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Abstract 6 

Engineered cementitious composites (ECC) is known for its enhanced tensile performance compared 7 

with normal concrete. Ductile strain hardening behavior, multiple cracking beahvior as well as large 8 

tensile strain capacity can be achieved for ECC under tensile loadings. For the compressive 9 

performance, using lateral fiber-reinforced polymer (FRP) confinement is an effective approach to 10 

improve the compressive strength and strain. However, the research work on design models of FRP-11 

confined ECC, especially on the stress-strain relationship, is limited at the current stage. To address 12 

this aspect, this study focuses on developing the design-oriented stress-strain model for FRP-confined 13 

ECC under axial compression. A test database on FRP-confined ECC was firstly assembled. Existing 14 

design equations on FRP-confined concrete were evaluated and found not be able to provide 15 

satisfactory predictions for FRP-confined ECC. New design equations on ultimate conditions, 16 

including the ultimate compressive strength and ultimate axial strain, were then proposed and verified 17 

with the test results. Finally, the design-oriented stress-strain model for FRP-confined ECC was 18 

developed, which consists of the formulated form of a stress-strain model for FRP-confined normal 19 

concrete and the new design equations on ultimate conditions proposed for FRP-confined ECC. 20 

Predictions of stress-strain curve show close agreements with test results, indicating the good 21 

performance of the developed design-oriented stress-strain model. 22 
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Engineered cementitious composites (ECC) is gaining increasing popularity in recent years as an 26 

advanced cementitious material [1-3]. Compared with normal concrete, ECC has short polymer fibers 27 

distributed in the mixture to improve the tensile behavior [4]. It demonstrates a strain-hardening tensile 28 

stress-strain relationship with significantly enhanced ultimate tensile strain of up to 10% [5], as shown 29 

in Fig. 1(a). Due to the fiber-bridging effect through the microcracks, the width of tensile cracks in 30 

ECC can be controlled and prevented from continuing growing, which leads to the multiple cracking 31 

behavior [6]. With the good ductility and toughness, ECC has been adopted in different structural 32 

members for various structural rehabilitation purposes, such as avoiding large tensile cracks and 33 

protecting steel rebars in the tensile zone in reinforced concrete beams [7-8], providing additional 34 

lateral confinement to the core concrete in hybrid columns [9-11] as well as strengthening the plastic 35 

hinge zone of beam-column joints [12,13]. These applications show that with limited amount of normal 36 

concrete replaced by ECC in the structural member, targeted improvement of the structural 37 

performance can be achieved. Meanwhile, the durability of structures with ECC cover can be increased 38 

as well, since the inner steel reinforcement are protected from corrosion with the good crack width 39 

control ability of ECC. It is cost-effective from the life cycle perspective. 40 

         41 

                        (a) Tensile behavior                                              (b) Compressive behavior  42 

Fig. 1 Tensile and compressive behavior of normal concrete and ECC  43 



Similar to normal concrete, ECC also presents the brittleness and strain softening behavior at the post-44 

peak stage. In order to improve the compressive behavior of ECC, researchers noted that adopting 45 

lateral fiber-reinforced polymer (FRP) confinement is an effective approach like FRP-confined normal 46 

concrete, as shown in Fig. 1(b). Dang et al. [14] compared the axial compressive behavior of ECC 47 

cylinders and normal concrete cylinders confined by FRP jackets. It was found that the ultimate 48 

conditions corresponding to FRP rupture failure could be effectively enhanced with lateral FRP 49 

confinement for both FRP-confined normal concrete and FRP-confined ECC. However, the 50 

deformability of FRP-confined ECC was 10% - 78% larger than that of FRP-confined normal concrete 51 

with similar unconfined strength and confinement level. Li et al. [15] carried out tests on FRP-confined 52 

ECC under both monotonic and cyclic axial compressions and noted that uniform hoop strain 53 

distribution could be obtained due to the multiple cracking behavior of ECC. It could avoid the 54 

premature FRP rupture caused by localized concrete cracking and lead to improved ultimate conditions. 55 

Meanwhile, the FRP rupture failure could be delayed with further enhanced ultimate compressive 56 

strength and ultimate axial strain for FRP-confined ECC under cyclic compression, compared with 57 

that under monotonic compression. A similar behavior has also been observed for FRP-confined 58 

normal concrete [16,17]. Yuan et al. [18] analyzed the lateral dilation behavior of FRP-confined ECC 59 

and reported that the lateral strain development was lower compared with that of normal concrete due 60 

to the restraint effect caused by fibers in ECC mixture. Subsequently, appropriate lateral strain-axial 61 

strain model for FRP-confined ECC under axial compression was developed and verified. Li et al. [15] 62 

proposed the first analysis-oriented model for FRP-confined ECC, which was shown to be able to 63 

provide close predictions on the compressive stress-strain curves through defining the relations among 64 

axial stress, axial strain, lateral strain and lateral confining pressure. In these existing studies [14,15,18], 65 

it is also noted that the compressive strain corresponding to the peak stress for plain ECC is larger than 66 

that of plain normal concrete with similar compressive strength, which also leads to the phenomenon 67 

that ECC can present the larger compressive deformability. ECC has also been used together with 68 



normal concrete to form the hybrid column under FRP confinement for achieving enhanced structural 69 

performance. Li et al. [19] proposed a novel composite column, in which an ECC layer is added 70 

between outer FRP tube and inner high strength concrete (HSC) core. It was found that the ECC layer 71 

could redistribute the localized hoop strain from HSC core to FRP tube to realize a more uniform hoop 72 

strain distribution on the FRP tube. Therefore, the column premature failure caused by HSC brittleness 73 

was eased or prevented and the deformability and ductility of the composite column were improved 74 

[19]. Finite element approach and design recommendations considering the different FRP confinement 75 

effect caused by the ECC layer in this novel composite column have also been developed accordingly 76 

[20-22]. Based on these existing studies, it can be noted that FRP-confined ECC has the potential to 77 

exhibit advantages over FRP-confined normal concrete in terms of the deformability performance. 78 

FRP-confined ECC could be considered under extreme conditions, such as seismic loadings where the 79 

structural members are required to withstand relatively large deformations. Meanwhile, hybrid use of 80 

ECC and normal concrete is also possible. With limited amount of normal concrete replaced by ECC 81 

in crucial regions of structural members, the structural behavior will be effectively improved with 82 

limited cost increase. For composite columns with the hybrid use of ECC and normal concrete, the 83 

ECC proportion is usually relatively low. The stiffness of the composite columns with ECC is similar 84 

to that of the counterpart columns without ECC, though the elastic modulus of ECC is lower than that 85 

of normal concrete [11,19].  86 

Compared to FRP-confined normal concrete, studies on FRP-confined ECC are still relatively limited, 87 

especially on the reliable design approaches. Design equations on ultimate compressive strength and 88 

ultimate axial strain of FRP-confined ECC were developed based on the obtained test results [14,23]. 89 

However, these equations show deviations with each other. In the ultimate compressive strength 90 

equation, for example, Dang et al. [14] adopted 2.5 as the strength enhancement factor, while Yuan et 91 

al. [23] adopted 2.34 as the strength enhancement factor and assigned an additional size effect factor. 92 

These design equations could only provide acceptable predictions for their own test results. Meanwhile, 93 



design-oriented model which can directly describe the compressive stress-strain behavior of FRP-94 

confined ECC is not available in the existing research. Design-oriented models consisting of closed-95 

form equations are developed through regression analyses and are calibrated from axial compression 96 

test results of FRP-confined concrete. The accuracy of these models depends greatly on the size and 97 

reliability of the test database as well as the parametric range of the test data used in the model 98 

development. Meanwhile, the compressive properties of ECC and normal concrete are different, 99 

especially that lateral dilation of ECC can be further restrained due to the fibers in ECC mixture as 100 

reported in Yuan et al. [18]. These indicate that design-oriented models developed for FRP-confined 101 

normal concrete may not be applicable to FRP-confined ECC. Therefore, this study will focus on 102 

developing the design-oriented stress-strain model for FRP-confined ECC. A test database on FRP-103 

confined ECC was firstly collected based on literature in this study. Existing representative design 104 

equations on the ultimate conditions were then evaluated for FRP-confined ECC, and corresponding 105 

new equations were proposed. Design-oriented stress-strain model incorporating the new proposed 106 

design equations on the ultimate conditions of FRP-confined ECC was finally developed and verified 107 

with the test curves.  108 

2. Database for FRP-confined ECC 109 

In this section, 46 test results on FRP-confined ECC were collected in the literature to form the 110 

database as presented in Table 1. Specimen details are illustrated in Fig. 2. Different specimen sizes, 111 

FRP types, FRP thicknesses and ECC strengths are covered in the database. All the specimens are stub 112 

columns and have the height-to-diameter ratio of 2 with the diameter ranging from 100 mm to 500 113 

mm. Glass FRP (GFRP) and Carbon FRP (CFRP) with different tensile elastic moduli and thicknesses 114 

are included, which yields various lateral confinement levels. Different ECC mixtures with 115 

polyethylene (PE) or polyvinyl alcohol (PVA) fibers were adopted in the corresponding research. ECC 116 

compressive strength is in the range of 28.2 to 64.6 MPa. Ultimate conditions including ultimate 117 

compressive strength 𝑓𝑓𝑐𝑐𝑐𝑐′ , ultimate axial strain 𝜀𝜀𝑐𝑐𝑐𝑐 and hoop rupture strain 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 are summarized in 118 



Table 1 for the collected specimens. Meanwhile, the corresponding actual lateral confining pressure 119 

𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎, confinement stiffness ratio 𝜌𝜌𝐾𝐾 and strain ratio 𝜌𝜌𝜀𝜀 are calculated with the following equations [33] 120 

and listed in Table 1.  121 

𝑓𝑓𝑙𝑙𝑢𝑢,𝑎𝑎 = 2𝐸𝐸𝑓𝑓𝑡𝑡𝑓𝑓𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟

𝐷𝐷
                                                             (1) 122 

𝜌𝜌𝐾𝐾 = 𝐾𝐾𝑙𝑙
𝑓𝑓𝑐𝑐0′ 𝜀𝜀𝑐𝑐0⁄

= 2𝐸𝐸𝑓𝑓𝑡𝑡𝑓𝑓
(𝑓𝑓𝑐𝑐0′ 𝜀𝜀𝑐𝑐0⁄ )𝐷𝐷

                                                              (2) 123 

𝜌𝜌𝜀𝜀 = 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟

𝜀𝜀𝑐𝑐0
                                                                 (3) 124 

where 𝐷𝐷 is the diameter of confined ECC; 𝐸𝐸𝑓𝑓 and 𝑡𝑡𝑓𝑓 are the elastic modulus and thickness of confining 125 

FRP; 𝐾𝐾𝑙𝑙 is FRP confining stiffness; 𝑓𝑓𝑐𝑐0′  and 𝜀𝜀𝑐𝑐0 are the compressive strength and the corresponding 126 

compressive strain of unconfined ECC. It should be noted that in Refs. [18] and [23], large rupture 127 

strain (LRS) FRPs, including polyethylene naphthalate (PEN) and polyethylene terephthalate (PET) 128 

FRPs, were also adopted as the confining materials to form the FRP-confined ECC stub columns. LRS 129 

FRPs present large rupture strains and typical bi-linear tensile stress-strain behavior. The elastic 130 

modulus of the first linear portion is larger than that of the second linear portion, which leads to the 131 

different lateral confining pressure versus hoop strain behavior for LRS FRP-confined concrete in 132 

comparison to conventional FRP-confined concrete. Therefore, the specimens with LRS FRP in Refs. 133 

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

 135 



 136 

Fig. 2 Specimen details of FRP-confined ECC 137 

 138 



Table 1 Database of test results on FRP-confined ECC 39 

Source Specimen 
label 

Specimen 
Size Specimen properties Test results 

𝐷𝐷 
(mm) 

𝐻𝐻 
(mm) 

FRP 
type 

𝑡𝑡𝑓𝑓 
(mm) 

𝐸𝐸𝑓𝑓  
(GPa) 

𝑓𝑓𝑐𝑐0′  
(MPa) 

𝜀𝜀𝑐𝑐0 𝐸𝐸𝑐𝑐  
(GPa) 

𝑓𝑓𝑐𝑐𝑐𝑐′  
(MPa) 

𝜀𝜀𝑐𝑐𝑐𝑐 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎 
(MPa) 

𝜌𝜌𝐾𝐾 𝜌𝜌𝜀𝜀 
𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
 

𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

 

Li et al. 
[15] 

G-6-M1 100 200 GFRP 2.000 39.2 40.0 0.0041 15.0 99.2 0.0713 0.0180 28.22 0.161 4.390 2.480 17.390 
G-6-M2 100 200 GFRP 2.000 39.2 40.0 0.0041 15.0 105.2 0.0746 0.0188 29.48 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 34.50 0.161 5.366 3.413 25.000 
G-8-M1 100 200 GFRP 2.450 39.2 40.0 0.0041 15.0 114.6 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 4.512 2.838 20.707 
G-8-C 100 200 GFRP 2.450 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 1.500 6.634 
G-7-C 200 400 GFRP 2.350 39.2 40.0 0.0041 15.0 56.8 0.0332 0.0145 13.36 0.094 3.537 1.420 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 3.439 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 18.93 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 0.220 255.0 40.0 0.0041 15.0 73.2 0.0507 0.0178 19.97 0.115 4.341 1.830 12.366 
C-2-M2 100 200 CFRP 0.220 255.0 40.0 0.0041 15.0 77.1 0.0616 0.0182 20.42 0.115 4.439 1.928 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 0.440 255.0 40.0 0.0041 15.0 192.4 0.1410 0.0238 53.41 0.230 5.805 4.810 34.390 
C-4-M2 100 200 CFRP 0.440 255.0 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 4.963 34.585 

Yuan et 
al. [18] 

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 4.591 1.123 6.523 
E-GFRP-1-b 150 300 GFRP 0.169 100.5 28.2 0.0044 10.1 32.5 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 44.0 0.0479 0.0205 9.28 0.071 4.659 1.559 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 5.955 1.963 18.591 

Dang et 
al. [14] 

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 
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 4.774 2.152 11.286 
E-G8-M 100 200 GFRP 1.352 91.1 64.6 0.0035 23.7 217.1 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 0.555 236.9 64.6 0.0035 23.7 162.8 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 23.7 245.4 0.0707 0.0180 75.73 0.231 5.085 3.799 20.200 



Yuan et 
al. [23] 

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 
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 22.6 78.9 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 22.6 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 56.9 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 

Note: 𝐷𝐷 and 𝐻𝐻 are the diameter and height of the specimen; 𝑡𝑡𝑓𝑓 and 𝐸𝐸𝑓𝑓 are the thickness and elastic modulus of the confining FRP; 𝑓𝑓𝑐𝑐0′ , 𝜀𝜀𝑐𝑐0 and 𝐸𝐸𝑐𝑐 are the compressive strength, the corresponding 40 
compressive strain and elastic modulus of the unconfined ECC; 𝑓𝑓𝑐𝑐𝑐𝑐′  and 𝜀𝜀𝑐𝑐𝑐𝑐 are the ultimate compressive strength and ultimate axial strain of FRP-confined ECC at FRP rupture; 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 is the FRP hoop 41 
rupture strain; 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎 is the actual confining pressure at FRP rupture.  42 

 43 

Table 2 Existing prediction models for compressive strain at peak stress 𝜀𝜀𝑐𝑐0 and elastic modulus 𝐸𝐸𝑐𝑐 for unconfined concrete  44 

Model  Compressive strain at peak stress 𝜀𝜀𝑐𝑐0  Elastic modulus 𝐸𝐸𝑐𝑐 (Unit in MPa) 

Eurocode 2 [24] 𝜀𝜀𝑐𝑐0 = 0.0007𝑓𝑓𝑐𝑐0′0.31  𝐸𝐸𝑐𝑐 = 22000(𝑓𝑓𝑐𝑐0
′

10
)0.3  

AIJ [25]* N.A. 𝐸𝐸𝑐𝑐 = 21000( 𝛾𝛾
2300

)1.5(𝑓𝑓𝑐𝑐0
′

20
)0.5  

ACI 318 [26] N.A. 𝐸𝐸𝑐𝑐 = 4730�𝑓𝑓𝑐𝑐0′   
Popovic [27] 𝜀𝜀𝑐𝑐0 = 0.000937�𝑓𝑓𝑐𝑐0′

4   N.A. 

Lim and Ozbakkaloglu [28] 𝜀𝜀𝑐𝑐0 = 𝑓𝑓𝑐𝑐0′0.225

1000
(152
𝐷𝐷

)0.1(2𝐷𝐷
𝐻𝐻

)0.13  𝐸𝐸𝑐𝑐 = 4400�𝑓𝑓𝑐𝑐0′   

Tasdemir et al. [29] 𝜀𝜀𝑐𝑐0 = (−0.067𝑓𝑓𝑐𝑐0′2 + 29.9𝑓𝑓𝑐𝑐0′ + 1053) × 10−6  N.A. 
De Nicolo et al. [30] 𝜀𝜀𝑐𝑐0 = 0.00076 + �(0.626𝑓𝑓𝑐𝑐0′ − 4.33) × 10−7  N.A. 

*Note: 𝛾𝛾 is concrete density with unit in kg/m3. 45 



The mechanical properties of ECC could be different from those of normal concrete due to the different 146 

mixtures [14]. Fig. 3 shows the basic trend between compressive strength 𝑓𝑓𝑐𝑐0′  and the corresponding 147 

compressive strain at the peak stress 𝜀𝜀𝑐𝑐0 as well as elastic modulus 𝐸𝐸𝑐𝑐  of unconfined ECC for the 148 

collected data as presented in Table 1. It can be noted that with the increase of ECC compressive 149 

strength, 𝜀𝜀𝑐𝑐0 will decrease while 𝐸𝐸𝑐𝑐 will increase. In Table 2, it summarizes the existing equations for 150 

𝜀𝜀𝑐𝑐0 and 𝐸𝐸𝑐𝑐 of normal concrete [24-30]. Predictions with these equations are presented in Fig. 3 for 151 

unconfined ECC collected in the database with the compressive cylinder strengths of 28.2MPa, 40.0 152 

MPa, 51.6 MPa and 64.6 MPa. For the strain at peak stress 𝜀𝜀𝑐𝑐0, the predicted results are lower than the 153 

test results as shown in Fig. 3(a). It indicates that the strain at peak stress of ECC is larger than that of 154 

the normal concrete with the same compressive strength. This agrees with the behavior that ECC can 155 

present larger deformability than normal concrete under compressive loadings [14,15,18]. It is also 156 

observed in Fig. 3(a) that the predicted strain at peak stress will increase with the increase of 157 

compressive strength, which is a typical behavior for unconfined normal concrete. However, this 158 

behavior is not in line with the current collected test results of 𝜀𝜀𝑐𝑐0 for ECC. The above observations 159 

indicate that the existing equations on the prediction of the strain at peak stress for normal concrete 160 

may not be applicable to ECC. On the other hand, the materials used in ECC mixtures in the four 161 

literatures [14,15,18,23] are different, which may also affect the compressive strain at the peak stress. 162 

For the elastic modulus 𝐸𝐸𝑐𝑐, the predicted results are obviously higher than the test results as shown in 163 

Fig. 3(b). Due to the absence of coarse aggregates in ECC mixture, the elastic modulus of ECC is 164 

lower than that of the normal concrete with the same compressive strength [31,32]. Therefore, the 165 

existing prediction equations of elastic modulus developed based on normal concrete are not applicable 166 

to ECC as well. For the data presented in Table 1, the following linear expressions can be proposed:  167 

𝜀𝜀𝑐𝑐0 = −0.00003𝑓𝑓𝑐𝑐0′ + 0.0052                                              (4) 168 

𝐸𝐸𝑐𝑐 = 397.83𝑓𝑓𝑐𝑐0′ − 489.73                                                 (5) 169 



in which the units of 𝑓𝑓𝑐𝑐0′  and 𝐸𝐸𝑐𝑐 are in MPa. It is noted that Eqs. (4) and (5) are only generated based 170 

on the collected test results to depict the basic trends of strain at peak stress and elastic modulus of 171 

ECC with different compressive strengths in the database as shown in Table 1. Similar to normal 172 

concrete, test database for ECC with various strengths need to be generated in future studies, to develop 173 

more comprehensive prediction models for the compressive strain at peak stress 𝜀𝜀𝑐𝑐0  and elastic 174 

modulus 𝐸𝐸𝑐𝑐. Meanwhile, Fig. 3 only aims to show the comparison of compressive properties between 175 

normal concrete and ECC with the same compressive strengths.  176 

                 177 

            (a) Compressive strain at peak stress 𝜀𝜀𝑐𝑐0                                   (b) Elastic modulus 𝐸𝐸𝑐𝑐 178 

Fig. 3 Compressive strain at peak stress 𝜀𝜀𝑐𝑐0 and elastic modulus 𝐸𝐸𝑐𝑐 of unconfined ECC: collected test 179 

data and the corresponding predictions calculated by existing equations for normal concrete  180 

 181 

3. Assessment of existing design equations on ultimate conditions  182 

3.1 Existing models and assessment criterions 183 

Ultimate conditions include ultimate compressive strength and ultimate axial strain corresponding to 184 

FRP rupture. They are the key parameters representing the compressive behavior of FRP-confined 185 

concrete. In this section, the existing design equations are assessed to observe their performance on 186 

FRP-confined ECC. As mentioned in the Introduction section, Dang et al. [14] and Yuan et al. [23] 187 

proposed the design equations on ultimate compressive strength and ultimate axial strain for FRP-188 



confined ECC based on their own obtained test data. These two sets of models are listed in Table 3 189 

and used to conduct the assessment. Meanwhile, other representative design equations developed for 190 

FRP-confined normal concrete are also selected as presented in Table 3. Teng et al.’s model [33] could 191 

provide predictions for FRP-confined normal strength concrete (NSC) with good accuracy and has 192 

been adopted by the design codes [34,35]. Wei and Wu [36] proposed the models that were applicable 193 

to FRP-confined concrete columns with circular section, square and rectangular sections. 194 

Ozbakkaloglu and Lim [37] summarized a comprehensive database which covered a large range of 195 

parameters and developed the design equations on the ultimate conditions accordingly. Pour et al. [38] 196 

incorporated the test data for FRP-confined high strength concrete (HSC) and proposed the unified 197 

design model for both FRP-confined NSC and HSC. These models are widely accepted in the field of 198 

FRP-confined concrete [39,40]. Therefore, they are also selected to examine their performance on the 199 

prediction of FRP-confined ECC in this section.  200 

Statistical indicators including mean (M), coefficient of variation (COV), average absolute error (AAE) 201 

and coefficient of determination (R2) are employed to evaluate the accuracy of the predictions by 202 

different models, with the expressions given in the following Eqs. (6-9):  203 

𝑀𝑀 = 1
𝑛𝑛
∑ 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖

𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖

𝑛𝑛
𝑖𝑖=1                                                            (6)  204 

𝐶𝐶𝐶𝐶𝐶𝐶 = 1
𝑀𝑀
�∑ (

𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖
𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖

−𝑀𝑀)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛−1
                                                    (7) 205 

𝐴𝐴𝐴𝐴𝐴𝐴 = 1
𝑛𝑛
∑ �𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖−𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖

𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖
�𝑛𝑛

𝑖𝑖=1                                               (8) 206 

𝑅𝑅2 = 1 −
∑ (𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖−𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

∑ (𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖−
1
𝑛𝑛∑ 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖

𝑛𝑛
𝑖𝑖=1 )2𝑛𝑛

𝑖𝑖=1
                                           (9) 207 

in which 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖 and 𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖 are the ith test result and model predicted result, n is the total number of the 208 

test data in the database as presented in Table 1. If the values of M and R2 are close to 1 and the values 209 



of COV and AAE are close to 0, it demonstrates the good performance of the prediction model with 210 

higher accuracy and less scatterness.  211 

3.2 Performance of the selected models 212 

Comparisons between test results and predicted results for the ultimate conditions including 213 

normalized ultimate compressive strength 𝑓𝑓𝑐𝑐𝑐𝑐′ 𝑓𝑓𝑐𝑐0′⁄  and normalized ultimate axial strain 𝜀𝜀𝑐𝑐𝑐𝑐 𝜀𝜀𝑐𝑐0⁄  are 214 

presented in Fig. 4. In general, the predicted results deviate with the test results, indicating that the 215 

selected models present limited applicability on estimating the ultimate conditions of FRP-confined 216 

ECC. Statistical indicators for the different models are summarized in Table 4 and compared with each 217 

other in Fig. 5. For ultimate compressive strength, the models proposed by Teng et al. [33], Wei and 218 

Wu [36], Ozbakkaloglu and Lim [37], Dang et al. [14] and Yuan et al. [23] present the higher 219 

predictions by 3.1% - 15.4%. Pour et al.’s model [38] shows good average accuracy in terms of the 220 

mean value, while the COV value is relatively large and the R2 value is lower than 0.9, which reveals 221 

the large scatterness between the predicted results and test results. For ultimate axial strain, all the 222 

selected models provide lower predictions, except that Teng et al.’s model [33] overestimates the 223 

results. Meanwhile, the large values of COV and AAE indicate that predictions by all the selected 224 

models scatter largely with the test results.  225 



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

Model  Ultimate compressive strength Ultimate axial strain  

Teng et al. [33] 

𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + 3.5(𝜌𝜌𝐾𝐾 − 0.01)𝜌𝜌𝜀𝜀, if 𝜌𝜌𝐾𝐾 ≥ 0.01;  

𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1, if 𝜌𝜌𝐾𝐾 < 0.01 

𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

= 1.75 + 6.5𝜌𝜌𝐾𝐾0.8𝜌𝜌𝜀𝜀1.45  

Wei and Wu [36]* 𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + 2.2(2𝑟𝑟

𝑏𝑏
)0.72(𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎

𝑓𝑓𝑐𝑐0′
)0.94(ℎ

𝑏𝑏
)−1.9  𝜀𝜀𝑐𝑐𝑐𝑐

𝜀𝜀𝑐𝑐0
= 1.75 + 12 �𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎

𝑓𝑓𝑐𝑐0′
�
0.75

�𝑓𝑓𝑐𝑐30
′

𝑓𝑓𝑐𝑐0′
�
0.62

(0.36 2𝑟𝑟
𝑏𝑏

+ 0.64)(ℎ
𝑏𝑏

)−0.3   

Ozbakkaloglu and Lim [37] 𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + 0.0058 𝐾𝐾𝑙𝑙

𝑓𝑓𝑐𝑐0′
+ 3.2

(𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎−𝐾𝐾𝑙𝑙(0.43+0.009 𝐾𝐾𝑙𝑙
𝑓𝑓𝑐𝑐0
′ )𝜀𝜀𝑐𝑐0)

𝑓𝑓𝑐𝑐0′
  

𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

= 2 − �𝑓𝑓𝑐𝑐0′ −20�
100

+ 0.27(𝐾𝐾𝑙𝑙
𝑓𝑓𝑐𝑐0′

)0.9 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟
1.35

𝜀𝜀𝑐𝑐0
, 2 − �𝑓𝑓𝑐𝑐0′ −20�

100
≥ 1  

Pour et al. [38] 𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + (2.5 − 0.01𝑓𝑓𝑐𝑐0′ ) 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎

𝑓𝑓𝑐𝑐0′
  𝜀𝜀𝑐𝑐𝑐𝑐

𝜀𝜀𝑐𝑐0
= 1.5 + (0.3 − 0.001𝑓𝑓𝑐𝑐0′ )(𝐾𝐾𝑙𝑙

𝑓𝑓𝑐𝑐0′
)0.75 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟

1.35

𝜀𝜀𝑐𝑐0
  

Dang et al. [14] 𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + 2.5 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎

𝑓𝑓𝑐𝑐0′
  

𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

= 1.75 + 0.3𝜌𝜌𝜀𝜀 + 13.94𝜌𝜌𝐾𝐾𝜌𝜌𝜀𝜀  

Yuan et al. [23] 
𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1.18

�1+(𝐻𝐻−𝐷𝐷)
394

(1 + 2.34 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎
𝑓𝑓𝑐𝑐0′

)  N.A. 

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

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

Model 
Ultimate compressive strength Ultimate axial strain 

𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅2 𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴 𝑅𝑅2 
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 



            231 

(a) Predictions by Teng et al.’s model [33] 232 

            233 

(b) Predictions by Wei and Wu’s model [36] 234 

            235 

(c) Predictions by Ozbakkaloglu and Lim’s model [37] 236 



            237 

(d) Predictions by Pour et al.’s model [38] 238 

            239 

(e) Predictions by Dang et al.’s model [14] 240 

 241 

(f) Predictions by Yuan et al.’s model [23] 242 

Fig. 4 Comparisons of ultimate conditions between test results and predicted results by existing 243 

design equations   244 



       245 
                                 (a) Mean (M)                                          (b) Coefficient of variation (COV) 246 

       247 
                  (c) Average absolute error (AAE)                           (d) Coefficient of determination (R2) 248 

 249 

Fig. 5 Performance of different prediction models  250 

As observed in Table 4 and Figs. 4 and 5, Dang et al. ‘s model [14] and Yuan et al.’s model [23] 251 

developed based on FRP-confined ECC perform better than the other models developed based on FRP-252 

confined normal concrete in terms of both ultimate compressive strength and ultimate axial strain 253 



predictions. However, Dang et al. ‘s model [14] and Yuan et al.’s model [23] can provide more accurate 254 

predictions for the data collected from their own research in Refs. [14] and [23], while the deviations 255 

are still relatively large for the data collected from other two literatures Li et al. [15] and Yuan et al. 256 

[18]. As mentioned in the Introduction of this paper, the reason that the models developed for FRP-257 

confined normal concrete are not applicable to FRP-confined ECC is believed to be caused by the 258 

different mechanical properties between ECC and normal concrete under compression. It is reported 259 

in the literature that the lateral dilation of ECC can be restrained with the presence of fibers in the ECC 260 

mixture [14,15]. Under the same level of FRP-confinement, the hoop strain development of FRP-261 

confined ECC is slower than that of FRP-confined normal concrete with the similar compressive 262 

strength [41-43]. Yuan et al. [18] also proposed the new dilation model that described the hoop strain-263 

axial strain relation for FRP-confined ECC and performed better than those models developed based 264 

on FRP-confined normal concrete [44-46]. Therefore, it is important to develop the design model 265 

suitable for FRP-confined ECC, which will be presented in the following section of this paper.  266 

4. New proposed design-oriented stress-strain model  267 

In this section, design-oriented model for FRP-confined ECC is proposed. Design equations on 268 

ultimate conditions including ultimate compressive strength and ultimate axial strain are firstly 269 

developed. Stress-strain model that can describe the overall compressive behavior of FRP-confined 270 

ECC from the beginning to FRP rupture failure is then proposed.  271 

4.1 Ultimate conditions  272 

As presented in Table 3, the existing design equations relate the ultimate compressive strength 𝑓𝑓𝑐𝑐𝑐𝑐′  and 273 

ultimate axial strain 𝜀𝜀𝑐𝑐𝑐𝑐 to confining pressure 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎, confining stiffness 𝐾𝐾𝑙𝑙, confinement stiffness ratio 274 

𝜌𝜌𝐾𝐾 and strain ratio 𝜌𝜌𝜀𝜀 corresponding to FRP rupture. Based on Eqs. (1-3), the following relations can 275 

be derived:  276 



𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎
𝑓𝑓𝑐𝑐0′

= 𝐾𝐾𝑙𝑙𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟

𝑓𝑓𝑐𝑐0′
= 𝜌𝜌𝐾𝐾𝜌𝜌𝜀𝜀                                                         (10) 277 

It indicates that the ultimate conditions for FRP-confined concrete can be directly related to 278 

confinement stiffness ratio 𝜌𝜌𝐾𝐾 and strain ratio 𝜌𝜌𝜀𝜀. Teng et al. [33] proposed the corresponding formula 279 

forms for ultimate compressive strength and ultimate axial strain as follows:  280 

𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 𝐶𝐶1 + 𝑘𝑘1𝑓𝑓1(𝜌𝜌𝐾𝐾)𝑔𝑔1(𝜌𝜌𝜀𝜀)                                                  (11) 281 

𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

= 𝐶𝐶2 + 𝑘𝑘2𝑓𝑓2(𝜌𝜌𝐾𝐾)𝑔𝑔2(𝜌𝜌𝜀𝜀)                                                  (12)  282 

in which 𝐶𝐶1  and 𝐶𝐶2  are constants; 𝑘𝑘1  and 𝑘𝑘2  are enhancement coefficients of ultimate compressive 283 

strength and ultimate axial strain; 𝑓𝑓1(𝜌𝜌𝐾𝐾) and 𝑓𝑓2(𝜌𝜌𝐾𝐾) are functions of confinement stiffness ratio 𝜌𝜌𝐾𝐾 284 

and 𝑔𝑔1(𝜌𝜌𝜀𝜀) and 𝑔𝑔2(𝜌𝜌𝜀𝜀) are functions of strain ratio 𝜌𝜌𝜀𝜀 for ultimate compressive strength and ultimate 285 

axial strain, respectively. The formula forms presented in Eqs. (11) and (12) will be adopted to propose 286 

the design equations for the ultimate conditions of FRP-confined ECC in this study.  287 

4.1.1 Ultimate axial strain  288 

In Eq. (12), the constant 𝐶𝐶2 reflects the ratio between the ultimate compressive strain 𝜀𝜀𝑐𝑐𝑐𝑐 and the strain 289 

at peak stress 𝜀𝜀𝑐𝑐0 for unconfined concrete. For normal concrete with normal compressive strength, 290 

0.002 and 0.0035 are generally taken as the values for 𝜀𝜀𝑐𝑐0 and 𝜀𝜀𝑐𝑐𝑐𝑐 respectively [24], which yields 𝐶𝐶2 =291 

1.75  [33,47]. Teng et al. [33] suggested that the constant 𝐶𝐶2  can be adjusted to different values 292 

according to the different compressive properties of the plain concrete. When it comes to high strength 293 

concrete (HSC), 𝜀𝜀𝑐𝑐𝑐𝑐 is normally equal to 𝜀𝜀𝑐𝑐0 since the brittleness of HSC will lead to the sudden failure 294 

at the peak point and no post peak stage can be obtained. Consequently, 𝐶𝐶2 = 1.0 is taken in the design 295 

equations of ultimate axial strain for FRP-confined HSC as suggested by some literatures [48,49]. 296 

Meng et al. [50] and Li et al. [15] reported that the compressive behavior of unconfined ECC is 297 

different from that of unconfined normal concrete with similar compressive strength. For plain ECC 298 



with normal compressive strength under compression, the stress will drop suddenly to maintain a 299 

limited residual strength after reaching the peak stress, in comparison to that the stress will drop 300 

gradually in the post-peak stage for the normal concrete counterpart. As suggested by Li et al. [21,22], 301 

it can be conservatively considered that the ultimate compressive strain 𝜀𝜀𝑐𝑐𝑐𝑐 is equal to the strain at 302 

peak stress 𝜀𝜀𝑐𝑐0 for ECC with no FRP confinement, indicating 𝐶𝐶2 = 1.0 in Eq. (12).  303 

Based on the collected test data, the following equation can be obtained by regression:  304 

𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

= 1 + 21𝜌𝜌𝐾𝐾0.98𝜌𝜌𝜀𝜀1.02                                                  (13) 305 

Close agreements of ultimate axial strain between the test results and predicted results by Eq. (13) can 306 

be noted as shown in Fig. 6. Statistical indicators calculated using Eqs. (6-9) for the proposed Eq. (13) 307 

are presented in Table 4 and in Fig. 5. Compared with the other existing models, more accurate 308 

predictions can be generated by Eq. (13) with much lower COV and AAE values and M and R2 values 309 

closer to 1. It is worth noting that three test data from Dang et al. [14] have the largest deviations with 310 

the predicted results as shown in Fig. 6. In Ref. [15], when the test stress-strain curves from Dang et 311 

al. [14] were compared with the predictions by the proposed analysis-oriented model, relatively large 312 

deviations were observed as well, followed by the discussion of possible reasons. The similar reasons 313 

are believed to cause the deviations here with the prediction by Eq. (13). Detailed information can be 314 

referred to Ref. [15].  315 

 316 



 317 

Fig. 6 Comparisons of ultimate axial strain between test results and predicted results with proposed 318 

equation Eq. (13) 319 

4.1.2 Ultimate compressive strength  320 

The function format as shown in Eq. (11) will be used for the equation of ultimate compressive strength 321 

of FRP-confined ECC. 𝐶𝐶1 = 1.0 will be adopted to consider that the ultimate compressive strength is 322 

equal to the peak stress for unconfined ECC. Lam and Teng [47] reported that the axial stress-axial 323 

strain curve and axial stress-lateral strain curve for FRP-confined concrete exhibit the bilinear relation 324 

with two linear portions connected by a smooth transition zone. It was also noted by Teng et al. [33] 325 

that the second portion of the axial stress-lateral strain curve is closer to a straight line which intersects 326 

with the axial stress axis at the unconfined concrete strength, compared to that of the axial stress-axial 327 

strain curve. Therefore, the following expression was adopted by Teng et al. [33] for the compressive 328 

stress of FRP-confined concrete 𝜎𝜎𝑐𝑐 in the second linear portion:  329 

𝜎𝜎𝑐𝑐
𝑓𝑓𝑐𝑐0′

= 1 + 𝐾𝐾 𝜀𝜀𝑙𝑙
𝜀𝜀𝑐𝑐0

                                                             (14) 330 

in which 𝐾𝐾 is the slope of the straight line(second linear portion) and is related to confinement stiffness 331 

ratio 𝜌𝜌𝐾𝐾. For the ultimate compressive strength at FRP rupture, 𝜀𝜀𝑙𝑙 = 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 and it yields: 332 



𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + 𝐾𝐾 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟

𝜀𝜀𝑐𝑐0
= 1 + 𝐾𝐾𝜌𝜌𝜀𝜀                                                (15) 333 

Recently, Li et al. [15] proposed the first analysis-oriented model for FRP-confined ECC. This model 334 

has been validated with test results obtained from their own and other researchers, which are covered 335 

by the database in the current study as presented in Table. 1. With this analysis-oriented model, full 336 

stress-strain curves of FRP-confined ECC can be generated with iteration steps. Fig. 7(a) presents the 337 

generated curves of normalized axial stress 𝜎𝜎𝑐𝑐 𝑓𝑓𝑐𝑐0′⁄  versus normalized lateral strain 𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄  for ECC 338 

with the compressive strength of 30 MPa under different levels of FRP confinement. Linear fitting 339 

with the equation format as expressed in Eq. (14) is generated for the second portion as shown in Fig. 340 

7(a). As suggested by Teng et al. (2009), 𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ = 0.5 is set as the starting point of the second portion 341 

for different curves. The fitted lines are all ensured to intersect the axial stress axis at unit 1.0. However, 342 

it can be noted that the fitted line cannot accurately capture the second portion of the axial stress-lateral 343 

strain curve in the range of 𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ = 0.5 and onwards. With the increase of confining stiffness, the 344 

difference of the slope between the fitted line and the axial stress-lateral strain curve becomes more 345 

obvious. The reason is that the second portion (𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ = 0.5 and onwards) in the axial stress-lateral 346 

strain curve still presents slightly nonlinear behavior, which leads to that the linear Eq. (14) cannot 347 

generate accurate prediction. Therefore, it also indicates that 𝑓𝑓𝑐𝑐𝑐𝑐′  is not linearly related to 𝜌𝜌𝜀𝜀 and Eq. 348 

(15) could not accurately predict the ultimate compressive strength of FRP-confined ECC. 349 

Power function is adopted for normalized lateral strain 𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄  and the same set of curves in Fig. 7(a) 350 

are regenerated by changing the horizontal axis from 𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄  to (𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ )𝑚𝑚 as shown in Fig. 7(b), in 351 

which the parameter 𝑚𝑚 is adopted as the index in the power function. Linear fittings are adopted for 352 

the second portion of the curves starting from 𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ = 0.5. The values of 𝑚𝑚 are adjusted for each 353 

curve to ensure that the intercepts of the fitted lines are equal to 1.0 as well as the slope of the fitted 354 

line fully capture that of the second portion of the modified stress-strain curve, as illustrated in Fig. 355 

7(b). A parametric study was conducted with the analysis-oriented model of FRP-confined ECC (Li et 356 



al. [15]) and the aforementioned fitting approach. Material properties of ECC and FRP covered in the 357 

parametric study are presented in Table 5. Diameter of the ECC cylinder is 150 mm. Hoop rupture 358 

strains of GFRP and CFRP adopt the same values as those in Teng et al. [33]. The relation between 359 

parameter 𝑚𝑚 and confinement stiffness ratio 𝜌𝜌𝐾𝐾  is shown in Fig. 7(c). It is observed that with the 360 

increase of 𝜌𝜌𝐾𝐾, 𝑚𝑚 increases firstly at lower confining stiffness level and then converges to the value of 361 

around 0.9. Overall, 𝑚𝑚 is in the range of the 0.77 – 0.91 for the current parametric study as presented 362 

in Table 5. To simplify the design equation, 𝑚𝑚 is considered to be independent on 𝜌𝜌𝐾𝐾 and 𝑚𝑚 = 0.9 is 363 

adopted as the index in the power function of (𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ )𝑚𝑚. Meanwhile, the relation between 𝐾𝐾, which 364 

is the slope of the fitted lines in Fig. 7(b), and 𝜌𝜌𝐾𝐾 is shown in Fig. 7(d). It is noted that 𝐾𝐾 is highly 365 

linear related to 𝜌𝜌𝐾𝐾, with the following regressed expression:  366 

𝐾𝐾 = 2.9(𝜌𝜌𝐾𝐾 − 0.01)                                                      (16) 367 

Therefore, the equation for predicting the ultimate compressive strength of FRP-confined ECC can be 368 

proposed as follows:  369 

𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + 2.9(𝜌𝜌𝐾𝐾 − 0.01)(𝜌𝜌𝜀𝜀)0.9                                          (17) 370 

Comparing Eq. (17) with Teng et al.’s expression [33], which is a widely accepted design model for 371 

FRP-confined normal concrete (especially with normal compressive strength), the following 372 

characteristics can be noted: (1) the strength enhancement factor is modified from 3.5 to 2.9; (2) the 373 

threshold of confinement stiffness ratio for effective confinement is remained to be 0.01; (3) linear 374 

function of 𝜌𝜌𝜀𝜀 is replaced with power function of (𝜌𝜌𝜀𝜀)0.9. It also reflects the similarities and differences 375 

between the design prediction equations for FRP-confined normal concrete and FRP-confined ECC. 376 

Comparisons between test results and predicted results is presented in Fig. 8. The close agreement 377 

indicates the good performance of the Eq. (17) on predicting the ultimate compressive strength of FRP-378 

confined ECC. Statistical indicators calculated using Eqs. (6-9) for the proposed Eq. (17) are presented 379 

in Table 4 and in Fig. 5. Compared with the other existing models, more accurate predictions can be 380 



generated using Eq. (17). It is worth noting that the general process used to develop the equation for 381 

ultimate compressive strength was based on the approach initially proposed by Teng et al. [33], while 382 

power function of  (𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ )𝑚𝑚 was further incorporated for better prediction results.  383 

       384 

                       (a) 𝜎𝜎𝑐𝑐 𝑓𝑓𝑐𝑐0′⁄  - 𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄  curves                                     (b) 𝜎𝜎𝑐𝑐 𝑓𝑓𝑐𝑐0′⁄  - (𝜀𝜀𝑙𝑙 𝜀𝜀𝑐𝑐0⁄ )𝑚𝑚 curves          385 

         386 

(c) Relations between 𝑚𝑚 and 𝜌𝜌𝐾𝐾                       (d) Relations between 𝐾𝐾 and 𝜌𝜌𝐾𝐾    387 

Fig. 7 Demonstration of the parametric study with the analysis-oriented model 388 

 389 

 390 

 391 

 392 

 393 



 394 

Table 5 Material properties covered in the parametric study 395 

ECC 
𝑓𝑓𝑐𝑐0′  (MPa) 
𝜀𝜀𝑐𝑐0  
𝐸𝐸𝑐𝑐 (MPa) 

30, 40, 50, 60 
Eq. (4) 
Eq. (5) 

GFRP 
𝐸𝐸𝑓𝑓 (GPa) 
𝑡𝑡𝑓𝑓 (mm) 
𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟  

100.5 
0-3 at an interval of 0.2 
0.015 

CFRP 
𝐸𝐸𝑓𝑓 (GPa) 
𝑡𝑡𝑓𝑓 (mm) 
𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟  

255 
0-3 at an interval of 0.1 
0.0075 

                               Note: The values of modulus of elasticity of GFRP and CFRP  396 
                               are kept the same as those in Yuan et al. [18] and Li et al. [15]. 397 

 398 

Fig. 8 Comparisons of ultimate compressive strength between test results and predicted results with 399 

proposed equation Eq. (17) 400 

4.2 Stress-strain model  401 

In order the predict the overall compressive behavior of FRP-confined ECC, stress-strain model is 402 

proposed in this section. Lam and Teng’s model [47] has been widely used for FRP-confined normal 403 

concrete. Since the typical compressive stress-strain curves for FRP-confined normal concrete and 404 

FRP-confined ECC are similar, Lam and Teng’s model [47] can be adopted for the design model of 405 



FRP-confined ECC with the corresponding replacement of the prediction equations of the ultimate 406 

conditions as introduced in Section 4.1 of this paper. Lam and Teng’s model [47] defines the 407 

compressive stress-strain curve (𝜎𝜎𝑐𝑐 − 𝜀𝜀𝑐𝑐) as a first parabolic portion and a second linear portion with 408 

smooth transition in between, as illustrated in Fig.9. According to the definition of design-oriented 409 

model for FRP-confined concrete in Ozbakkaloglu et al. [51], it belongs to the model with type IIIb 410 

curve. Lam and Teng’s design-oriented model [47] is expressed as follows: 411 

𝜎𝜎𝑐𝑐 = �
𝐸𝐸𝑐𝑐𝜀𝜀𝑐𝑐 −

(𝐸𝐸𝑐𝑐−𝐸𝐸2)2

4𝑓𝑓𝑐𝑐0′
𝜀𝜀𝑐𝑐2               (0 ≤ 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑡𝑡)

𝑓𝑓𝑐𝑐0′ + 𝐸𝐸2𝜀𝜀𝑐𝑐                          (𝜀𝜀𝑡𝑡 < 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐)
                                        (18) 412 

where 𝑓𝑓𝑐𝑐0′  and 𝐸𝐸𝑐𝑐 are unconfined compressive strength and elastic modulus of concrete. 𝐸𝐸2 and 𝜀𝜀𝑡𝑡 are 413 

the slope of the second linear portion and the transition strain between the first parabolic portion and 414 

the second linear portion, with the following expressions: 415 

𝐸𝐸2 = 𝑓𝑓𝑐𝑐𝑐𝑐′ −𝑓𝑓𝑐𝑐0′

𝜀𝜀𝑐𝑐𝑐𝑐
                                                                       (19) 416 

𝜀𝜀𝑡𝑡 = 2𝑓𝑓𝑐𝑐0′

𝐸𝐸𝑐𝑐−𝐸𝐸2
                                                                       (20) 417 

𝑓𝑓𝑐𝑐𝑐𝑐′  and 𝜀𝜀𝑐𝑐𝑐𝑐 are the ultimate compressive strength and ultimate axial strain and can be determined by 418 

Eq. (17) and Eq. (13), respectively. Comparisons between test stress-strain curves and predicted stress-419 

strain curves are presented in Fig. 10. Close agreements demonstrate the good performance of Lam 420 

and Teng’s model [47] incorporating the proposed equations of ultimate conditions for the prediction 421 

of the overall compressive behavior of FRP-confined ECC. It is worth noting that Lam and Teng’s 422 

model [47] may not be suitable for FRP-confined high strength concrete, especially when the FRP 423 

confinement is not sufficient. In future studies, more comprehensive design-oriented model for FRP-424 

confined ECC with both normal strength and high strength could be developed using database on FRP-425 

confined ECC with larger range of ECC strength and under various confinement levels. Meanwhile, 426 

the proposed design-oriented model was developed and validated by the collected test data in the 427 



database for FRP-confined ECC in this paper. The database was assembled by the available test data 428 

in the current existing literature. Only conventional GFRP and CFRP were included as the confining 429 

material, while GFRP was used for most of the specimens. Therefore, the proposed model may only 430 

be applicable to GFRP and CFRP-confined ECC (especially GFRP-confined ECC) in the current scope 431 

of this study due to the limited test data. More tests on confined ECC with various FRP confining 432 

materials could be conducted to generate new data for further validation of the proposed design-433 

oriented model in future studies.  434 

 435 

Fig. 9 Design-oriented stress-str ain model for FRP-confined concrete 436 



(a) (b) (c) 437 

(d) (e) (f) 438 

(g) (h) (i) 439 

Fig. 10 Comparisons of compressive stress-strain curves between test results and predicted results for FRP-confined ECC 440 



5. Conclusions  441 

This paper presents the investigation on FRP-confined engineered cementitious composites (ECC) and 442 

aims to propose the corresponding design recommendation. A test database for FRP-confined ECC 443 

was first collected from the literature. The existing design equations, including those developed for 444 

FRP-confined normal concrete and FRP-confined ECC, were evaluated. New equations for ultimate 445 

conditions were developed and incorporated into Lam and Teng’s stress-strain model [47] to form the 446 

new design-oriented model for FRP-confined ECC. Detailed conclusions can be drawn from the 447 

current study as follows: 448 

(1) The representative equations of elastic modulus and compressive strain at the peak stress for 449 

plain normal concrete are not applicable to plain ECC, which reflects the different mechanical 450 

properties between these two cementitious materials. It is caused by the absence of coarse 451 

aggregates and presence of short fibers in ECC.  452 

(2) The existing equations developed for FRP-confined normal concrete could not provide accurate 453 

predictions on the ultimate conditions of FRP-confined ECC. In general, they overestimate the 454 

predictions of ultimate compressive strength while underestimate the predictions of the 455 

ultimate axial strain. These observations also demonstrate the different confinement 456 

effectiveness, strength and strain enhancements between FRP-confined normal concrete and 457 

FRP-confined ECC.  458 

(3) New equation for ultimate axial strain was developed through regression of the collected test 459 

data and presented the closer agreements with test results in comparison to the other existing 460 

models, with the statistical performance of 𝑀𝑀 = 1.004 , 𝐶𝐶𝐶𝐶𝐶𝐶 = 0.185 , 𝐴𝐴𝐴𝐴𝐴𝐴 = 0.156  and 461 

𝑅𝑅2 = 0.966. New equations for ultimate compressive strength were developed based on the 462 

analysis-oriented model for FRP-confined ECC and the corresponding parametric studies. It 463 

showed close agreements in comparison to test results with 𝑀𝑀 = 1.002 , 𝐶𝐶𝐶𝐶𝐶𝐶 = 0.108 , 464 

𝐴𝐴𝐴𝐴𝐴𝐴 = 0.093 and 𝑅𝑅2 = 0.922. 465 



(4) The new developed equations of ultimate conditions were adopted in Lam and Teng’s model 466 

[47] to form the design-oriented model for FRP-confined ECC. The generated stress-strain 467 

curve agreed well with the test curves, which indicates the good performance of the new design-468 

oriented stress-strain model in predicting the overall compressive behavior of FRP-confined 469 

ECC. 470 
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