10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

https://doi.org/10.1016/j.engstruct.2023.116983

Design-oriented stress-strain model for FRP-confined engineered cementitious composites

Shuai Li, Tak-Ming Chan®, Ben Young

Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong, China

*Corresponding author. Email address: tak-ming.chan@polyu.edu.hk (T.-M. Chan).

Abstract

Engineered cementitious composites (ECC) is known for its enhanced tensile performance compared
with normal concrete. Ductile strain hardening behavior, multiple cracking beahvior as well as large
tensile strain capacity can be achieved for ECC under tensile loadings. For the compressive
performance, using lateral fiber-reinforced polymer (FRP) confinement is an effective approach to
improve the compressive strength and strain. However, the research work on design models of FRP-
confined ECC, especially on the stress-strain relationship, is limited at the current stage. To address
this aspect, this study focuses on developing the design-oriented stress-strain model for FRP-confined
ECC under axial compression. A test database on FRP-confined ECC was firstly assembled. Existing
design equations on FRP-confined concrete were evaluated and found not be able to provide
satisfactory predictions for FRP-confined ECC. New design equations on ultimate conditions,
including the ultimate compressive strength and ultimate axial strain, were then proposed and verified
with the test results. Finally, the design-oriented stress-strain model for FRP-confined ECC was
developed, which consists of the formulated form of a stress-strain model for FRP-confined normal
concrete and the new design equations on ultimate conditions proposed for FRP-confined ECC.
Predictions of stress-strain curve show close agreements with test results, indicating the good

performance of the developed design-oriented stress-strain model.

Keywords: Engineered cementitious composites (ECC); Fiber-reinforced polymer (FRP);

Confinement; Compressive behavior; Design-oriented model

1. Introduction
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Engineered cementitious composites (ECC) is gaining increasing popularity in recent years as an
advanced cementitious material [1-3]. Compared with normal concrete, ECC has short polymer fibers
distributed in the mixture to improve the tensile behavior [4]. It demonstrates a strain-hardening tensile
stress-strain relationship with significantly enhanced ultimate tensile strain of up to 10% [5], as shown
in Fig. 1(a). Due to the fiber-bridging effect through the microcracks, the width of tensile cracks in
ECC can be controlled and prevented from continuing growing, which leads to the multiple cracking
behavior [6]. With the good ductility and toughness, ECC has been adopted in different structural
members for various structural rehabilitation purposes, such as avoiding large tensile cracks and
protecting steel rebars in the tensile zone in reinforced concrete beams [7-8], providing additional
lateral confinement to the core concrete in hybrid columns [9-11] as well as strengthening the plastic
hinge zone of beam-column joints [12,13]. These applications show that with limited amount of normal
concrete replaced by ECC in the structural member, targeted improvement of the structural
performance can be achieved. Meanwhile, the durability of structures with ECC cover can be increased
as well, since the inner steel reinforcement are protected from corrosion with the good crack width

control ability of ECC. It is cost-effective from the life cycle perspective.

. FRP-confined normal concrete / ECC
(Ductility and strain hardening)
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» Plain normal concrete / ECC

(Brittleness and strain softening)

Normal concrete
l Single crack

Tensile strain Compressive strain

(a) Tensile behavior (b) Compressive behavior

Fig. 1 Tensile and compressive behavior of normal concrete and ECC
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Similar to normal concrete, ECC also presents the brittleness and strain softening behavior at the post-
peak stage. In order to improve the compressive behavior of ECC, researchers noted that adopting
lateral fiber-reinforced polymer (FRP) confinement is an effective approach like FRP-confined normal
concrete, as shown in Fig. 1(b). Dang et al. [14] compared the axial compressive behavior of ECC
cylinders and normal concrete cylinders confined by FRP jackets. It was found that the ultimate
conditions corresponding to FRP rupture failure could be effectively enhanced with lateral FRP
confinement for both FRP-confined normal concrete and FRP-confined ECC. However, the
deformability of FRP-confined ECC was 10% - 78% larger than that of FRP-confined normal concrete
with similar unconfined strength and confinement level. Li et al. [15] carried out tests on FRP-confined
ECC under both monotonic and cyclic axial compressions and noted that uniform hoop strain
distribution could be obtained due to the multiple cracking behavior of ECC. It could avoid the
premature FRP rupture caused by localized concrete cracking and lead to improved ultimate conditions.
Meanwhile, the FRP rupture failure could be delayed with further enhanced ultimate compressive
strength and ultimate axial strain for FRP-confined ECC under cyclic compression, compared with
that under monotonic compression. A similar behavior has also been observed for FRP-confined
normal concrete [16,17]. Yuan et al. [ 18] analyzed the lateral dilation behavior of FRP-confined ECC
and reported that the lateral strain development was lower compared with that of normal concrete due
to the restraint effect caused by fibers in ECC mixture. Subsequently, appropriate lateral strain-axial
strain model for FRP-confined ECC under axial compression was developed and verified. Li et al. [15]
proposed the first analysis-oriented model for FRP-confined ECC, which was shown to be able to
provide close predictions on the compressive stress-strain curves through defining the relations among
axial stress, axial strain, lateral strain and lateral confining pressure. In these existing studies [14,15,18],
it is also noted that the compressive strain corresponding to the peak stress for plain ECC is larger than
that of plain normal concrete with similar compressive strength, which also leads to the phenomenon

that ECC can present the larger compressive deformability. ECC has also been used together with
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normal concrete to form the hybrid column under FRP confinement for achieving enhanced structural
performance. Li et al. [19] proposed a novel composite column, in which an ECC layer is added
between outer FRP tube and inner high strength concrete (HSC) core. It was found that the ECC layer
could redistribute the localized hoop strain from HSC core to FRP tube to realize a more uniform hoop
strain distribution on the FRP tube. Therefore, the column premature failure caused by HSC brittleness
was eased or prevented and the deformability and ductility of the composite column were improved
[19]. Finite element approach and design recommendations considering the different FRP confinement
effect caused by the ECC layer in this novel composite column have also been developed accordingly
[20-22]. Based on these existing studies, it can be noted that FRP-confined ECC has the potential to
exhibit advantages over FRP-confined normal concrete in terms of the deformability performance.
FRP-confined ECC could be considered under extreme conditions, such as seismic loadings where the
structural members are required to withstand relatively large deformations. Meanwhile, hybrid use of
ECC and normal concrete is also possible. With limited amount of normal concrete replaced by ECC
in crucial regions of structural members, the structural behavior will be effectively improved with
limited cost increase. For composite columns with the hybrid use of ECC and normal concrete, the
ECC proportion is usually relatively low. The stiffness of the composite columns with ECC is similar
to that of the counterpart columns without ECC, though the elastic modulus of ECC is lower than that

of normal concrete [11,19].

Compared to FRP-confined normal concrete, studies on FRP-confined ECC are still relatively limited,
especially on the reliable design approaches. Design equations on ultimate compressive strength and
ultimate axial strain of FRP-confined ECC were developed based on the obtained test results [14,23].
However, these equations show deviations with each other. In the ultimate compressive strength
equation, for example, Dang et al. [14] adopted 2.5 as the strength enhancement factor, while Yuan et
al. [23] adopted 2.34 as the strength enhancement factor and assigned an additional size effect factor.

These design equations could only provide acceptable predictions for their own test results. Meanwhile,
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design-oriented model which can directly describe the compressive stress-strain behavior of FRP-
confined ECC is not available in the existing research. Design-oriented models consisting of closed-
form equations are developed through regression analyses and are calibrated from axial compression
test results of FRP-confined concrete. The accuracy of these models depends greatly on the size and
reliability of the test database as well as the parametric range of the test data used in the model
development. Meanwhile, the compressive properties of ECC and normal concrete are different,
especially that lateral dilation of ECC can be further restrained due to the fibers in ECC mixture as
reported in Yuan et al. [18]. These indicate that design-oriented models developed for FRP-confined
normal concrete may not be applicable to FRP-confined ECC. Therefore, this study will focus on
developing the design-oriented stress-strain model for FRP-confined ECC. A test database on FRP-
confined ECC was firstly collected based on literature in this study. Existing representative design
equations on the ultimate conditions were then evaluated for FRP-confined ECC, and corresponding
new equations were proposed. Design-oriented stress-strain model incorporating the new proposed
design equations on the ultimate conditions of FRP-confined ECC was finally developed and verified

with the test curves.
2. Database for FRP-confined ECC

In this section, 46 test results on FRP-confined ECC were collected in the literature to form the
database as presented in Table 1. Specimen details are illustrated in Fig. 2. Different specimen sizes,
FRP types, FRP thicknesses and ECC strengths are covered in the database. All the specimens are stub
columns and have the height-to-diameter ratio of 2 with the diameter ranging from 100 mm to 500
mm. Glass FRP (GFRP) and Carbon FRP (CFRP) with different tensile elastic moduli and thicknesses
are included, which yields various lateral confinement levels. Different ECC mixtures with
polyethylene (PE) or polyvinyl alcohol (PVA) fibers were adopted in the corresponding research. ECC
compressive strength is in the range of 28.2 to 64.6 MPa. Ultimate conditions including ultimate

compressive strength f,, ultimate axial strain &.,, and hoop rupture strain & ,,;, are summarized in



119  Table 1 for the collected specimens. Meanwhile, the corresponding actual lateral confining pressure
120 fiu.q. confinement stiffness ratio py and strain ratio p, are calculated with the following equations [33]

121  and listed in Table 1.

2E ¢t
122 flu.a ==L ngh‘mp (1)
K 2E ft
123 Pk = L )

T /e (lo/Eco)D

124 pe = I (€)

€co

125  where D is the diameter of confined ECC; Ef and tf are the elastic modulus and thickness of confining

126  FRP; K; is FRP confining stiffness; f,, and ., are the compressive strength and the corresponding
127  compressive strain of unconfined ECC. It should be noted that in Refs. [18] and [23], large rupture
128  strain (LRS) FRPs, including polyethylene naphthalate (PEN) and polyethylene terephthalate (PET)
129  FRPs, were also adopted as the confining materials to form the FRP-confined ECC stub columns. LRS
130 FRPs present large rupture strains and typical bi-linear tensile stress-strain behavior. The elastic
131 modulus of the first linear portion is larger than that of the second linear portion, which leads to the
132 different lateral confining pressure versus hoop strain behavior for LRS FRP-confined concrete in
133 comparison to conventional FRP-confined concrete. Therefore, the specimens with LRS FRP in Refs.

134  [18] and [23] are not summarized in Table 1 and are not included in the scope of the current study.

135



Confined ECC

flo: Unconfined compressive strength

£.g° Compressive strain at peak stress

E_: Elastic modulus

fon: Ultimate compressive strength of confined ECC
£q, Ultimate axial strain of confined ECC

Confining FRP
Ef: Elastic modulus
ty: Thickness

£p,rup. FRP hoop rupture strain

136

137 Fig. 2 Specimen details of FRP-confined ECC
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Table 1 Database of test results on FRP-confined ECC

Specimen . .
: . Specimen properties Test results
Source Specimen Size
label D H  FRP tr Ef féo . E, feu . . funa feu Ecu
(mm) (mm) type (mm) (GPa) (MPa) -  (GPa) (MPa) ¢  hmw (ypy o PK o Pe o
Lietal. G-6-M1 100 200 GFRP 2.000 39.2 40.0 0.0041 15.0 99.2  0.0713 0.0180 2822 0.161 4390 2480 17.390
[15] G-6-M2 100 200  GFRP  2.000 39.2 40.0  0.0041 15.0 105.2 0.0746 0.0188 2948  0.161 4.585 2.630 18.195
G-6-C 100 200 GFRP  2.000 39.2 40.0 0.0041 15.0 136.5 0.1025 0.0220 3450 0.161 5366 3.413 25.000
G-8-M1 100 200 GFRP 2450 39.2 40.0  0.0041 15.0 1146 0.0815 0.0192 36.88 0.197 4.683 2.865 19.878
G-8-M2 100 200 GFRP 2.450 39.2 40.0  0.0041 15.0 113.5 0.0849 0.0185 35.53 0.197 4512  2.838 20.707
G-8-C 100 200 GFRP 2450 39.2 40.0 0.0041 15.0 113.3  0.0913 0.0190 36.50 0.197 4.634 2.833 22.268
G-7-M1 200 400 GFRP 2.350 39.2 40.0  0.0041 15.0 56.9 0.0266 0.0119 10.96 0.094 2.902 1.423 6.488
G-7-M2 200 400 GFRP 2.350 39.2 40.0 0.0041 15.0 60.0 0.0272 0.0123 11.33  0.094 3.000 1500 6.634
G-7-C 200 400 GFRP 2.350 39.2 40.0 0.0041 15.0 56.8  0.0332 0.0145 1336 0.094 3.537 1420 8.098
G-10-M1 200 400 GFRP 3.450 39.2 40.0  0.0041 15.0 85.0 0.0518 0.0141 19.07 0.139 3439 2.125 12.634
G-10-M2 200 400 GFRP 3.450 39.2 40.0 0.0041 15.0 84.6 0.0493 0.0140 1893 0.139 3.415 2.115 12.024
G-10-C 200 400 GFRP 3.450 39.2 40.0  0.0041 15.0 84.6  0.0555 0.0149 20.15 0.139 3.634 2.115 13.537
C-2-M1 100 200 CFRP 0220 255.0 40.0 0.0041 15.0 73.2  0.0507 0.0178 1997 0.115 4341 1830 12.366
C-2-M2 100 200 CFRP 0220 255.0 40.0 0.0041 15.0 77.1  0.0616 0.0182 2042 0.115 4439 1928 15.024
C-2-C 100 200 CFRP 0.220 255.0 40.0  0.0041 15.0 77.0  0.0587 0.0155 17.39 0.115 3.780 1.925 14.317
C-4-M1 100 200 CFRP 0440 255.0 40.0 0.0041 15.0 1924 0.1410 0.0238 53.41 0.230 5.805 4.810 34.390
C-4-M2 100 200 CFRP 0440 255.0 40.0  0.0041 15.0 130.8 0.0937 0.0183 41.07 0.230 4.463 3.270 22.853
C-4-C 100 200 CFRP 0.440 255.0 40.0  0.0041 15.0 198.5 0.1418 0.0228 51.16  0.230  5.561 4963 34.585
Yuanet E-GFRP-1-a 150 300 GFRP 0.169 100.5 28.2  0.0044 10.1 31.7  0.0287 0.0202 4.57 0.035 4591  1.123  6.523
al. [18] E-GFRP-1-b 150 300 GFRP 0.169 100.5 28.2  0.0044 10.1 325 0.0299 0.0208 4.71 0.035  4.727 1.152  6.795
E-GFRP-2-a 150 300 GFRP 0.338 100.5 28.2  0.0044 10.1 440 0.0479 0.0205 9.28 0.071  4.659 1559 10.886
E-GFRP-2-b 150 300 GFRP 0.338 100.5 28.2  0.0044 10.1 45.0 0.0470 0.0235 10.64 0.071 5.341 1.595 10.682
E-GFRP-3-a 150 300 GFRP 0.507 100.5 28.2  0.0044 10.1 54.8  0.0633 0.0224 15.22 0.106  5.091 1.942 14.386
E-GFRP-3-b 150 300 GFRP 0.507 100.5 28.2  0.0044 10.1 55.4  0.0818 0.0262 17.80 0.106 5955 1963 18.591
Danget E-G2-M 100 200 GFRP  0.338 91.1 64.6  0.0035 23.7 83.3 0.0171 0.0144  8.87 0.034  4.068 1.289  4.886
al. [14] E-G5-M 100 200 GFRP 0.845 91.1 64.6 0.0035 23.7 139.0 0.0395 0.0169 26.02 0.084 4774 2.152 11.286
E-G8-M 100 200 GFRP 1.352 91.1 64.6 0.0035 237 217.1  0.0561 0.0234 57.64 0.135 6.610 3.361 16.029
E-C2-M 100 200 CFRP 0.222  236.9 64.6 0.0035 23.7 95.3 0.0147 0.0126 13.25 0.058 3.559 1.475  4.200
E-C5-M 100 200 CFRP 0.555 2369 64.6  0.0035 237 162.8 0.0351 0.0145 38.13 0.144 4.096 2.520 10.029
E-C8-M 100 200 CFRP 0.888  236.9 64.6  0.0035 23.7 2454 0.0707 0.0180 75.73 0.231 5.085 3.799 20.200




Yuanet 100-G-1-a 100 200  GFRP 0.169 100.5 51.6  0.0027 22.6 61.6  0.0093 0.0159 5.40 0.018  5.889 1.194 3.444
al. [23] 100-G-1-b 100 200 GFRP 0.169 100.5 51.6  0.0027 22.6 63.9 0.0101 0.0152 5.16 0.018  5.630 1.238  3.741
100-G-2-a 100 200 GFRP 0.338 100.5 51.6  0.0027 22.6 83.7 0.0113 0.0144 9.78 0.036  5.333 1.622  4.185
100-G-2-b 100 200 GFRP 0.338 100.5 51.6  0.0027 22.6 77.1 0.0109 0.0155 10.53 0.036 5.741 1.494 4.073
200-G-2-a 200 400 GFRP 0.338 100.5 51.6  0.0027 22.6 59.0 0.0077 0.0170  5.77 0.018  6.296 1.143  2.852
200-G-2-b 200 400 GFRP 0.338 100.5 51.6  0.0027 22.6 59.0 0.0091 0.0133 4.52 0.018  4.926 1.143  3.370
200-G-4-a 200 400 GFRP 0.676 100.5 51.6  0.0027 226 789 0.0101 0.0170 11.55 0.036  6.296 1.529  3.741
200-G-4-b 200 400 GFRP 0.676 100.5 51.6  0.0027 22.6 81.1 0.0163 0.0164 11.14 0.036 6.074 1.572  6.037
300-G-3-a 300 600 GFRP  0.507 100.5 51.6  0.0027 22.6 61.6 0.0097 0.0160 5.44 0.018  5.926 1.194  3.593
300-G-3-b 300 600 GFRP 0.507 100.5 51.6  0.0027 22.6 62.3  0.0093 0.0160 5.44 0.018  5.926 1.207  3.444
300-G-6-a 300 600 GFRP 1.014 100.5 51.6  0.0027 22.6 73.6  0.0112 0.0160 10.87 0.036  5.926 1.426  3.148
300-G-6-b 300 600 GFRP 1.014 100.5 51.6  0.0027 226 80.8 0.0117 0.0160 10.87 0.036 5.926 1.566  4.333
400-G-4-a 400 800 GFRP 0.676 100.5 51.6 0.0027 22.6 59.6  0.0099 0.0160  5.44 0.018  5.926 1.155  3.667
400-G-4-b 400 800 GFRP 0.676 100.5 51.6  0.0027 22.6 54.1 0.0094 0.0160 5.44 0.018  5.926 1.048  3.481
500-G-5-a 500 1000 GFRP 0.845 100.5 51.6  0.0027 22.6 569 0.0094 0.0160 5.44 0.018  5.926 1.103  3.481
500-G-5-b 500 1000 GFRP 0.845 100.5 51.6  0.0027 22.6 53.4  0.0095 0.0160 5.44 0.018  5.926 1.035 3.519
A0  Note: D and H are the diameter and height of the specimen; t; and Ef are the thickness and elastic modulus of the confining FRP; f, £¢o and E, are the compressive strength, the corresponding

41 compressive strain and elastic modulus of the unconfined ECC; f, and &, are the ultimate compressive strength and ultimate axial strain of FRP-confined ECC at FRP rupture; €y 5, is the FRP hoop
A2 rupture strain; fy, 4 is the actual confining pressure at FRP rupture.

43

44 Table 2 Existing prediction models for compressive strain at peak stress €., and elastic modulus E, for unconfined concrete

Model Compressive strain at peak stress & Elastic modulus E, (Unit in MPa)
Eurocode 2 [24] €50 = 000071931 E, = 22000(%)03
ATJ [257° N.A. E, = 21000(;2-)15 (L0
ACI 318 [26] N.A. E. =4730./f
Popovic [27] &0 = 0.0009374,/]%'0 N.A.
. 10225 157 2D ;
Lim and Ozbakkaloglu [28] Eco = o (T)o.1(7)0.13 E. = 44004/ f,,
Tasdemir et al. [29] g0 = (—0.067f/2 + 29.9f/, + 1053) x 107 N.A.
De Nicolo et al. [30] &0 = 0.00076 + \/(0.626fc'0 —4.33) x 1077 N.A.

A5 “Note: y is concrete density with unit in kg/m>.
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The mechanical properties of ECC could be different from those of normal concrete due to the different
mixtures [14]. Fig. 3 shows the basic trend between compressive strength f, and the corresponding
compressive strain at the peak stress €., as well as elastic modulus E, of unconfined ECC for the
collected data as presented in Table 1. It can be noted that with the increase of ECC compressive
strength, .9 will decrease while E, will increase. In Table 2, it summarizes the existing equations for
&.0 and E, of normal concrete [24-30]. Predictions with these equations are presented in Fig. 3 for
unconfined ECC collected in the database with the compressive cylinder strengths of 28.2MPa, 40.0
MPa, 51.6 MPa and 64.6 MPa. For the strain at peak stress €., the predicted results are lower than the
test results as shown in Fig. 3(a). It indicates that the strain at peak stress of ECC is larger than that of
the normal concrete with the same compressive strength. This agrees with the behavior that ECC can
present larger deformability than normal concrete under compressive loadings [14,15,18]. It is also
observed in Fig. 3(a) that the predicted strain at peak stress will increase with the increase of
compressive strength, which is a typical behavior for unconfined normal concrete. However, this
behavior is not in line with the current collected test results of €.y for ECC. The above observations
indicate that the existing equations on the prediction of the strain at peak stress for normal concrete
may not be applicable to ECC. On the other hand, the materials used in ECC mixtures in the four
literatures [14,15,18,23] are different, which may also affect the compressive strain at the peak stress.
For the elastic modulus E, the predicted results are obviously higher than the test results as shown in
Fig. 3(b). Due to the absence of coarse aggregates in ECC mixture, the elastic modulus of ECC is
lower than that of the normal concrete with the same compressive strength [31,32]. Therefore, the
existing prediction equations of elastic modulus developed based on normal concrete are not applicable

to ECC as well. For the data presented in Table 1, the following linear expressions can be proposed:

gco = —0.00003 7, + 0.0052 (4)

E. = 397.83f), — 489.73 (5)
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in which the units of f; and E, are in MPa. It is noted that Egs. (4) and (5) are only generated based
on the collected test results to depict the basic trends of strain at peak stress and elastic modulus of
ECC with different compressive strengths in the database as shown in Table 1. Similar to normal
concrete, test database for ECC with various strengths need to be generated in future studies, to develop
more comprehensive prediction models for the compressive strain at peak stress €.q and elastic
modulus E.. Meanwhile, Fig. 3 only aims to show the comparison of compressive properties between

normal concrete and ECC with the same compressive strengths.

0.005 : 50000 1w Test data
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(a) Compressive strain at peak stress €. (b) Elastic modulus E,

Fig. 3 Compressive strain at peak stress €., and elastic modulus E, of unconfined ECC: collected test

data and the corresponding predictions calculated by existing equations for normal concrete

3. Assessment of existing design equations on ultimate conditions

3.1 Existing models and assessment criterions

Ultimate conditions include ultimate compressive strength and ultimate axial strain corresponding to
FRP rupture. They are the key parameters representing the compressive behavior of FRP-confined
concrete. In this section, the existing design equations are assessed to observe their performance on
FRP-confined ECC. As mentioned in the Introduction section, Dang et al. [14] and Yuan et al. [23]

proposed the design equations on ultimate compressive strength and ultimate axial strain for FRP-
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confined ECC based on their own obtained test data. These two sets of models are listed in Table 3
and used to conduct the assessment. Meanwhile, other representative design equations developed for
FRP-confined normal concrete are also selected as presented in Table 3. Teng et al.’s model [33] could
provide predictions for FRP-confined normal strength concrete (NSC) with good accuracy and has
been adopted by the design codes [34,35]. Wei and Wu [36] proposed the models that were applicable
to FRP-confined concrete columns with circular section, square and rectangular sections.
Ozbakkaloglu and Lim [37] summarized a comprehensive database which covered a large range of
parameters and developed the design equations on the ultimate conditions accordingly. Pour et al. [38]
incorporated the test data for FRP-confined high strength concrete (HSC) and proposed the unified
design model for both FRP-confined NSC and HSC. These models are widely accepted in the field of
FRP-confined concrete [39,40]. Therefore, they are also selected to examine their performance on the

prediction of FRP-confined ECC in this section.

Statistical indicators including mean (M), coefficient of variation (COV), average absolute error (A4E)
and coefficient of determination (R?) are employed to evaluate the accuracy of the predictions by

different models, with the expressions given in the following Eqgs. (6-9):

M — l 1"1__ Ytest,i (6)

i=1
n Ypred,i

y .
Z?:l( test,i —M)2

CoV =5 | — ™
1 YVtest,i~Ypred,i

AAE = - T‘_ ’—p’ 8

n<t=1 Ytest,i ( )

R2=1-— Zln=1(3’test,i_3’pred,i)2 (9)

1
Liz1Vtesti—y, Zizq Vtest,)*

in which Yegr; and Ypreq,; are the i test result and model predicted result, 7 is the total number of the

test data in the database as presented in Table 1. If the values of M and R? are close to 1 and the values
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of COV and AAE are close to 0, it demonstrates the good performance of the prediction model with

higher accuracy and less scatterness.
3.2 Performance of the selected models

Comparisons between test results and predicted results for the ultimate conditions including
normalized ultimate compressive strength f., /f,, and normalized ultimate axial strain &, /&, are
presented in Fig. 4. In general, the predicted results deviate with the test results, indicating that the
selected models present limited applicability on estimating the ultimate conditions of FRP-confined
ECC. Statistical indicators for the different models are summarized in Table 4 and compared with each
other in Fig. 5. For ultimate compressive strength, the models proposed by Teng et al. [33], Wei and
Wu [36], Ozbakkaloglu and Lim [37], Dang et al. [14] and Yuan et al. [23] present the higher
predictions by 3.1% - 15.4%. Pour et al.’s model [38] shows good average accuracy in terms of the
mean value, while the COV value is relatively large and the R? value is lower than 0.9, which reveals
the large scatterness between the predicted results and test results. For ultimate axial strain, all the
selected models provide lower predictions, except that Teng et al.’s model [33] overestimates the
results. Meanwhile, the large values of COV and AAE indicate that predictions by all the selected

models scatter largely with the test results.



226  Table 3 Existing models for ultimate conditions of FRP-confined concrete

Model Ultimate compressive strength Ultimate axial strain
’;C—,“ =1+ 3.5(pg — 0.01)p,, if px = 0.01;
C &
Teng et al. [33] ,0 gLCZ = 1.75 + 6.5p28p1*>
few — 1) if py < 0.01
Jeo
Wei and Wu [36] Ba = 1422080072 dumyosndy-1s =175+ 12(Z) (@)m (036 % + 0.64) ()03
fclo b fclo b €co . fc’0 fclo . b ’ b
K
. / (Fr,a—K1(043+0.009-P)ecg) ¢ (71,~20) K £135 (Flo—20)
feu K fe seu _ o __Mco =) 21409 Zhrup _ Yeo
Ozbakkaloglu and Lim [37] = 1+ 0.0058;,:+ 3.2 i 0 ™ 2 Y O.27(fc,0) o oo 2 1
feu _ 1§ flua Ecu ' K150.75 8;1113317
Pour et al. [38] = =14+ 25-0.01f,)— % = 1.5+ (0.3 — 0.001f))(FH)°75 22
feo Jeo Eco Jfeo £co
Dang et al. [14] few — 1 4 .5/ lua S — 175 + 0.3p, + 13.94pxp:
Jeo feo £co
fc’u — 118 flu,a
Yuan et al. [23] fl (H-D) (1+2.34 flo ) N.A.

1+

394

227 *Note: For square or rectangular section, 7, b and h are the corner radius, length of the longer side and length of the shorter side, respectively. For circular section, r and b are
228 the radius and diameter, respectively.

229  Table 4 Statistics of predictions on ultimate conditions by different models

1 Ultimate compressive strength Ultimate axial strain

Mode M COV  AAE  R? M COV  AAE R
Teng et al. [33] 0.866 0.139 0.190 0.649 0.952 0.286 0.310 0.936
Wei and Wu [36] 0.964 0.116 0.099 0.900 1.474 0.299 0.283 0.693
Ozbakkaloglu and Lim [37] 0.846 0.097 0.196 0.792 1.402 0.318 0.306 0.752
Pour et al. [38] 1.014 0.126 0.096 0.874 2.139 0.390 0.449 0.449
Dang et al. [14] 0.929 0.101 0.113 0.916 1.069 0.308 0.301 0.884
Yuan et al. [23] 0.969 0.109 0.102 0.924 - - - -
Proposed models 1.002 0.108 0.093 0.922 1.004 0.185 0.156 0.966

230
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As observed in Table 4 and Figs. 4 and 5, Dang et al. ‘s model [14] and Yuan et al.’s model [23]

developed based on FRP-confined ECC perform better than the other models developed based on FRP-

confined normal concrete in terms of both ultimate compressive strength and ultimate axial strain
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predictions. However, Dang et al. ‘s model [14] and Yuan et al.’s model [23] can provide more accurate
predictions for the data collected from their own research in Refs. [14] and [23], while the deviations
are still relatively large for the data collected from other two literatures Li et al. [15] and Yuan et al.
[18]. As mentioned in the Introduction of this paper, the reason that the models developed for FRP-
confined normal concrete are not applicable to FRP-confined ECC is believed to be caused by the
different mechanical properties between ECC and normal concrete under compression. It is reported
in the literature that the lateral dilation of ECC can be restrained with the presence of fibers in the ECC
mixture [14,15]. Under the same level of FRP-confinement, the hoop strain development of FRP-
confined ECC is slower than that of FRP-confined normal concrete with the similar compressive
strength [41-43]. Yuan et al. [18] also proposed the new dilation model that described the hoop strain-
axial strain relation for FRP-confined ECC and performed better than those models developed based
on FRP-confined normal concrete [44-46]. Therefore, it is important to develop the design model

suitable for FRP-confined ECC, which will be presented in the following section of this paper.
4. New proposed design-oriented stress-strain model

In this section, design-oriented model for FRP-confined ECC is proposed. Design equations on
ultimate conditions including ultimate compressive strength and ultimate axial strain are firstly
developed. Stress-strain model that can describe the overall compressive behavior of FRP-confined

ECC from the beginning to FRP rupture failure is then proposed.
4.1 Ultimate conditions

As presented in Table 3, the existing design equations relate the ultimate compressive strength £, and
ultimate axial strain &, to confining pressure fj,, ,, confining stiffness K;, confinement stiffness ratio
Pk and strain ratio p, corresponding to FRP rupture. Based on Egs. (1-3), the following relations can

be derived:
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It indicates that the ultimate conditions for FRP-confined concrete can be directly related to

confinement stiffness ratio pg and strain ratio p,. Teng et al. [33] proposed the corresponding formula

forms for ultimate compressive strength and ultimate axial strain as follows:

=Gt kafi(p0g1(pe) (1)
% = Cy + k2 f2(pk)92(0e) (12)

in which C; and C, are constants; k; and k, are enhancement coefficients of ultimate compressive
strength and ultimate axial strain; f; (pg) and f,(pg) are functions of confinement stiffness ratio pg
and g, (p,) and g, (p,) are functions of strain ratio p, for ultimate compressive strength and ultimate
axial strain, respectively. The formula forms presented in Egs. (11) and (12) will be adopted to propose

the design equations for the ultimate conditions of FRP-confined ECC in this study.

4.1.1 Ultimate axial strain

In Eq. (12), the constant C, reflects the ratio between the ultimate compressive strain €., and the strain
at peak stress €., for unconfined concrete. For normal concrete with normal compressive strength,
0.002 and 0.0035 are generally taken as the values for €., and ¢, respectively [24], which yields C, =
1.75 [33,47]. Teng et al. [33] suggested that the constant C, can be adjusted to different values
according to the different compressive properties of the plain concrete. When it comes to high strength
concrete (HSC), €., is normally equal to €., since the brittleness of HSC will lead to the sudden failure
at the peak point and no post peak stage can be obtained. Consequently, C, = 1.0 is taken in the design
equations of ultimate axial strain for FRP-confined HSC as suggested by some literatures [48,49].
Meng et al. [50] and Li et al. [15] reported that the compressive behavior of unconfined ECC is

different from that of unconfined normal concrete with similar compressive strength. For plain ECC
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with normal compressive strength under compression, the stress will drop suddenly to maintain a
limited residual strength after reaching the peak stress, in comparison to that the stress will drop
gradually in the post-peak stage for the normal concrete counterpart. As suggested by Li et al. [21,22],
it can be conservatively considered that the ultimate compressive strain €., is equal to the strain at

peak stress €., for ECC with no FRP confinement, indicating C, = 1.0 in Eq. (12).

Based on the collected test data, the following equation can be obtained by regression:

S — 1 4 21pgo8pLo2 (13)

€co

Close agreements of ultimate axial strain between the test results and predicted results by Eq. (13) can
be noted as shown in Fig. 6. Statistical indicators calculated using Egs. (6-9) for the proposed Eq. (13)
are presented in Table 4 and in Fig. 5. Compared with the other existing models, more accurate
predictions can be generated by Eq. (13) with much lower COV and AAE values and M and R? values
closer to 1. It is worth noting that three test data from Dang et al. [14] have the largest deviations with
the predicted results as shown in Fig. 6. In Ref. [15], when the test stress-strain curves from Dang et
al. [14] were compared with the predictions by the proposed analysis-oriented model, relatively large
deviations were observed as well, followed by the discussion of possible reasons. The similar reasons
are believed to cause the deviations here with the prediction by Eq. (13). Detailed information can be

referred to Ref. [15].
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Fig. 6 Comparisons of ultimate axial strain between test results and predicted results with proposed

equation Eq. (13)
4.1.2 Ultimate compressive strength

The function format as shown in Eq. (11) will be used for the equation of ultimate compressive strength
of FRP-confined ECC. C; = 1.0 will be adopted to consider that the ultimate compressive strength is
equal to the peak stress for unconfined ECC. Lam and Teng [47] reported that the axial stress-axial
strain curve and axial stress-lateral strain curve for FRP-confined concrete exhibit the bilinear relation
with two linear portions connected by a smooth transition zone. It was also noted by Teng et al. [33]
that the second portion of the axial stress-lateral strain curve is closer to a straight line which intersects
with the axial stress axis at the unconfined concrete strength, compared to that of the axial stress-axial
strain curve. Therefore, the following expression was adopted by Teng et al. [33] for the compressive

stress of FRP-confined concrete o, in the second linear portion:

Ze=1+K-+ (14)

!
fL‘O €co

in which K is the slope of the straight line(second linear portion) and is related to confinement stiffness

ratio pg. For the ultimate compressive strength at FRP rupture, &, = &, and it yields:
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Recently, Li et al. [15] proposed the first analysis-oriented model for FRP-confined ECC. This model
has been validated with test results obtained from their own and other researchers, which are covered
by the database in the current study as presented in Table. 1. With this analysis-oriented model, full
stress-strain curves of FRP-confined ECC can be generated with iteration steps. Fig. 7(a) presents the
generated curves of normalized axial stress o./f,, versus normalized lateral strain g;/¢., for ECC
with the compressive strength of 30 MPa under different levels of FRP confinement. Linear fitting
with the equation format as expressed in Eq. (14) is generated for the second portion as shown in Fig.
7(a). As suggested by Teng et al. (2009), &;/&.0 = 0.5 is set as the starting point of the second portion
for different curves. The fitted lines are all ensured to intersect the axial stress axis at unit 1.0. However,
it can be noted that the fitted line cannot accurately capture the second portion of the axial stress-lateral
strain curve in the range of &; /€., = 0.5 and onwards. With the increase of confining stiffness, the
difference of the slope between the fitted line and the axial stress-lateral strain curve becomes more
obvious. The reason is that the second portion (&;/&.0 = 0.5 and onwards) in the axial stress-lateral
strain curve still presents slightly nonlinear behavior, which leads to that the linear Eq. (14) cannot
generate accurate prediction. Therefore, it also indicates that f;, is not linearly related to p, and Eq.

(15) could not accurately predict the ultimate compressive strength of FRP-confined ECC.

Power function is adopted for normalized lateral strain &; /€., and the same set of curves in Fig. 7(a)
are regenerated by changing the horizontal axis from g, /€., to (¢;/€.0)™ as shown in Fig. 7(b), in
which the parameter m is adopted as the index in the power function. Linear fittings are adopted for
the second portion of the curves starting from &, /€., = 0.5. The values of m are adjusted for each
curve to ensure that the intercepts of the fitted lines are equal to 1.0 as well as the slope of the fitted
line fully capture that of the second portion of the modified stress-strain curve, as illustrated in Fig.

7(b). A parametric study was conducted with the analysis-oriented model of FRP-confined ECC (Li et
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al. [15]) and the aforementioned fitting approach. Material properties of ECC and FRP covered in the
parametric study are presented in Table 5. Diameter of the ECC cylinder is 150 mm. Hoop rupture
strains of GFRP and CFRP adopt the same values as those in Teng et al. [33]. The relation between
parameter m and confinement stiffness ratio pg is shown in Fig. 7(c). It is observed that with the
increase of pg, m increases firstly at lower confining stiffness level and then converges to the value of
around 0.9. Overall, m is in the range of the 0.77 — 0.91 for the current parametric study as presented
in Table 5. To simplify the design equation, m is considered to be independent on px and m = 0.9 is
adopted as the index in the power function of (&;/&.)™. Meanwhile, the relation between K, which
is the slope of the fitted lines in Fig. 7(b), and py is shown in Fig. 7(d). It is noted that K is highly

linear related to pg, with the following regressed expression:
K =29(px — 0.01) (16)

Therefore, the equation for predicting the ultimate compressive strength of FRP-confined ECC can be

proposed as follows:

’;—Z =1+ 2.9(px — 0.01)(p.)°° (17)

Comparing Eq. (17) with Teng et al.’s expression [33], which is a widely accepted design model for
FRP-confined normal concrete (especially with normal compressive strength), the following
characteristics can be noted: (1) the strength enhancement factor is modified from 3.5 to 2.9; (2) the
threshold of confinement stiffness ratio for effective confinement is remained to be 0.01; (3) linear
function of p, is replaced with power function of (p,)%°. It also reflects the similarities and differences
between the design prediction equations for FRP-confined normal concrete and FRP-confined ECC.
Comparisons between test results and predicted results is presented in Fig. 8. The close agreement
indicates the good performance of the Eq. (17) on predicting the ultimate compressive strength of FRP-
confined ECC. Statistical indicators calculated using Egs. (6-9) for the proposed Eq. (17) are presented

in Table 4 and in Fig. 5. Compared with the other existing models, more accurate predictions can be



381  generated using Eq. (17). It is worth noting that the general process used to develop the equation for
382  ultimate compressive strength was based on the approach initially proposed by Teng et al. [33], while

383  power function of (&;/&.,)™ was further incorporated for better prediction results.
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Table 5 Material properties covered in the parametric study

feo (MPa) 30, 40, 50, 60

ECC Eco Eq. (4)
E. (MPa) Eq. (5)
Er (GPa) 100.5

GFRP tr (mm) 0-3 at an interval of 0.2
Enrup 0.015
Er (GPa) 255

CFRP tr (mm) 0-3 at an interval of 0.1
Enrup 0.0075

Note: The values of modulus of elasticity of GFRP and CFRP
are kept the same as those in Yuan et al. [18] and Li et al. [15].
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Fig. 8 Comparisons of ultimate compressive strength between test results and predicted results with

proposed equation Eq. (17)
4.2 Stress-strain model

In order the predict the overall compressive behavior of FRP-confined ECC, stress-strain model is
proposed in this section. Lam and Teng’s model [47] has been widely used for FRP-confined normal
concrete. Since the typical compressive stress-strain curves for FRP-confined normal concrete and

FRP-confined ECC are similar, Lam and Teng’s model [47] can be adopted for the design model of
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FRP-confined ECC with the corresponding replacement of the prediction equations of the ultimate
conditions as introduced in Section 4.1 of this paper. Lam and Teng’s model [47] defines the
compressive stress-strain curve (g, — &.) as a first parabolic portion and a second linear portion with
smooth transition in between, as illustrated in Fig.9. According to the definition of design-oriented
model for FRP-confined concrete in Ozbakkaloglu et al. [51], it belongs to the model with type IIIb

curve. Lam and Teng’s design-oriented model [47] is expressed as follows:

(Ec—E2)* 5
E.e. — & 0<e <c¢
O_C — c*-c 4’fCO c ( c t) (18)
fc,0 + Ezec (et < & < gcu)

where f/, and E, are unconfined compressive strength and elastic modulus of concrete. E, and &; are
the slope of the second linear portion and the transition strain between the first parabolic portion and

the second linear portion, with the following expressions:

EZ — fm;_fco (19)
_ 2f%
& =g v (20)

f#, and g, are the ultimate compressive strength and ultimate axial strain and can be determined by
Eq. (17) and Eq. (13), respectively. Comparisons between test stress-strain curves and predicted stress-
strain curves are presented in Fig. 10. Close agreements demonstrate the good performance of Lam
and Teng’s model [47] incorporating the proposed equations of ultimate conditions for the prediction
of the overall compressive behavior of FRP-confined ECC. It is worth noting that Lam and Teng’s
model [47] may not be suitable for FRP-confined high strength concrete, especially when the FRP
confinement is not sufficient. In future studies, more comprehensive design-oriented model for FRP-
confined ECC with both normal strength and high strength could be developed using database on FRP-
confined ECC with larger range of ECC strength and under various confinement levels. Meanwhile,

the proposed design-oriented model was developed and validated by the collected test data in the
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database for FRP-confined ECC in this paper. The database was assembled by the available test data
in the current existing literature. Only conventional GFRP and CFRP were included as the confining
material, while GFRP was used for most of the specimens. Therefore, the proposed model may only
be applicable to GFRP and CFRP-confined ECC (especially GFRP-confined ECC) in the current scope
of this study due to the limited test data. More tests on confined ECC with various FRP confining
materials could be conducted to generate new data for further validation of the proposed design-

oriented model in future studies.
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Fig. 9 Design-oriented stress-str ain model for FRP-confined concrete
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5. Conclusions

This paper presents the investigation on FRP-confined engineered cementitious composites (ECC) and
aims to propose the corresponding design recommendation. A test database for FRP-confined ECC
was first collected from the literature. The existing design equations, including those developed for
FRP-confined normal concrete and FRP-confined ECC, were evaluated. New equations for ultimate
conditions were developed and incorporated into Lam and Teng’s stress-strain model [47] to form the
new design-oriented model for FRP-confined ECC. Detailed conclusions can be drawn from the

current study as follows:

(1) The representative equations of elastic modulus and compressive strain at the peak stress for
plain normal concrete are not applicable to plain ECC, which reflects the different mechanical
properties between these two cementitious materials. It is caused by the absence of coarse
aggregates and presence of short fibers in ECC.

(2) The existing equations developed for FRP-confined normal concrete could not provide accurate
predictions on the ultimate conditions of FRP-confined ECC. In general, they overestimate the
predictions of ultimate compressive strength while underestimate the predictions of the
ultimate axial strain. These observations also demonstrate the different confinement
effectiveness, strength and strain enhancements between FRP-confined normal concrete and
FRP-confined ECC.

(3) New equation for ultimate axial strain was developed through regression of the collected test
data and presented the closer agreements with test results in comparison to the other existing
models, with the statistical performance of M = 1.004, COV = 0.185, AAE = 0.156 and
R? = 0.966. New equations for ultimate compressive strength were developed based on the
analysis-oriented model for FRP-confined ECC and the corresponding parametric studies. It
showed close agreements in comparison to test results with M = 1.002, COV = 0.108,

AAE = 0.093 and R? = 0.922.
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(4) The new developed equations of ultimate conditions were adopted in Lam and Teng’s model
[47] to form the design-oriented model for FRP-confined ECC. The generated stress-strain
curve agreed well with the test curves, which indicates the good performance of the new design-
oriented stress-strain model in predicting the overall compressive behavior of FRP-confined

ECC.
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