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This paper presents the results of an experimental study together with the first finite element (FE) model for the
compressive behavior of fiber-reinforced polymer (FRP)-confined steel fiber-reinforced concrete (SFRC). 73
existing experimental test results of FRP-confined and actively confined SFRC specimens tested under axial
compression were initially assembled. Additional axial compression tests were conducted on 16 actively con-
fined SFRC specimens to address the gaps in the existing test database to compile a reliable database for the FE
modeling of FRP-confined SFRCs. The analysis of experimental test results revealed that the compressive be-
havior of FRP-confined SFRCs is influenced by the steel fiber volume fraction and aspect ratio. New expressions
were developed for the hoop rupture strain of the FRP jacket, axial strain-lateral strain relationship of FRP-
confined and actively confined SFRC, and relationship between the confining pressure and the compressive
strength of actively confined SFRC by considering the influences of the volume fraction and aspect ratio of
internal steel fibers. A recently developed concrete damage-plasticity model, which was shown to be the most
accurate currently available model for confined plain concrete, was adopted for the prediction of the com-
pressive behavior of FRP-confined SFRC. The failure surface and flow rule of the model were modified based on
the results from actively and FRP-confined SFRC. The results show that model predictions of the axial stress-axial
strain, lateral strain-axial strain, axial stress-volumetric strain, plastic volumetric strain-axial plastic strain, and
plastic dilation angle-axial plastic strain relationships are in good agreement with the experimental results of
FRP-confined SFRC. The new model provides improved accuracy over the best performing existing models of
FRP-confined plain concrete in predicting the behavior of FRP-confined SFRC.

1. Introduction

The addition of internal steel fibers to concrete is a popular tech-
nique that is used for improving the inherent brittle behavior of plain
concrete [1-4]. Likewise, lateral confinement of concrete results in a
significant improvement in the ductility of concrete under compression
[5-17]. Therefore, fiber-reinforced polymer (FRP)-confined steel fiber-
reinforced concrete (SFRC), as an ultra high-performance system, can
be considered as a higher performance alternative with further en-
hanced mechanical properties to conventional FRP-confined plain
concrete. As shown previously, the existence of steel fiber decreases
isolated major crack formations in the concrete and results in a more
even and controlled cracking [18]. In the case of FRP-confined SFRC,
this in turn leads to reduced stress concentrations on the FRP jacket
leading to higher FRP hoop rupture strains and ductility [19].

A number of experimental studies have been performed recently to
understand the mechanical behavior of FRP-confined SFRCs [19-22].
Only the two of these studies experimentally investigated the
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mechanical behavior of FRP-confined SFRCs under concentric axial
compression [19,20]. The remaining two were concerned with FRP-
confined SFRC containing internal steel reinforcing bars under eccentric
loading [21] and SFRCs confined by hybrid FRP tubes [22]. Existing
studies have shown that steel fiber parameters (i.e. volume fraction (Vp
and aspect ratio (Ag)) influence the stress-strain relationship of the
concrete. It was shown that at a given Vj, an increase in Ag leads to a
decrease in the compressive strength (f..), ultimate axial strain (e,),
and hoop rupture strain (ep, ;) of concrete. On the other hand, an in-
crease in Vyat a given A results in an increase in f'., ecy, and ep ryp [19].

Finite element (FE) method has been extensively used to accurately
model the mechanical behavior of confined plain concrete. Although a
relatively large number of studies have been reported on the FE mod-
eling of FRP-confined plain concrete [23-31], no study has been re-
ported to date on the FE modeling of the FRP-confined SFRC. Fur-
thermore, most of the existing FE models for FRP-confined plain
concrete were based on an approach that was recently shown to be
inaccurate, especially for high-strength concrete (HSC) [32,33].
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Therefore, there is a clear need for additional numerical studies to 3
better understand the constitutive behavior of FRP-confined SFRC. As é NOTRI-oNLI8SS S823S
discussed in detail in Refs. [31,34], concrete damage-plasticity ap- flddrddadrdddadd a3 d AedS S
proach, which was proposed by Lubliner et al. [35] and later modified =
by Lee and Fenves [36], provides a more accurate prediction of the 3\; SRR LML BODNY wgnoy
constitutive behavior of confined concretes than the pure plasticity and G dddddddddddddd S-S
damage approaches. In order to investigate the constitutive behavior of =
the FRP-confined concrete by damage-plasticity approach, it is required % DNMNONNOANAM—OQ QI A
to establish experimental databases for both FRP-confined and actively o8 E S § g § SR § § % 5 § E § § E 5 E §
confined concrete [31]. The review of the literature indicates that only _
two experimental studies have investigated the compressive behavior of g o - -
actively confined SFRCs [1,37], the results of which would not be | 8 S 2
sufficient for the development of an accurate FE model. To address this ST - ! o
research gap, in the current study additional experimental tests were &
performed on actively confined SFRCs to compile a reliable database = g
that would enable FE modeling of FRP-confined SFRCs. .—:!f g g =

This paper presents the first study on FE modeling of FRP-confined ] § § %‘)
SFRC. Existing experimental test results of FRP-confined and actively @ | T T ! @
confined SFRC specimens tested under axial compression were initially 2
assembled and additional axial compression tests were conducted on El¢g 2 o
actively confined SFRC specimens to address the gaps in the existing | S S I S
test database to provide a reliable database for the constitutive beha- 2
vior of FRP-confined SFRCs. The new concrete damage-plasticity model gl ~ -
with developed failure surface and flow rule is implemented in a FE il «® ! ~
program ABAQUS [38] through the use of a script (given in Appendix R 5 ° 5
A) for the prediction of: i) axial stress-axial strain, ii) lateral strain-axial
strain, iii) axial stress-volumetric strain, iv) plastic volumetric strain- g " o -
axial plastic strain, and v) plastic dilation angle-axial plastic strain re- =S o — o o N
lationships. The FE modeling results show that model predictions are in =
good agreement with the experimental results of FRP-confined SFRC. % S 7
Comparisons between the FE modeling and experimental results show & FIENRIINSNIIRE 38888
that the new model provides improved accuracy compared to the pre-
dictions of Lim and Ozbakkaloglu’s model [39], which was originally g
proposed for conventional concrete and shown to provide the most g § S 2
accurate predictions of FRP-confined plain concrete among existing = e °
models. The availability of such an accurate model is of vital im- £ i
portance for practical applications of this highly promising FRP-con- »’Z a § § E § §

fined SFRC composite system.

FRP Type
AFRP

2. Experimental test databases & &
S S
2.1. Existing test database 2
E
The databases of FRP-confined and actively confined SFRCs were 5
assembled based on the results available in the open literature. Tables 1 g
and 2 show the details of these databases. The FRP-confined and ac- -g . ~
tively confined SFRCs databases contained 32 and 41 datasets respec- 5| ® =
. . . . . X X
tively, obtained from four experimental studies published between % 2 ©
L
2006 and 2015 [1,19,20,37]. &l s s
The FRP-confined SFRC database is composed of specimens con-
fined by three types of FRP materials: carbon FRP (CFRP), glass FRP | EEEEREEEEREIRE ¢ ERERS
; ; ; It aaagy 83888
(GFRP), and aramid FRP (AFRP). FRP confinement was provided by E|S22222323222328E 22222
manual : : : : 3 gL LIS
wet lay-up technique in the hoop direction. The FRP-confined |l feffddNdooNdNSS daNdd
; : o S| S50 555 2555
SFRC database presented in Table 1 consists of the following informa-
tion for each specimen: specimen’s geometric properties (diameter D ) § § g é g
and height H), total fiber thickness (&), tensile strength of fibers in FRP 3 5 5 5 5 5

jacket (fp), unconfined concrete strength (f’,), steel fiber volume frac-
tion (Vp), steel fiber aspect ratio (Ag = ly/d;, where [ is the steel fiber
length and dy is the equivalent fiber diameter), tensile strength of in-
ternal steel fibers (fy), compressive strength (f’..), and ultimate axial
strain (e,). The actively confined SFRC database presented in Table 2
consists of the following information for each specimen: specimen’s
geometric properties (D and H), f'co, Vy, Ag, fi, and peak compressive
strength (f;.) and corresponding axial strain (). Five V; of 0%, 1%,
1.5%, 2%, and 2.5% and three Ay of 37, 60, and 67 were used in the
specimens included in this database.

Xie and Ozbakkaloglu [19]
Zohrevand and Mirmiran [20]
* Properties of FRP tube.

Study

fr is the tensile strength of fibers in FRP jacket; fi is the tensile strength of internal steel fibers.

Existing test results of FRP-confined SFRC.

Table 1
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Table 2
Existing test results of actively confined SFRC.
Study Specimen ID Specimen Dimension (mm) f'eo (MPa) V(%) Agr I (mm) dy (mm) Steel Fiber Type fsf (MPa) f; (MPa) ece (%)
Lu and Hsu [1] VOAOF*3.5 8100 x 200 67.0 0 - - - - - 84.9 0.47
VOAOF*7 99.0 0.78
VOAOF*14 130.7 1.24
VOAOF*14 132.7 1.25
VOAOF*14 1349 1.34
VOAOF*14 135.5 1.37
VOAOF*21 154.0 1.66
VOAOF*21 157.1 1.83
VOAOF*21 161.2 1.94
VOAOF*28 180.2 2.50
VOAOF*28 179.9 2.41
VOAOF*42 229.1 3.20
VOAOF*56 276.0 4.10
V1A60F*7 9100 x 200 69.0 1 60 30 0.50 Hooked end 1100 105.2 0.71
V1A60F*14 136.8 1.27
V1A60F*14 139.0 1.21
V1A60F*21 164.1 1.70
V1A60F*21 162.3 2.02
V1A60F*28 186.5 2.57
V1A60F*28 189.6 2.74
V1A60F*28 191.6 2.44
V1A60F*28 191.8 2.40
V1A60F*28 189.6 2.52
V1A60F*42 239.0 3.33
V1A60F*56 282.2 4.22
V1A60F*63 308.2 4.51
V1A60F*70 324.1 4.82

“_»

indicates unavailable values in mixes containing no steel fibers.
2.2. New tests on actively confined SFRC specimens

To extend the existing database of actively confined SFRC, four
different batches of SFRCs were prepared and confined under hydraulic
pressure applied by a Hoek cell. The geometry of the cylindrical spe-
cimens was prescribed by the geometry of the Hoek cell (i.e.
63 X 126 mm). Ultra high-strength micro steel fibers with Az of 73
(Ir = 13mm and d; = 0.18 mm) were added to the SFRC mixes at two
different Vof 1% and 2%. Table 3 shows the concrete mix proportions
of SFRC specimens. Natural sand and crushed basalt stone with a
nominal maximum size of 10 mm were used in the mixes as fine and
coarse aggregates, respectively. C50 and C100 mixes were designed to
develop a 28-day compressive strength of 50 MPa and 100 MPa and
they had a water-to-binder ratio (w/b) of 0.479 and 0.295, respectively.
Silica fume was used in C100 mixes to achieve a high compressive
strength and polycarboxylic ether polymer-based superplasticizer was
used in both C50 and C100 mixes in order to achieve sufficient work-
ability. The workability of fresh SFRC was evaluated by a slump test,
which was performed in accordance with ASTM C143/C143M [40].

Constant confining pressures (fj) of 5, 10, 15, and 25MPa were

Table 3

Mix proportions of the concrete.
Concrete Mix C50-1 C50-2 C100-1 C100-2
Cement (kg/m>) 375 375 506 506
Silica Fume (kg/m®) - - 44 44
Sand (kg/m%) 720 720 700 700
Coarse Aggregate (kg/m>) 1053 1026 1023 996
Water (kg/m>) 176 176 145 145
Superplasticizer (kg/m%) 5 5 25 25
w/b’ 0.479 0.479 0.295 0.295
Volume Fraction (Vy) (%) 1 2 1 2
Fiber (kg/m>) 78 156 78 156
Slump (mm) 140 125 175 130

* Including the water coming from the superplasticizer (i.e. 70% water by
weight).

applied on the specimens using a Hoek cell to investigate the effect of
different confinement levels ranging from low to high level on the be-
havior of SFRC. Axial compression tests were conducted with a dis-
placement control at a rate of 0.18 mm/min using a 1000-kN capacity
universal testing machine in accordance with ASTM C39/C39M-16b
[41]. Fig. 1 shows the instrumentation and test setup of specimens

./
.

' “‘u n

-
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- .
| Lo —
| | -
| 1
| - L .

Fig. 1. Instrumentation and test setup used in compression tests.
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Table 4
28-day compression test results of actively confined SFRC.
Specimens f'eo (MPa) Vs (%) Agr I (mm) dy (mm) Steel Fiber Type fs (MPa) ff (MPa) fee (MPa) el (%) e (%)
C50-V1F*5 51.7 1 73 13 0.18 Straight 2850 5 78.2 0.63 0.43
C50-V2F*5 64.1 2 91.1 0.64 0.45
C100-V1F*5 103.2 1 136.7 0.51 0.25
C100-V2F*5 113.5 2 157.2 0.54 0.29
C50-V1F*10 51.7 1 10 101.1 0.98 0.68
C50-V2F*10 64.1 2 127.4 0.99 0.72
C100-V1F*10 103.2 1 172.3 0.69 0.39
C100-V2F*10 113.5 2 180.1 0.73 0.44
C50-V1F*15 51.7 1 15 123.7 1.39 0.79
C50-V2F*15 64.1 2 156.1 1.40 0.84
C100-V1F*15 103.2 1 192.2 0.88 0.45
C100-V2F*15 113.5 2 203.2 0.92 0.53
C50-V1F*25 51.7 1 25 157.2 2.25 1.00
C50-V2F*25 64.1 2 196.7 2.26 1.07
C100-V1F*25 103.2 1 225.7 1.29 0.67
C100-V2F*25 113.5 2 238.3 1.33 0.79
under compression loading. The axial strain of the specimens was 350
measured by two linear variable displacement transformers (LVDTSs) 300 | (Foer€%cc)
mounted at the corners of steel loading and supporting plates. One axial Pa )
. . . . 3 / N FRP-confined concrete|
strain gauge mounted at the mid-height of the specimen was also used = 250 A / S
to validate and correct the LVDT measurements at the early stages of § 200 4 4 =TT (Focs€cu)
the loading. Two lateral strain gauges were also placed at the mid- & o TTememeea
. . . A 150 Actively confined concrete
height of the specimen to obtain the lateral strains. Table 4 presents the <
compression test results of actively confined SFRCs. In the table, ¢, is % 100 A
the lateral strain corresponding to f;. and e,. 50 4
. . . 0 T T T T
2.3. Specimen designation 0 001 002 003 004 005
In specimen labels in Tables 1, 2, and 4 the numbers after V, A, F, Axial Strain (&)
and F* represent the V; in percentage, Ag, actual ultimate confining (a)
pressure (fy, o) of FRP jacket, and f; of Hoek cell in MPa, respectively. 0.05
For example, V1.5A67F28 represents the FRP-confined SFRC specimen /l
with V; of 1.5%, Ag of 67, and fi, o of 28 MPa. = 0.04 + Actively confined concrete,"
c
3. Compressive behavior of FRP-confined SFRC ‘s 0.03 1 7
§ s (&n ruprEon)
Fig. 2 shows typical axial stress-axial strain and lateral strain-axial 2 0.02 4 d rup=u
strain curves of actively confined and FRP-confined concretes. As can be § 0.01 (%10:€"cc)
seen in the figure, the peak condition of actively confined concrete is : FRP-confined concrete
characterized by the peak stress (f;.) and corresponding axial strain (e.) 0 = ‘ ‘ ‘
and lia'teral strain (e.). It c'an also be seep in Fig. 2 .that the ultimate 0 0.01 0.02 0.03 0.04 0.05
condition of the FRP-confined concrete is characterized by the com- . .
pressive strength (f’.) and corresponding axial strain (e,) and lateral Axial Strain (&)
strain (e, ;) recorded at the rupture of the FRP jacket. (b)

As discussed in detail in Xie and Ozbakkaloglu [19], Vyand Ag have
a notable influence on the compressive behavior of FRP-confined SFRC.
It was shown in Xie and Ozbakkaloglu [19] that, at a given Ag, an in-
crease in Vyresulted in an increase in f’., £c,, and éep,  of FRP-confined
SFRC, and an increase in Ag at a given Vy led to a decrease in these
properties. These observations suggest that existing models of FRP-
confined plain concrete would not be able to accurately capture the
compressive behavior of FRP-confined SFRC. In this study, new ex-
pressions were developed for the hoop rupture strain, dilation re-
lationship, and relationship between the confining pressure and the
compressive strength by considering the influences of V;and Ag on the
Lim and Ozbakkaloglu’s [39] expressions, which was shown to provide
the most accurate predictions for FRP-confined plain concrete. It should
be noted that, based on the initial assessment of experimental test re-
sults, the results of specimens containing crimped steel fibers were in-
consistent with those of hooked end and straight steel fibers. Therefore,
only the experimental database of hooked end and straight steel fibers
were considered in the modeling. In addition, the experimental results
of study by Wang et al. [37] were excluded from the modeling as these

255

Fig. 2. (a) Typical axial stress-axial strain curves and (b) lateral strain-axial
strain curves of FRP-confined and actively confined concrete (adopted from Ref.
[32]).

results exhibited significant fluctuations and in most cases were in
disagreement with the overall trend of the database.

3.1. Hoop rupture strain of FRP jacket of FRP-confined SFRC

The expression proposed by Ozbakkaloglu and Lim [11] for ep,n,, of
FRP jacket was modified by the incorporation of the hoop rupture strain
coefficient (K;) to allow for the important influences of Vy and Ag ob-
served in FRP-confined SFRCs.

Enup = keupr = Ki(0.9-2.3f1 X 107°~0.75E; X 10~%)g; '€))

where k., and ¢ are FRP hoop strain reduction factor and ultimate
tensile strain of fibers in the FRP jacket, respectively. Fig. 3(a) and (b)
show the variation of experimentally determined K; with Vyat different



A. Gholampour, T. Ozbakkaloglu

2
Ar=37
15 Ky =0.186V; + 1 5
1
X ¢
1 ¥ """
\v 0 Ar=67 " A, =37
= K1=0.106Vf+1 ’AR =67
0.5 ‘ ‘ : ‘
0 0.5 1 15 2 25
Vi (%)
(a)
15
*
BRI 4
___.--—"""" ¢
o 1 %=
X N Ar=67
V=0 Ky =0.106V; + 1
05 ‘ ‘ 1+ Ar =67
0 0.5 1 15 2
Vi (%)
(b)

Fig. 3. Variation of experimental values of K; with volume fraction (Vj): con-
crete containing (a) hooked end; (b) straight steel fibers.

Ag for FRP-confined concrete containing hooked end and straight steel
fibers, respectively. The experimental values of K; were obtained by
dividing the experimental k. ,,, of SFRCs with the experimental k., of
the companion plain concrete. It can be seen in Fig. 3 that the trend of
the experimental K; of specimens containing hooked end steel fibers is
consistent with that of straight steel fibers, and at a given Ag, K; gra-
dually increases with an increase in V. This observation can be at-
tributed to the fact that, in SFRC with higher V}, bridges formed by steel
fibers across the cracks inside the concrete lead to a more even and
controlled cracking of concrete, which in turn results in the reduction of
isolated major cracks in concrete and associated stress concentrations
on the FRP jacket [19]. Therefore, specimens with higher V; exhibited
higher FRP hoop rupture strains. On the other hand, as can be seen in
Fig. 3(a), K1 decreases with an increase in A at a given V;. This can be
attributed to the ability of steel fibers with lower aspect ratios to more
effectively control the initiation and propagation of major cracks in
concrete than their counterparts with a higher aspect ratio [37]. Based
on these observations K; is defined as in Eq. (2) through the regression
analysis of the test results.

Ky =1+ 6.1Vy/Ag )
in which V¢ is in percentage (%).

Fig. 4(a) and (b) show comparisons of the experimental values of
ke rup with the predictions obtained by the proposed expression for k .,
(Eq. (1)) and k., determined by Ozbakkaloglu and Lim [11] expres-
sion, respectively. As can be seen in the figures, incorporation of K; into
ke r,p expression led to a higher accuracy over the existing model by
Ozbakkaloglu and Lim [11].

3.2. Dilation behavior of confined SFRC

Analysis of the test databases of FRP-confined and actively confined
SFRC revealed that the steel fiber parameters of Vy and Ag had an in-
fluence on the dilation behavior of SFRCs. It was found that the lateral
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(b)

Fig. 4. Comparison of the experimental results of FRP hoop strain reduction
factor (k.,rnp) with: (a) predictions of the proposed model; (b) predictions of
model by Ozbakkaloglu and Lim [11].

strains corresponding to &, in FRP-confined SFRC and ¢;. in actively
confined SFRC increased with an increase in V; and a decrease in Ag.
The dilation relationship between lateral strain (g;) and axial strain ()
proposed by Lim and Ozbakkaloglu [39], which was shown to be highly
accurate for both actively and FRP-confined plain concrete, was mod-
ified by incorporating the dilation coefficient (K5) into the expression to
consider the key influences of steel fiber parameters.

0.8
— 4 004K, [1 + 21(@] ]
v(l + (i)") Jeo

VEco

& =

S

3)

where v, &, 11, and f; are the initial Poisson’s ratio of concrete, axial
strain corresponding to f’,, curve shape parameter, and confining
pressure, respectively. In Eq. (3), f is a variable parameter for the FRP-
confined SFRC that gradually increases with an increase in & until ep,
(determined using Eq. (1)) is reached and the resulting f, , is devel-
oped. v, &,, and n were adopted from Lim and Ozbakkaloglu [39],
which are expressed as:

v =8 X 107% 2 + 0.0002f" + 0.138 4)
f'/o 0.225 152 0.1 2D 0.13

o = — — —

“ IOOO(D) (H) (5)

n=1+0.03f 6)

in which f’, is in MPa and D and H are in mm. Fig. 5(a) and (b) show
the variation of experimental K, with V; at different Az for FRP-con-
fined concrete containing hooked end and straight steel fibers, respec-
tively. As can be seen in Fig. 5, the trend of experimental K, of speci-
mens containing hooked end steel fibers is consistent with that of
straight steel fibers, and at a given Ag, K> gradually increases with an
increase in V. This observation can be attributed to the lateral expan-
sion of SFRC with higher Vy at a reduced rate due to the bridging effect
of steel fibers [19,37]. It can also be seen in the figure that K, decreases
with an increase in Ar at a given Vj, which can be explained by the
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Fig. 5. Variation of experimental values of K, with volume fraction (Vj): con-
crete containing (a) hooked end; (b) straight steel fibers.

lower internal confinement efficiency of steel fibers with higher Apg,
leading to an increased lateral dilation rate of the resulting SFRC [19].
Based on the regression analysis, the following expression is proposed
for K»:

K =1+ 023V;A3% @

where Vy is in percentage (%).

Fig. 6 shows comparisons of the experimental values of ¢, for FRP-
confined SFRC and ¢;. for actively confined SFRC with the predictions
obtained by the proposed expression for the dilation behavior of con-
fined SFRC (Eq. (3)). In the calculation of ¢, and ¢, the corresponding
lateral strains ¢, and g; were used in Eq. (3), which were obtained
from lateral strain gauges placed at the mid-height of the specimens.
The experimental values of ¢, and ¢;. shown in Fig. 6 were obtained
from LVDTs. As can be seen in Fig. 6, incorporation of K, into the di-
lation relationship resulted in a higher prediction accuracy of the di-
lation behavior of FRP-confined SFRC compared to that of the model by
Lim and Ozbakkaloglu [39].

3.3. Axial stress-strain relationship of FRP-confined SFRC

Through the unifying confining pressure gradient concept in-
troduced by Lim and Ozbakkaloglu [39], the axial stress (f,) of FRP-
confined concrete can be obtained from the axial stress—strain re-
lationship of actively confined concrete by considering the proposed
confining pressure gradient (Afj = fi—f, in which f; and f* are the
confining pressure by FRP confinement and corresponding confining
pressure by active confinement, respectively). In this study, actively
confined concrete model proposed by Lim and Ozbakkaloglu [42],
which was modified from Popovics model [43], was used to obtain the
axial stress-strain curves of actively confined concretes. Defining the
axial stress-strain curve of actively confined concrete requires the ac-
curate determination of the coordinates of the curve corresponding to
the peak stress (i.e. f;, and ¢%). Based on the analysis of the test data-
base it is found that steel fiber properties, such as Vy and Ag, did not
have a significant influence on ¢;. of actively confined SFRCs. Therefore,
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Fig. 6. Comparison of the experimental values of ultimate axial strain (e,) or
peak axial strain (e.) with: (a) predictions of the proposed model; (b) predic-
tions of model by Lim and Ozbakkaloglu [39]

in the current study a new expression was developed only for f; of
SFRCs and it is recommended that the ¢, expression given by Lim and
Ozbakkaloglu [42] (i.e. € = g, + O.O4S(ff/fc’0)1-15) for actively confined
plain concrete can also be applied to actively confined SFRC. f ex-
pression proposed by Lim and Ozbakkaloglu [42] for plain concrete was
modified by incorporating the strength coefficient (K3) into the ex-
pression.

"

a
fo =1, + 52K:f, °'9l(f—’,) where a = f; ~00
Jeo (8

Fig. 7(a) and (b) show the variation of experimental K3 with V; for
FRP-confined concrete containing hooked end and straight steel fibers,
respectively. As can be seen in the figures, K3 gradually increases with
an increase in Vy, which is attributed to the additional confinement
provided by the internal steel fibers resulting in enhancements in the
compressive strength of SFRCs [37]. The regression analysis showed
that V; was the only influential parameter for f. However, it is worth
noting that this observation is limited to mixes prepared with a rela-
tively narrow range of Ag spanning from 60 to 73 due to the limitations
of the current database. Accordingly, K5 is defined through Eq. (9) as a
function of Vy.
K; =1+ 0.065V; )
in which V¢ is in percentage (%).

Fig. 8(a) and (b) show comparisons of the experimental values of fc*C
with the predictions obtained by the proposed expression for f; (Eq.
(5)) and f:c determined by Lim and Ozbakkaloglu [42] expression, re-
spectively. As can be seen in the figures, incorporation of K3 into f
expression led to a higher a prediction accuracy compared with that of
the model by Lim and Ozbakkaloglu [42].
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Fig. 8. Comparison of the experimental values of peak axial stress (f;c) with: (a)
predictions of the proposed model; (b) predictions of model by Lim and
Ozbakkaloglu [42]

4. FE modeling of compressive behavior of FRP-confined SFRC

As was discussed in Refs. [31,34], different theories of plasticity,
damage, and coupled damage-plasticity have been proposed for FE
modeling of concrete [26,35,36,44-47]. Plasticity approach only
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considers a plasticity failure surface and does not address the de-
gradation of the material stiffness [26]. Conversely, the damage ap-
proach only applies the degradation of the material stiffness without
considering the irreversible deformations and inelastic volumetric ex-
pansion in compression [44]. On the other hand, the concrete damage-
plasticity approach combines the benefits of both plasticity and damage
approaches in the failure surface and flow rule. Therefore, the concrete
damage-plasticity method, which was developed by Ozbakkaloglu et al.
[31] and Lim et al. [34], was adopted in the present study for FE
modeling of FRP-confined SFRCs.

Appendix B presents the details of the concrete damage-plasticity
method given in Refs. [31,34]. The new expressions proposed in the
current study for f;. (Eq. (8)), enrup (EQ. (1)), and the axial strain-lateral
strain relationship (Eq. (3)) were adopted to improve the failure surface
and flow rule of the concrete damage-plasticity model for FRP-confined
SFRC. The improved failure surface and flow rule were achieved
through the use of Eq. (8) in Eq. (17) (in Appendix B) and Eq. (3) in Eq.
(20) (in Appendix B), respectively. The proposed model is applicable to
confined SFRCs containing hooked end and straight steel fibers with up
to 194 MPa unconfined concrete strength.

5. Comparison of proposed model predictions with experimental
results

The FRP-confined SFRC specimens were modeled in FE program
ABAQUS using the proposed constitutive model. As was done pre-
viously in Refs. [31,34], boundary conditions were assigned to the axis-
symmetric planes and were considered to be pinned-end to simulate the
specimen boundary conditions in the test setup. A tie constraint was
used to model the interaction between the FRP sheet and concrete,
through which the nodes on both surfaces were constrained to displace
similarly. FRP sheets were modeled by four-node shell elements with
reduced integration (S4R) and the concrete core was modeled as the
eight-node brick element (C3D8R). To capture the post-peak softening
behavior of concrete, axial compression was applied as a uniform axial
displacement to the nodes along the top of the specimen. Compressive
stresses and strains were defined to be positive. Fig. 9 shows a typical
FRP-confined SFRC specimen modeled in ABAQUS. In order to validate
the proposed model, the predictions obtained from the FE analysis
based on the model were compared with the experimental results of
FRP-confined SFRC and predictions of the model by Lim and Ozbak-
kaloglu [39] proposed for FRP-confined plain concrete. Four groups of
FRP-confined SFRC specimens (i.e. U120-1, U120-2, U190-1, and U190-
2) were used in the validation of the FE model. Figs. 10 and 11 show the
axial stress-axial strain, lateral strain-axial strain, axial stress-volu-
metric strain, plastic volumetric strain-axial plastic strain, and plastic
dilation angle-axial plastic strain relationships for the group U120-1
and U120-2 specimens (refer to Table 1 for specimen properties),

ZE 777
i

I
i
b
|
N
A

i i A B i i 2

i e s i i i

(b)
Fig. 9. FE modeling of FRP-confined SFRC: (a) SFRC; (b) FRP tube.
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whereas Fig. 12 shows the axial stress-axial strain relationships for the
group U190-1 and U190-2 specimens.

As can be seen in Figs. 10-12, the proposed model closely predicts
the mechanical behavior of FRP-confined SFRCs and it provides higher
accuracy than the predictions of the model by Lim and Ozbakkaloglu,
which shows considerable deviations from the experimental test results
of FRP-confined SFRCs. The accuracy of the proposed model was
achieved by the incorporation of the key internal steel fiber properties
(i.e. Vrand Ag) into the accurate failure surface and flow rule models
given for plain concrete in Refs. [31,34]. As can be seen in Figs. 10(a)
and 11(a), model by Lim and Ozbakkaloglu significantly under-
estimated the stresses in the axial stress-axial strain relationship of FRP-
confined SFRCs, especially for specimens with a higher steel fiber vo-
lume fraction. Figs. 10(b) and 11(b) show the lateral strain-axial strain
relationships of FRP-confined SFRC specimens of the group U120-1 and
U120-2, respectively. The higher accuracy of the proposed FE model
compared to the model by Lim and Ozbakkaloglu in prediction of the
dilation behavior of FRP-confined SFRC is because of the incorporation
of the steel fiber parameters (V; and Ag) in the prediction of the hoop
rupture strain and relationship between axial and lateral strains.

Figs. 10(c) and 11(c) show the axial stress-volumetric strain re-
lationships of FRP-confined SFRC under different steel fiber parameters
and levels of confinement. As can be seen in the figures, inelastic vo-
lumetric contraction occurred at the beginning of the plastic flow and
followed by dilation. It means that the volume of each SFRC specimen
contracted until the specimen reached its unconfined concrete strength.
After this point, the lateral restraint resulted in a change from con-
traction to expansion throughout the loading history. As can be seen in
Figs. 10(d) and 11(d), which show the plastic volumetric strain-plastic
axial strain relationships for FRP-confined SFRC, the sign of the tan-
gential slope of the curve changed from negative to positive at an in-
flection point (transition point from the first to second part of the
curve), which verifies the transition from contraction to expansion seen
in Figs. 10(c) and 11(c). It can be seen in Figs. 10(e) and 11(e), which
show the plastic dilation angle-plastic axial strain relationships for FRP-
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confined SFRC, that plastic dilation angle (1)) decreases with an in-
crease in the plastic axial strain until the inflection point of Figs. 10(d)
and 11(d) and then it rapidly increases until the plastic volumetric
strain becomes zero, which corresponds to the transition from con-
traction to expansion seen in Figs. 10(c) and 11(c). With an increase in
the level of confining pressure under FRP confinement, the concrete
dilatancy has a tendency to change towards densification, which can be
seen as the reduction in 3 with a further increase in the plastic axial
strain in Figs. 10(e) and 11(e).

Fig. 12 shows the axial stress-axial strain curves of FRP-confined
ultra high-strength SFRC, from which it can be seen that the curves
obtained by the proposed model are in close agreement with the ex-
perimental curves. These results indicate that the proposed FE model
can be applied to predict the compressive behavior of circular FRP-
confined SFRC specimens with an unconfined concrete strength of up to
194 MPa.

6. Summary and conclusions

This paper has presented the first FE model to predict the com-
pressive behavior of FRP-confined SFRCs in circular sections. A test
database containing 73 datasets from axial compression tests of FRP-
confined and actively confined SFRC was assembled based on the re-
sults available in the literature. Additional axial compression tests were
conducted on 16 actively confined SFRC specimens to address the gaps
in the existing test database. The analysis of the experimental test re-
sults indicated that the compressive behavior of FRP-confined SFRC is
influenced by the steel fiber volume fraction and aspect ratio.
Therefore, the model by Lim and Ozbakkaloglu, which was proposed
for FRP-confined plain concretes, was extended to predict the com-
pressive behavior of FRP-confined SFRCs by considering the influences
of steel fiber volume fraction and aspect ratio. In the proposed model,
the hoop rupture strain of the FRP jacket, dilation relationship between
axial strain and lateral strain of actively confined and FRP-confined
SFRC, and relationship between the confining pressure and the com-
pressive strength of actively confined SFRC were established by mod-
ifying the previously proposed models for confined plain concrete. The
improved failure surface and flow rule of the concrete damage-plasti-
city model were achieved by incorporating the effects of steel fiber
volume fraction and aspect ratio into the accurate failure surface and
flow rule models given for plain concrete in Refs. [31,34]. The com-
parison of model predictions with the experimental results shows that
the new models closely predict the axial stress-axial strain, lateral
strain-axial strain, axial stress-volumetric strain, plastic volumetric
strain-axial plastic strain, and plastic dilation angle-axial plastic strain
relationships of FRP-confined SFRC. The analysis results also indicate
that the new FE model provides improved accuracy in predicting the
compressive behavior of FRP-confined SFRCs compared to the predic-
tions of the model given by Lim and Ozbakkaloglu for conventional
concrete. The availability of such an accurate model is of vital im-
portance for practical applications of FRP-confined SFRC columns.

Because of the influence of the steel fiber parameters on the me-
chanical behavior of FRP-confined SFRC, the application of the models
of FRP-confined plain concrete to predict the behavior of FRP-confined
SFRC is not recommended. Therefore, additional targeted studies are
recommended on the FRP-confined and actively confined SFRC col-
umns to expand the existing test database to enable the development of
additional models for FRP-confined SFRCs with a broader range of
applicability, such as those for square and rectangular columns.
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Appendix A. Supplementary data

The script code used for the concrete material behavior based on the developed damage-plasticity model. Supplementary data associated with
this article can be found, in the online version, at http://dx.doi.org/10.1016/j.compstruct.2018.03.094.

Appendix B. Concrete damage-plasticity model

This section presents the details of the concrete damage-plasticity method used in this study. The failure surface of the concrete damage-plasticity
method is presented by Eq. (10) [36].

F= (=35 + B&)(~Gnin) =7 (Gin )= (Eep) <O

10
where G,,;, is the minimum principal effective stress and the parameters p, g, a, §&,, and y are defined in Egs. 11-15, respectively.
5 - h
p = 3 1n
g =+3%h 12)
ot
L’ i 13)
o, (€,
B(&) = _C(_C'p) 1-a)-(1 + a)
G (&p) 14
= 30-K) where K, = Gim
2K.—~1 Qem (1 5)

where p is the equivalent effective stress, g is the cylindrical coordinates of equivalent pressure, I and J are the first invariant of effective stress and
second invariant of the effective stress deviator, f,, and f’., are the biaxial and uniaxial compressive strengths, &, and G, are the effective compressive
and tensile cohesion stresses, &., and &, are the equivalent compressive and tensile plastic strains, and g, and q., are the second stress invariants on
the tensile and compression meridians, respectively. As was shown in Refs. [31,34], f,,/f"co and tensile-to-compression meridian stress ratio (K,.) are
defined as 1.57f, ~°% and 0.71f! ~%%, respectively, which were obtained based on a large experimental database of confined plain concrete.

Parameter of a in Eq. (14) is defined by the following expression for addressing the exact and curve shape compression and tensile meridians
while satisfying the original form of f’p,/f"c, ratio.

a= k=1 (Z + 1)—Z
2+ ky\3 3 (16)
in which k;, is the enhancement ratio of f,. under uniform confining pressure (f;") and it is obtained from the following expression:
Ky = e :ﬂo
h a7

Eq. (8) is used to establish a relationship between f,. and f; in Eq. (17).
The non-associated potential flow rule with the plastic potential function (G) and the plastic strain vector (de,) are defined by Eqgs. (18) and (19)
in concrete damage-plasticity theory, respectively.

G = |/(ef tanyh)? + > —ptany (18)

oG

de, = 1—
P do 19
in which 7 is the plastic dilation angle measured in the p—g plane at high confining pressure, f’; is the uniaxial tensile strength, and ¢ is the
eccentricity parameter that defines the rate at which the G function tends to a straight line as the eccentricity tends to zero. The relationship between

¥ and plastic strains is defined by Eq. (20) [29].
tangp = — 3(de.p + 2de;p)
2(de. p—ds; p) (20)

For calculating ¢, Eq. (3) is used to define the relationship between the axial strain (¢.) and lateral strain (¢;) of FRP-confined SFRCs. In Eq. (3), f,
is a variable parameter for the FRP-confined SFRC that gradually increases with an increase in ¢; until &y, ;, (determined using Eq. (1)) is reached and
the resulting f, , is developed.
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