecc
Matthys et al. Flee = 1 4 3.5 (L — =1+ (310.57¢ + 1.9) Pee 1 FRP-wrapped
7 fr f' £ f feo
(2005) e k, e co = 06 co concrete
e =0.
( Lee_yi3as (fl'”‘p>
i Ve Voo £ £ — V€ E %
! h, l
g Berthetetal { for 20MPa < f'_ <50 MPa gﬂ —14 ruzi cfco f, 2> CERP and GERP.
(2006) ! o —=£co co wrapped concrete
| Lee_qqo5( Lo V2
l e B f'col-ZS (v.) Poisson's ratio of concrete
for 50MPa< f'  <200MPa
2 0.66 -
e fl f1 e _ & (L FRP-wrapped
9 Wuetal. (2006) 5= = 0408 + 6157 /-~ 3.25 ( f) = (2 P
Ciupala et al. Free 8 fre \s CFRP and GFRP-
10 (2007) freo 1+34 (frco) P =1+67 (frm 1) confined concrete
CFRP and GFRP-
Youssef et al. P £ \125 2590 (f 2 confined concrete
11 (2007) o =14 2_25( ,z ) Eee _ 0003368 | 02590 <_f) (L) (circular and
freo fleo Eco Eco Eco Ef flco rectangular
sections)
f!
=1 4. < ) cc ,CC_ ’co
f ' <5 f,m :‘:: - fEEZE}:o
1, Fahmy and Wu fOV f'co < 40MPa Ep, = my(245.61f', ™ +0.6728E,)  FRP-wrapped
(2010) Fee _ 14375 (fz ) {m1 =05, m, =083, f' <40Mpa  cOnCrete
f co co — — I
for f'_ > 40MPa my =02, my =173, f' ~>40MPa
. , h,rup _
13 Phamzand Hadi f, — 091+ 1880 4 76 i e 24-(tfff ) FRP-wrapped
(2014) f'eo f'eo f co £co @F o +337st) concrete
Sadeghian and Flee _ 077 _ 0.91 g — 1.5 4 6.78p, 063 . 108 FRP-confined
14 Fam (2015) e 1+ 277pk 0.07)pe fo OPK T Pe concrete
Touhari and free _ fi Ecc _ fi }
15 Mitiche-Kettab freo 14185 (f’co) o 145+15 (f’co) GFIE(I;’n\évrgpe)ped
(2016) k. =0.74 k. =0.74
GFRP-wrapped
Huang et al. fr Frrup\ 203 Frrup®® concrete and
1 Jlee _ . ( ,rup cc _ . ( ,rup ) C
6 (2016) freo 1+1.69 freo ) £co 1+13.2 Ico concrete-filled
GFRP tube
0.56
Baji et al. Tree — 1 43,29 (L foe = 1 4054 | (%) () (L FRP-wrapped
17 freo freo Eco 5.1 €co f!
(2016) k. = 0.66 co concrete
e — Y k. = 0.66
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Table 2 Continued

No. Source Strength equation Strain equation co:%ﬁzr(r)lfent
Ecc b E
e (1+ g—) (scoc + 5 (e + b)>

f’cc _ 1+El€h,rup+Ell'5£h,rupz+a ]fl
18 Limetal. fleo oo ,b = Enrup ~ Enrup E“"; FRP-wrapped
(2016) 7 o ¢ = f'coEco + Enpup + €)Y /E, concrete
a= [Ej——==0 ;0125
\Ehrup Enrup = Ef/f co ;

eco = (f',,%%°/1000)ksk,
ks = (152/d)%%; kg = (2d/h)%13
f’CC g —_— 5 . !
Keshtegar etal. 7. = 1+ (085 +140p:)p, "% p " —= = 1.5+ (=0.09 +3.27p,"*)pp "¢ p.-0*

19 Eco FRP-wrapped
2017 _ b _ _2Ey ¢ 2E concrete
e Pa=G  PET e R

20 Fallah Pour et J " (25-0.01f" )Eief

0.75 ¢ 135 FRP-confined
= =2 col S Eee _ _ 1 B &r
al. (2018) o 1 o feo 15+ (0.3-0.001f,) (f’m) co concrete






