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Abstract 7 

As a high-performance building material, engineered cementitious composites (ECC) presents good ductility 8 

and toughness with strain hardening behaviour, multiple cracking behaviour and large tensile strain capacity 9 

under tensile loading, compared with normal concrete. On the other hand, ECC also shows the similar brittle 10 

failure to normal concrete in terms of compressive behaviour. Adopting fibre-reinforced polymer (FRP) 11 

confinement is an effective approach to improve the compressive strength, strain and axial deformation 12 

ductility of ECC. The current investigations on FRP-confined ECC including experimental tests as well as 13 

analytical and design modelling are mainly focused on the monotonic loading, while cyclic model for FRP-14 

confined ECC is not available in the literature. Understanding the behaviour of FRP-confined ECC under 15 

cyclic loading is also of vital importance, especially that FRP-confined ECC is usually used in seismic 16 

retrofitting. Therefore, this study focuses on the development of stress-strain model of FRP-confined ECC 17 

under cyclic compression. Test database for FRP-confined ECC was firstly collected, followed by the 18 

assessment of the existing cyclic models developed for FRP-confined normal concrete. New equations were 19 

also developed based on the test results of FRP-confined ECC. Different components in the cyclic model, 20 

including envelope curve, unloading/reloading curves, plastic strains and stress deterioration, were discussed 21 

in detail. Finally, two cyclic models, Model Ⅰ and Model Ⅱ, were proposed to predict the cyclic stress-strain 22 

behaviour of FRP-confined ECC. Close agreements between the predicted curves by Model Ⅰ and test curves 23 

can be obtained, indicating that Model Ⅰ has good prediction performance and can be adopted to provide design 24 

guidance for FRP-confined ECC under cyclic axial compression.  25 
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1. Introduction  28 

Engineered cementitious composites (ECC) is regarded as a type of high-performance fibre-reinforced 29 

cementitious material [1-3]. Due to the fibres in the mixture, ECC can achieve distinctive enhanced tensile 30 

ductility compared with normal concrete [4]. Due to the fibre-bridging effect through the microcracks, the 31 

width of tensile cracks in ECC can be controlled and prevented from continuing growing, which leads to the 32 

multiple cracking behaviour [5]. In recent years, ECC has been widely used in various engineering 33 

applications to improve the performance of different structural members. Qin et al. [6] found that ECC was 34 

effective to enhance the flexural behaviour of reinforced concrete beams. Yang et al. [7] adopted ECC layer 35 

as the matrix for the CFRP grid external reinforcement at the bottom of reinforced concrete beam and proved 36 

that the strengthening system could achieve reliable performance. Al-Gemeel and Zhuge [8] used textile 37 

reinforced ECC to provide lateral confinement for concrete columns. Lee et al. [9] and Khan et al. [10,11] 38 

proposed the ECC-concrete encased steel composite columns and noted that ECC contributed to a more ductile 39 

failure mode and increased the overall compressive behaviour. Li et al. [12] proposed a composite column 40 

consisting of an ECC layer between outer FRP tube and inner high strength concrete (HSC) core and noticed 41 

that the ECC layer could realise a more uniform hoop strain distribution and confinement in the FRP-confined 42 

HSC composite column with enhanced deformability [12-16]. Meanwhile, ECC has also been used in the 43 

beam-column joints to improve the energy absorption ability of the plastic zone under seismic loadings [17,18]. 44 

These applications show that with the replacement of normal concrete by ECC in the crucial regions in the 45 

structural member, targeted enhancement of the structural performance can be effectively achieved. With the 46 

good cracking behaviour, ECC cover can also protect the inner reinforcements from corrosion in a better 47 

manner than normal concrete cover, which is cost-effective from the life-cycle perspective.  48 

Though the tensile performance of ECC is prominent, its compressive behaviour is similar to normal concrete 49 

and will endure the brittle failure as well when reaching the peak strength [19,20]. Adopting fibre-reinforced 50 

polymer (FRP) lateral confinement is an effective approach to improve the compressive performance of ECC. 51 
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Dang et al. [21] and Li et al. [22] experimentally investigated the compressive behaviour of FRP-confined 52 

ECC cylinders. It was noted that both the compressive strength and strain could be obviously enhanced with 53 

the typical strain hardening performance. Yuan et al. [23,24] investigated the dilation behaviour and size effect 54 

of FRP-confined ECC stub columns. Except for conventional FRP materials, Yuan et al. [23,24] and Jiang et 55 

al. [25] also used large rupture strain (LRS) FRP materials as the lateral confinement and observed that the 56 

LRS FRP-confined ECC could achieve excellent deformability and energy dissipation capacity. With the 57 

obtained test results, design models that can predict the ultimate conditions as well as analytical models that 58 

can predict the compressive stress-strain curves have also been developed accordingly for FRP-confined ECC 59 

[21-26].  60 

Apart from the monotonic loading, ECC could also be subjected to various more complicated loading 61 

conditions, like cyclic and seismic loadings [27]. Therefore, understanding the cyclic compressive 62 

performance of FRP-confined ECC is of vital importance, especially due to the fact that ECC and FRP are 63 

usually used together for seismic retrofitting [28,29]. Dang et al. [21] and Li et al. [22] investigated the 64 

behaviour of FRP-confined ECC stub columns under cyclic compression. It was noted that the envelope curve 65 

of cyclically loaded FRP-confined ECC was close to the stress-strain curve of the counterpart - monotonically 66 

loaded FRP-confined ECC, which has the same behaviour as FRP-confined normal concrete [30,31]. It was 67 

also observed that the deformability could be further enhanced for FRP-confined ECC specimens under cyclic 68 

compression [21,22]. There has been extensive research on the cyclic modelling for FRP-confined normal 69 

concrete, which can describe the unloading/reloading paths, plastic deformation and stress degradation 70 

behaviour [32-40]. To the best of the authors’ knowledge, there is no cyclic stress-strain model developed for 71 

FRP-confined ECC in the literature. Meanwhile, the applicability of existing cyclic models developed for 72 

FRP-confined normal concrete to FRP-confined ECC remains to be unknown.  73 

Therefore, this study focuses on the cyclic modelling for FRP-confined ECC. Test database was firstly 74 

collected as the basis for the model development. Typical cyclic models that were developed for FRP-confined 75 

normal concrete were then evaluated, with detailed discussions on the individual component in the cyclic 76 

model, including envelope curve, unloading curves, reloading curves, plastic strains and stress deterioration. 77 
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New equations were also developed based on the test results of FRP-confined ECC. Finally, cyclic models 78 

were proposed to predict the cyclic stress-strain behaviour of FRP-confined ECC. The predictions generated 79 

by the proposed models were compared with the corresponding test results. It is noted that the current study 80 

is focusing on the cyclic compressive behaviour and modelling of FRP-confined ECC. It is a continuous work 81 

of Li et al. [26], in which the monotonic compressive behaviour and modelling of FRP-confined ECC were 82 

presented by the authors. The proposed monotonic stress-strain model in Li et al. [26] is also adopted as the 83 

envelope model in the cyclic modelling in this study.  84 

2. Test database for FRP-confined ECC  85 

This section of the paper summarises the existing research on FRP-confined ECC. A test database was 86 

collected from five different sources as shown in Table 1. It consists of 86 specimens in total, in which 74 87 

specimens were tested under monotonic compression and 12 specimens were tested under cyclic compression. 88 

All the specimens have the height-to-diameter of 2, with the diameter in the range of 100 - 500 mm. The 89 

unconfined ECC strength is in the range of 28.2 – 66.0 MPa and the confining materials vary from glass FRP 90 

(GFRP), carbon FRP (CFRP), polyethylene terephthalate FRP (PET FRP) to polyethylene naphthalate (PEN 91 

FRP). Dang et al. [21] experimentally investigated the compressive behaviour of FRP-confined ECC under 92 

monotonic and cyclic compressions. Through comparisons with FRP-confined normal concrete [41-43], 93 

failure mechanism was identified and design equations for ultimate conditions were proposed for FRP-94 

confined ECC. Yuan et al. [23] noted that the lateral dilation of FRP-confined ECC could be further restrained 95 

to some extent because of the fibres in the ECC mixture. Existing dilation models [44,45] were found unable 96 

to provide accurate predictions and new axial strain-lateral strain model was developed based on the obtained 97 

test results. Li et al.[22] also investigated the monotonic and cyclic compressive behaviour of ECC cylinders 98 

confined by FRP tube and FRP jacket. An analysis-oriented model, which could predict the overall stress-99 

strain behaviour, was proposed for monotonically loaded FRP-confined ECC. Yuan et al. [24] tested a series 100 

of FRP-confined ECC stub columns with different diameters and observed that with the increase of specimen 101 

size, ultimate strength would decrease while the corresponding ultimate axial strain would not be significantly 102 

affected. An equation of the ultimate compressive strength considering the size effect was proposed and was 103 
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found to outperform other existing models. Jiang et al. [25] investigated the monotonic compressive behaviour 104 

of PET FRP-confined ECC cylinders and noted that higher ductility could be achieved compared with 105 

conventional FRP-confined ECC. A load-path dependent analysis model was proposed, which incorporated 106 

the newly developed dilation model and actively-confined model as well as considering the stiffness change 107 

for the tensile behaviour of PET FRP.  108 

It can be noted from the test database that both experimental investigations and modelling including design-109 

oriented and analysis-oriented have been carried out for FRP-confined ECC, and most of the studies were 110 

focused on the monotonic compressive behaviour. Only Dang et al. [21] and Li et al. [22] conducted the cyclic 111 

compressive tests with 12 FRP-confined ECC specimens. Meanwhile, the modelling on FRP-confined ECC 112 

under cyclic compression is absent at the current stage. Therefore, this study focuses on the development of 113 

cyclic stress-strain model for FRP-confined ECC, which will contribute to the understanding of the behaviour 114 

of FRP-confined ECC under more comprehensive loading conditions. It is also worth noting that the test 115 

stress-strain curves included in Dang et al. [21] and Li et al. [22], which are two references providing the 116 

dataset for cyclically loaded FRP-confined ECC in this study, are with the ascending second-portion feature. 117 

It indicates that effective confinement has been achieved to generate the strain-hardening behaviour with 118 

enhanced compressive strength and strain for FRP-confined ECC. The cyclic model proposed in this study is 119 

also limited to this condition.120 
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 121 

Table 1 Test database for FRP-confined ECC 122 

Source 
Number of 

specimens 

Loading 

type 

Specimen size 

(mm) 

ECC strength 

𝑓𝑓𝑐𝑐0′  

(MPa) 

ECC strain 

𝜀𝜀𝑐𝑐0  
FRP type  

Confinement 

level 

𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎 𝑓𝑓𝑐𝑐0′⁄  

Strength 

enhancement 

ratio 𝑓𝑓𝑐𝑐𝑐𝑐′ 𝑓𝑓𝑐𝑐0′⁄  

Strain 

enhancement ratio 

𝜀𝜀𝑐𝑐𝑐𝑐 𝜀𝜀𝑐𝑐0⁄  

Dang et al. [21] 12 
Monotonic 

& Cyclic  

D=100; 

H=200  
64.6-66.0 0.0035 CFRP 0.14 – 1.17 1.28 – 3.92 4.20 – 23.69 

Li et al. [22] 18 
Monotonic 

& Cyclic 

D=100, 200; 

H=200, 400 
40.0 0.0041 

GFRP, 

CFRP 
0.27 – 1.34 1.42 - 4.96 6.49 – 34.59 

Yuan et al. [23] 15 Monotonic 
D=150; 

H=300 
28.2 0.0044 

PEN FRP, 

PET FRP, 

GFRP 

0.16 – 0.83 1.12 – 3.34 6.52 – 39.41 

Yuan et al. [24] 32 Monotonic 
D=100 - 500; 

H=200 - 1000 
51.6 0.0027 

PET FRP, 

GFRP 
0.10 – 0.22 1.03 – 1.62 3.37 – 4.19 

Jiang et al. [25] 9 Monotonic 
D=100; 

H=200 
35.2, 40.0 0.0026 PET FRP N.A. 1.01 – 1.71 2.81 – 11.40 

Total  86 specimens in total, in which 74 specimens for monotonic compression, 12 specimens for cyclic compression 

Notes: D and H are the nominal diameter and height of the specimens; 𝑓𝑓𝑐𝑐0′  and 𝜀𝜀𝑐𝑐0 are the unconfined compressive strength and the corresponding strain of ECC; 𝑓𝑓𝑐𝑐𝑐𝑐′  and 𝜀𝜀𝑐𝑐𝑐𝑐 123 

are the ultimate compressive strength and ultimate axial strain at FRP rupture; 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎  is the actual confinement pressure at FRP rupture with the expression of 𝑓𝑓𝑙𝑙𝑙𝑙,𝑎𝑎 =124 

2𝐸𝐸𝑓𝑓𝑡𝑡𝑓𝑓𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 𝐷𝐷⁄ , in which 𝐸𝐸𝑓𝑓 and 𝑡𝑡𝑓𝑓 are the elastic modulus and thickness of confining FRP and 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 is the actual hoop strain at FRP rupture. 125 
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3. Cyclic stress-strain model  126 

3.1 Typical cyclic compressive behaviour and terminology  127 

Fig. 1 presents the typical cyclic stress-strain curve for FRP-confined concrete, which encompasses the 128 

envelope curve, unloading curve and reloading curve. Envelope curve is the upper boundary of the unloading 129 

and reloading curves [30-32]. Point A on the envelope curve with the strain and stress of 𝜀𝜀𝑢𝑢𝑢𝑢 and 𝜎𝜎𝑢𝑢𝑢𝑢  is 130 

defined as the unloading point. Unloading curve starts from Point A with the stress reducing with the decrease 131 

of strain, and intersects with the horizontal axis at Point B. The strain 𝜀𝜀𝑝𝑝𝑝𝑝 at Point B is named as plastic strain. 132 

Reloading curve initiates from Point B and stress increases with the increase of strain. Point C on the reloading 133 

curve is defined as the reference point, with the corresponding strain and stress of 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟 and 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛. Point C and 134 

Point A are at the same axial strain, which means 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟 equals to 𝜀𝜀𝑢𝑢𝑢𝑢. However, 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 is lower than 𝜎𝜎𝑢𝑢𝑢𝑢, which 135 

reflects the stress degradation during this loading cycle. Reloading curve intersects with the envelope curve at 136 

Point D with the strain and stress of 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝑒𝑒𝑒𝑒𝑒𝑒 and 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟,𝑒𝑒𝑒𝑒𝑒𝑒. Then the loading process follows the envelope curve 137 

until the next unloading strain and starts the next loading cycle.  138 

It is noted that the above definitions and the cyclic curve presented in Fig. 1 are corresponding to the case that 139 

the unloading point starts from the envelope curve, which is named as the envelope cycle. If the unloading 140 

point starts below the envelope curve, the cyclic curves are named as internal cycles [32]. In this study, both 141 

the test database and the investigated scope are related to the envelope cycles. Internal cycles and the 142 

corresponding model are not discussed in the current study.  143 

 144 
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Fig. 1 Typical cyclic stress-strain model for FRP-confined concrete and key parameters 145 

3.2 Envelope curve  146 

Envelope curve is the upper boundary of cyclic stress-strain curve and is close to the stress-strain curve under 147 

monotonic compression for FRP-confined concrete [30-32]. Therefore, the envelope curve for cyclically 148 

loaded FRP-confined ECC can be generated with the stress-strain model for monotonically loaded FRP-149 

confined ECC. Regarding the stress-strain models for confined concrete, Cavaleri et al. [46] reported that 150 

different models proposed by different researchers would have relatively large dispersion of the predicting 151 

results. Lam and Teng’s design-oriented model [47] was developed for FRP-confined normal concrete and 152 

was widely adopted to predict the compressive behaviour of FRP-confined concrete under monotonic 153 

compression with good performance [48-52]. It consists of a first parabolic portion and a second linear portion, 154 

which is expressed as follows:  155 

𝜎𝜎𝑐𝑐 = �
𝐸𝐸𝑐𝑐𝜀𝜀𝑐𝑐 −

(𝐸𝐸𝑐𝑐−𝐸𝐸2)2

4𝑓𝑓𝑐𝑐0′
𝜀𝜀𝑐𝑐2               (0 ≤ 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑡𝑡)

𝑓𝑓𝑐𝑐0′ + 𝐸𝐸2𝜀𝜀𝑐𝑐                         (𝜀𝜀𝑡𝑡 < 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐)
                                        (1) 156 

where 𝑓𝑓𝑐𝑐0′  and 𝐸𝐸𝑐𝑐  are unconfined compressive strength and elastic modulus of concrete. 𝐸𝐸2  and 𝜀𝜀𝑡𝑡  are the 157 

slope of the second linear portion and the transition strain between the first parabolic portion and the second 158 

linear portion, with the following expressions: 159 

𝐸𝐸2 = 𝑓𝑓𝑐𝑐𝑐𝑐′ −𝑓𝑓𝑐𝑐0′

𝜀𝜀𝑐𝑐𝑐𝑐
                                                                       (2) 160 

𝜀𝜀𝑡𝑡 = 2𝑓𝑓𝑐𝑐0′

𝐸𝐸𝑐𝑐−𝐸𝐸2
                                                                         (3) 161 

where 𝑓𝑓𝑐𝑐𝑐𝑐′  and 𝜀𝜀𝑐𝑐𝑐𝑐 are the ultimate compressive strength and ultimate axial strain of confined concrete, which 162 

also directly affect the slope of the second linear portion of the stress-strain curve. In Li et al. [26], it was 163 

found that existing equations for the ultimate conditions developed for FRP-confined normal concrete could 164 

not perform well for the predictions for FRP-confined ECC. New equations were proposed to predict the 165 

ultimate compressive strength and ultimate axial strain according to the collected test data of FRP-confined 166 

ECC [26], with the expressions for 𝑓𝑓𝑐𝑐𝑐𝑐′  and 𝜀𝜀𝑐𝑐𝑐𝑐 shown as follows:  167 
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𝑓𝑓𝑐𝑐𝑐𝑐′

𝑓𝑓𝑐𝑐0′
= 1 + 2.9(𝜌𝜌𝐾𝐾 − 0.01)(𝜌𝜌𝜀𝜀)0.9                                             (4) 168 

𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀𝑐𝑐0

= 1 + 21𝜌𝜌𝐾𝐾0.98𝜌𝜌𝜀𝜀1.02                                                      (5) 169 

in which 𝜀𝜀𝑐𝑐0  is the compressive strain corresponding to 𝑓𝑓𝑐𝑐0′  for unconfined ECC; 𝜌𝜌𝐾𝐾  and 𝜌𝜌𝜀𝜀  are the 170 

confinement stiffness ratio and strain ratio with the following expressions:  171 

𝜌𝜌𝐾𝐾 = 𝐾𝐾𝑙𝑙
(𝑓𝑓𝑐𝑐0′ 𝜀𝜀𝑐𝑐0⁄ )

= 2𝐸𝐸𝑓𝑓𝑡𝑡𝑓𝑓
(𝑓𝑓𝑐𝑐0′ 𝜀𝜀𝑐𝑐0⁄ )𝐷𝐷

                                                        (6) 172 

𝜌𝜌𝜀𝜀 = 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟

𝜀𝜀𝑐𝑐0
                                                                 (7) 173 

in which 𝐷𝐷 is the diameter of confined ECC; 𝐾𝐾𝑙𝑙 is confining stiffness; 𝐸𝐸𝑓𝑓 and 𝑡𝑡𝑓𝑓 are the elastic modulus and 174 

thickness of confining FRP; 𝜀𝜀ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 is the FRP hoop rupture strain. Li et al. [26] modified the original Lam and 175 

Teng’s model [47] with the proposed ultimate conditions as shown in Eqs. (4) and (5) and evaluated the 176 

applicability of the modified model for FRP-confined ECC. It was found that the predicted stress-strain curves 177 

are close to the test curves for FRP-confined ECC under monotonic compression. Two typical comparisons 178 

are presented in Fig. 2, while more comparisons can be referred to Li et al. [26]. Therefore, the modified Lam 179 

and Teng’s model [26,47], with the expressions shown in Eqs. (1-7), is adopted to predict the envelope curve 180 

for FRP-confined ECC under cyclic compression.  181 

 182 
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Fig. 2 Comparisons of monotonic stress-strain curves between test results and predicted results for FRP-183 

confined ECC 184 

 185 

3.3 Unloading paths 186 

The FRP-confined ECC presents a similar unloading behaviour to that of FRP-confined normal concrete, 187 

which is a nearly linear portion at the initial stage, followed by an obviously nonlinear portion at the end stage. 188 

Typical existing unloading models developed for FRP-confined normal concrete [32-36], as shown in Table 189 

2, were adopted to evaluate their performance on the prediction of unloading paths for FRP-confined ECC. 190 

Lam and Teng [32] and Yu et al. [33] adopted the same equation with polynomial form for the unloading path 191 

prediction. The coefficients and exponent are associated with the unloading strain 𝜀𝜀𝑢𝑢𝑢𝑢, unloading stress 𝜎𝜎𝑢𝑢𝑢𝑢 192 

and plastic strain 𝜀𝜀𝑝𝑝𝑝𝑝. Compared with Lam and Teng’s model [32], Yu et al. [33] additionally considered the 193 

influence of concrete strength 𝑓𝑓𝑐𝑐0′  on the exponent 𝜂𝜂 for better prediction of the unloading behaviour of FRP-194 

confined concrete with both normal strength and high strength. Wang et al. [34] and Hany et al. [35] used the 195 

same unloading equation, associated with unloading strain 𝜀𝜀𝑢𝑢𝑢𝑢, unloading stress 𝜎𝜎𝑢𝑢𝑢𝑢 and plastic strain 𝜀𝜀𝑝𝑝𝑝𝑝. 196 

The curve shape is controlled by the two parameters 𝐵𝐵0 and 𝐵𝐵1, where 𝐵𝐵0 is related to confining pressure 𝑓𝑓𝑙𝑙 197 

in Wang et al.’s model [34] whilst assigned as a constant in Hany et al.’s model [35], and 𝐵𝐵1 is related to 198 

unloading strain 𝜀𝜀𝑢𝑢𝑢𝑢 in both two models. Except for the unloading strain 𝜀𝜀𝑢𝑢𝑢𝑢, unloading stress 𝜎𝜎𝑢𝑢𝑢𝑢 and plastic 199 

strain 𝜀𝜀𝑝𝑝𝑝𝑝, Li et al. [36]  also associated the unloading curve with confinement rigidity 𝜌𝜌, which is expressed 200 

as follows:  201 

𝜌𝜌 = 2𝐸𝐸𝑓𝑓𝑡𝑡𝑓𝑓
𝐷𝐷𝑓𝑓𝑐𝑐0′

                                                                          (8) 202 

 203 
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Table 2 Existing cyclic stress-strain models developed for FRP-confined normal concrete 204 
Objects  Lam and Teng [32] Yu et al. [33] Wang et al. [34] Hany et al. [35] Li et al. [36] 

Unloading 
model  

𝜎𝜎𝑐𝑐 = 𝑎𝑎𝜀𝜀𝑐𝑐
𝜂𝜂 + 𝑏𝑏𝜀𝜀𝑐𝑐 + 𝑐𝑐 

𝑎𝑎 = 𝜎𝜎𝑢𝑢𝑢𝑢−𝐸𝐸𝑢𝑢𝑢𝑢,0(𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝)
𝜀𝜀𝑢𝑢𝑢𝑢
𝜂𝜂 −𝜀𝜀𝑝𝑝𝑝𝑝

𝜂𝜂 −𝜂𝜂𝜀𝜀𝑝𝑝𝑝𝑝
𝜂𝜂−1(𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝)

  

𝑏𝑏 = 𝐸𝐸𝑢𝑢𝑢𝑢,0 − 𝜂𝜂𝜀𝜀𝑝𝑝𝑝𝑝
𝜂𝜂−1𝑎𝑎  

𝑐𝑐 = −𝑎𝑎𝜀𝜀𝑝𝑝𝑝𝑝
𝜂𝜂 − 𝑏𝑏𝜀𝜀𝑝𝑝𝑝𝑝  

𝐸𝐸𝑢𝑢𝑢𝑢,0 = min (0.5𝑓𝑓𝑐𝑐0′

𝜀𝜀𝑢𝑢𝑢𝑢
, 𝜎𝜎𝑢𝑢𝑢𝑢
𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝

)  

𝜂𝜂 = 350𝜀𝜀𝑢𝑢𝑢𝑢 + 3  
 
 

Same as Lam and Teng [32] 
except for 𝜂𝜂 
𝜂𝜂 = 40(350𝜀𝜀𝑢𝑢𝑢𝑢 + 3)/𝑓𝑓𝑐𝑐0′   
 
 

𝜎𝜎𝑐𝑐
𝜎𝜎𝑢𝑢𝑢𝑢

= 𝐵𝐵0( 𝜀𝜀𝑐𝑐−𝜀𝜀𝑝𝑝𝑝𝑝
𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝

)𝐵𝐵1 + (1 −𝐵𝐵0)( 𝜀𝜀𝑐𝑐−𝜀𝜀𝑝𝑝𝑝𝑝
𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝

)  

𝐵𝐵0 = 0.5 + 0.3( 𝑓𝑓𝑙𝑙
𝑓𝑓𝑐𝑐0′

)0.07 − 0.1(𝑓𝑓𝑙𝑙𝑙𝑙
𝑓𝑓𝑐𝑐0′

)0.04  

for 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.02, 

𝐵𝐵1 = −0.02 �𝜀𝜀𝑢𝑢𝑢𝑢
𝜀𝜀𝑐𝑐0
�
2

+ 0.46 �𝜀𝜀𝑢𝑢𝑢𝑢
𝜀𝜀𝑐𝑐0
� + 1.76  

for 𝜀𝜀𝑢𝑢𝑢𝑢 > 0.02, 
𝐵𝐵1 = 4.36  
 
 

𝜎𝜎𝑐𝑐
𝜎𝜎𝑢𝑢𝑛𝑛

= 𝐵𝐵0( 𝜀𝜀𝑐𝑐−𝜀𝜀𝑝𝑝𝑝𝑝
𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝

)𝐵𝐵1 + (1 −𝐵𝐵0)( 𝜀𝜀𝑐𝑐−𝜀𝜀𝑝𝑝𝑝𝑝
𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝

)  

𝐵𝐵0 = 0.8  

𝐵𝐵1 = 2.172 �𝜀𝜀𝑢𝑢𝑢𝑢
𝜀𝜀𝑐𝑐0
�
0.324

  

 
 

𝜎𝜎𝑐𝑐 = 𝐸𝐸𝑢𝑢𝑢𝑢,0 �
𝜀𝜀𝑐𝑐
𝜀𝜀𝑝𝑝𝑝𝑝
�
𝑚𝑚

(𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑝𝑝𝑝𝑝)  

𝐸𝐸𝑢𝑢𝑢𝑢,0

𝐸𝐸𝑐𝑐
= 0.21(𝑓𝑓𝑐𝑐0

′

𝑓𝑓30′
)0.195𝜌𝜌−0.031(𝜀𝜀𝑢𝑢𝑢𝑢

𝜀𝜀𝑐𝑐0
)−1.115  

𝑚𝑚 = log(𝜀𝜀𝑢𝑢𝑢𝑢𝜀𝜀𝑝𝑝𝑝𝑝
)( 𝜎𝜎𝑢𝑢𝑢𝑢
𝐸𝐸𝑢𝑢𝑢𝑢,0(𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝)

)  

 
 

Plastic strain 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 < 0.0035,  
𝜀𝜀𝑝𝑝𝑝𝑝 = [1.4(0.87− 0.004𝑓𝑓𝑐𝑐0′ )− 0.64](𝜀𝜀𝑢𝑢𝑢𝑢 − 0.001)  
for 0.0035 ≤ 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 
𝜀𝜀𝑝𝑝𝑝𝑝 = (0.87− 0.004𝑓𝑓𝑐𝑐0′ )𝜀𝜀𝑢𝑢𝑢𝑢 − 0.0016  
 
 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.0035,  
𝜀𝜀𝑝𝑝𝑝𝑝 = 0.184𝜀𝜀𝑢𝑢𝑢𝑢 − 0.0002  
for 0.0035 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0.703𝜀𝜀𝑢𝑢𝑢𝑢 − 0.002  
 
 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.004,  
𝜀𝜀𝑝𝑝𝑝𝑝 = 0.42𝜀𝜀𝑢𝑢𝑢𝑢 − 0.0004  
for 0.004 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0.815𝜀𝜀𝑢𝑢𝑢𝑢 − 0.002  
 
 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.0035,  
𝜀𝜀𝑝𝑝𝑝𝑝 = 0.4552𝜀𝜀𝑢𝑢𝑢𝑢 − 0.0003  
for 0.0035 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0.7827𝜀𝜀𝑢𝑢𝑢𝑢 − 0.0014  
 
 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜀𝜀𝑝𝑝𝑝𝑝 = 0  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 

𝜀𝜀𝑝𝑝𝑝𝑝 = 0.353 �𝑓𝑓𝑐𝑐0
′

𝑓𝑓30′
�
−0.4

(𝜀𝜀𝑢𝑢𝑢𝑢 − 0.001) +

3.36𝜌𝜌−0.178(𝜀𝜀𝑢𝑢𝑢𝑢 − 0.001)1.414   
 
 

Stress 
deterioration 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜑𝜑 = 1  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 < 0.002, 
𝜑𝜑 = 1 − 80(𝜀𝜀𝑢𝑢𝑢𝑢 − 0.001)  
for 0.002 ≤ 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 
𝜑𝜑 = 0.92  
 
 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜑𝜑 = 1  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.0035, 
𝜑𝜑 = 1 − 32(𝜀𝜀𝑢𝑢𝑢𝑢 − 0.001)  
for 0.0035 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 
𝜑𝜑 = 0.92  
 
 

𝜑𝜑 = 0.912  
 
 

for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001, 
𝜑𝜑 = 1  
for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐, 
𝜑𝜑 = 0.938  
 
 

N.A. 
 
 

Reloading 
model 

for 𝜀𝜀𝑟𝑟𝑟𝑟 ≤ 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟 , 
𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑟𝑟𝑟𝑟 + 𝐸𝐸𝑟𝑟𝑟𝑟(𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑟𝑟𝑟𝑟)  
for 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟 ≤ 𝜀𝜀𝑐𝑐 ≤ 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝑒𝑒𝑒𝑒𝑒𝑒, 
𝜎𝜎𝑐𝑐 = 𝐴𝐴𝜀𝜀𝑐𝑐2 + 𝐵𝐵𝜀𝜀𝑐𝑐 + 𝐶𝐶  
𝐸𝐸𝑟𝑟𝑟𝑟 = (𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 − 𝜎𝜎𝑟𝑟𝑟𝑟)/(𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟 − 𝜀𝜀𝑟𝑟𝑟𝑟)  
𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜑𝜑𝜎𝜎𝑢𝑢𝑢𝑢  
𝐵𝐵 = 𝐸𝐸𝑟𝑟𝑟𝑟 − 2𝐴𝐴𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟  
𝐶𝐶 = 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 − 𝐴𝐴𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟2 − 𝐵𝐵𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟  
for 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝑒𝑒𝑒𝑒𝑒𝑒 < 𝜀𝜀𝑡𝑡, 

𝐴𝐴 =
(𝐸𝐸𝐶𝐶−𝐸𝐸2)2�𝐸𝐸𝑟𝑟𝑟𝑟𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟−𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛�+(𝐸𝐸𝐶𝐶−𝐸𝐸𝑟𝑟𝑟𝑟)2𝑓𝑓𝑐𝑐0′

4�𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛−𝐸𝐸𝑐𝑐𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟�𝑓𝑓𝑐𝑐0′ +(𝐸𝐸𝐶𝐶−𝐸𝐸2)2𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟2
  

𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑐𝑐−𝐵𝐵

2𝐴𝐴+�𝐸𝐸𝐶𝐶−𝐸𝐸2�
2

𝑓𝑓𝑐𝑐0
′

  

for 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝑒𝑒𝑛𝑛𝑣𝑣 ≥ 𝜀𝜀𝑡𝑡, 

𝐴𝐴 = (𝐸𝐸𝑟𝑟𝑟𝑟−𝐸𝐸2)2

4(𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛−𝑓𝑓𝑐𝑐𝑐𝑐′ −𝐸𝐸2𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟)
  

𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐸𝐸2−𝐵𝐵
2𝐴𝐴

  

Same as Lam and Teng [32] 

𝜎𝜎𝑐𝑐 = 𝐸𝐸𝑟𝑟𝑟𝑟(𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑝𝑝𝑝𝑝)  
𝐸𝐸𝑟𝑟𝑟𝑟 = 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛

𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝
  

𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜑𝜑𝜎𝜎𝑢𝑢𝑢𝑢  

𝜎𝜎𝑐𝑐 = 𝐸𝐸𝑟𝑟𝑟𝑟(𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑝𝑝𝑝𝑝)  
𝐸𝐸𝑟𝑟𝑟𝑟 = 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛

𝜀𝜀𝑢𝑢𝑢𝑢−𝜀𝜀𝑝𝑝𝑝𝑝
  

𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 = 𝜑𝜑𝜎𝜎𝑢𝑢𝑢𝑢  

𝜎𝜎𝑐𝑐 = (𝐸𝐸𝑟𝑟𝑟𝑟−𝐸𝐸2)(𝜀𝜀𝑐𝑐−𝜀𝜀𝑝𝑝𝑝𝑝)

(1+(
(𝐸𝐸𝑟𝑟𝑟𝑟−𝐸𝐸2)(𝜀𝜀𝑐𝑐−𝜀𝜀𝑝𝑝𝑝𝑝)

𝑓𝑓𝑟𝑟
)𝑛𝑛)1/𝑛𝑛

+ 𝐸𝐸2(𝜀𝜀𝑐𝑐 − 𝜀𝜀𝑝𝑝𝑝𝑝)  

𝐸𝐸𝑟𝑟𝑟𝑟
𝐸𝐸𝑐𝑐

= (𝑓𝑓𝑐𝑐0
′

𝑓𝑓30′
)0.032𝜀𝜀̅−0.409 − 0.317𝜌𝜌−0.064𝜀𝜀�   

for 𝐸𝐸2 ≥ 0, 
𝑓𝑓𝑟𝑟
𝑓𝑓𝑐𝑐0′

= 0.693 𝜎𝜎𝑢𝑢𝑢𝑢
𝑓𝑓𝑐𝑐0′

+ 0.337𝜌𝜌−0.053  

for 𝐸𝐸2 < 0, 
𝑓𝑓𝑟𝑟
𝑓𝑓𝑐𝑐0′

= 0.969 𝜎𝜎𝑢𝑢𝑢𝑢
𝑓𝑓𝑐𝑐0′

+ 1.981𝜌𝜌−2.012  

𝜀𝜀̅ = 𝜀𝜀𝑢𝑢𝑢𝑢 𝜀𝜀𝑐𝑐0⁄ ≤ 10  

𝑛𝑛 = 2.61 �𝜀𝜀𝑢𝑢𝑢𝑢
𝜀𝜀𝑐𝑐0
� + 4.88  

205 
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Predictions of unloading paths for FRP-confined ECC with the five unloading models are presented in Fig. 3 206 

with the comparisons to test results. It can be noted that the predictions by different models are close to each 207 

other and test results for the unloading paths with low unloading strains. Relatively larger deviations can be 208 

noted for the unloading paths with larger unloading strains. Lam and Teng’s model [32] and Yu et al.’s model 209 

[33] provide lower stress predictions for the nonlinear portion at the end stage in each unloading path. In 210 

general, Wang et al.’s model [34] can generate the closest unloading curves compared with test curves, which 211 

indicates that it is applicable to the prediction of unloading behaviour of FRP-confined ECC. It should be 212 

noted that for the evaluation of the five existing unloading models as presented in Fig. 3, actual unloading 213 

strain 𝜀𝜀𝑢𝑢𝑢𝑢, unloading stress 𝜎𝜎𝑢𝑢𝑢𝑢 and plastic strain 𝜀𝜀𝑝𝑝𝑝𝑝 were used to ensure that the prediction accuracy was 214 

dependent on the unloading model only, excluding the influence of unloading stress 𝜎𝜎𝑢𝑢𝑢𝑢 and plastic strain 𝜀𝜀𝑝𝑝𝑝𝑝. 215 

This evaluation method has also been adopted in the literature [14,37]. 216 

 217 

(a)   (b) 218 
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(c)   (d) 219 

(e) (f) 220 

(g) (h) 221 
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(i) (j) 222 

(k) (l) 223 

 224 

Fig.  3 Evaluation of different unloading models 225 

3.4 Plastic strains 226 

Plastic strain is a key parameter controlling the shape of the unloading path. It equals to the axial strain at the 227 

intersection point between the unloading curve and the zero-horizontal axis. Typical prediction equations of 228 

plastic strain developed for FRP-confined normal concrete are summarised in Table 2. They all adopt the 229 

linear relationship between plastic strain and unloading strain, except that Lam and Teng’s model [32] and Li 230 

et al.’s model [36] additionally consider the effect of concrete strength. Meanwhile, Li et al.’s model [36] also 231 

takes the confinement rigidity into account like its unloading model. Test results of plastic strain, together 232 
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with the corresponding unloading strains, were extracted from the test cyclic stress-strain curves for FRP-233 

confined ECC. As plotted in Fig. 4, plastic strain is basically increasing linearly with the increase of unloading 234 

strain, which is similar to the behaviour of FRP-confined normal concrete, though slightly nonlinear behaviour 235 

at larger unloading strains can be observed. In Table 3, it summarises the linear equations between plastic 236 

strain and unloading strain (𝜀𝜀𝑝𝑝𝑝𝑝 = 𝑎𝑎𝜀𝜀𝑢𝑢𝑢𝑢 + 𝑏𝑏) for all the twelve available cyclic specimens in the literature 237 

[21,22], according to the regression analysis with the corresponding test data. The coefficients of 238 

determination (R2) are all close to 1, demonstrating the good behaviour of the linear regression. Fig. 5 plots 239 

the parameters 𝑎𝑎  and 𝑏𝑏  for specimens with different ECC compressive strengths and FRP confinement 240 

rigidities. It can be seen that parameter 𝑎𝑎 is independent of ECC strength and confinement rigidity [as shown 241 

in Figs. 5(a-b)] and it is also challenging to identify the effect of ECC strength on the value of parameter 𝑏𝑏 [as 242 

shown in Figs. 5(c)]. However, relatively obvious descending tendency of parameter 𝑏𝑏 can be noted with the 243 

increase of confinement rigidity [as shown in Figs. 5(d)]. Therefore, it can be regarded that for FRP-confined 244 

ECC under cyclic compression, if linear relationship between plastic strain and unloading strain is considered, 245 

the linear relationship is not associated with ECC compressive strength. For confinement rigidity, it does not 246 

affect the slope (parameter 𝑎𝑎) while has influence on the intercept (parameter 𝑏𝑏).  247 

Table 3 Linear relations between unloading strains and plastic strains for specimens under cyclic compression 248 

Source  Specimen ID 
𝜀𝜀𝑝𝑝𝑝𝑝 = 𝑎𝑎𝜀𝜀𝑢𝑢𝑢𝑢 + 𝑏𝑏  

𝑅𝑅2  
a b 

Li et al. [22] G-6-C 0.8855 -0.0080 0.9999 
G-8-C  0.8030 -0.0060 0.9998 
G-7-C  0.7780 -0.0032 0.9986 
G-10-C  0.7914 -0.0042 0.9972 
C-2-C  0.7987 -0.0043 1.0000 
C-4-C  0.8573 -0.0061 0.9997 

Dang et al. [21] E-G2-C  0.8211 -0.0016 0.9972 
E-G5-C  0.7509 -0.0024 0.9957 
E-G8-C  0.7799 -0.0047 0.9964 
E-C2-C  0.9206 -0.0038 0.9961 
E-C5-C  0.7344 -0.0031 0.9977 
E-C8-C  0.7650 -0.0051 0.9960 

 249 

 250 
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 251 

Fig. 4 Relationship between plastic strain and unloading strain 252 

 (a)  (b) 253 

 (c)  (d) 254 

Fig. 5 Parameters 𝑎𝑎 and 𝑏𝑏 with different ECC compressive strengths and FRP confinement rigidities 255 
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The existing prediction models are evaluated as shown in Figs. 6(a-e). It can be observed that compared with 256 

the test results, Lam and Teng’s model [32] and Yu et al.’s model [33] provide lower predictions, while Wang 257 

et al.’s model [34], Hany et al.’s model [35] and Li et al.’s model [36] generate higher predictions. It reveals 258 

that these plastic strain models developed for FRP-confined normal concrete cannot provide accurate 259 

predictions for FRP-confined ECC. Based on the observation obtained from Fig. 5, new linear equation is 260 

proposed as follows, in which the intersect (parameter 𝑏𝑏 in 𝜀𝜀𝑝𝑝𝑝𝑝 = 𝑎𝑎𝜀𝜀𝑢𝑢𝑢𝑢 + 𝑏𝑏) is associated with confinement 261 

rigidity 𝜌𝜌: 262 

𝜀𝜀𝑝𝑝𝑝𝑝 = �
0,                                                                              0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.002

0.6032𝜀𝜀𝑢𝑢𝑢𝑢 − 0.0011,                                  0.002 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.009  
0.8067𝜀𝜀𝑢𝑢𝑢𝑢 − (0.00008𝜌𝜌 + 0.0016),          0.009 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐 

                        (9) 263 

For the plastic strain models presented in Table 2, 𝜀𝜀𝑝𝑝𝑝𝑝 = 0 is considered for 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001. For the models 264 

proposed by Lam and Teng [32], Yu et al. [33], Wang et al. [34] and Hany et al. [35], a different linear equation 265 

is considered in the lower unloading strain range of 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.0035 𝑜𝑜𝑜𝑜 0.004, compared with that in 266 

the higher unloading range of 0.0035 𝑜𝑜𝑜𝑜 0.004 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐. These piecewise functions aim to generate close 267 

predictions of plastic strains at both lower and higher unloading strains. It should be noted that unloading 268 

strains in the range of 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.0035 𝑜𝑜𝑜𝑜 0.004 are quite low, while most of the test data fall in the 269 

range of 0.0035 𝑜𝑜𝑜𝑜 0.004 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐  for cyclically loaded FRP-confined normal concrete. For FRP-270 

confined ECC in this study, the similar consideration is adopted. In the current database, all plastic strains are 271 

larger than 0.002, leading to the assumption of 𝜀𝜀𝑝𝑝𝑝𝑝 = 0 when 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.002 in Eq. (9). With regression analysis, 272 

meanwhile, a larger unloading strain value 0.009 is assigned to the dividing point of the piecewise function as 273 

shown in Eq. (9). Performance of Eq. (9) is presented in Fig. 6(f), in which close predictions on plastic strains 274 

are obtained compared with test results.  275 

It is worth noting that the above analysis and proposed Eq. (9) are based on the assumption of linear 276 

relationship between plastic strain and unloading strain. As observed in Fig. 4, nonlinear relationship with 277 

power function can be adopted as well to describe the slightly nonlinear behaviour between plastic strain and 278 

unloading strain at larger unloading strains. The following equation is proposed through regression analysis:  279 
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𝜀𝜀𝑝𝑝𝑝𝑝 = �
0,                              0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.002

1.255(𝜀𝜀𝑢𝑢𝑢𝑢)1.2,    0.002 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐                                              (10) 280 

Fig. 6(g) presents the comparison between test results and predicted results. The close agreement shows the 281 

good performance of the proposed equation as shown in Eq. (10). Compared with linear equations, the 282 

proposed power function Eq. (10) can cater the prediction of plastic strains at both lower and higher unloading 283 

strains in the range of 0.002 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐 with one equation in a simpler manner. It is not associated with 284 

ECC strength and confinement rigidity.  285 

 286 

                     (a) Lam and Teng’ s model [32]                                      (b) Yu et al.’s model [33] 287 

      288 

                     (c) Wang et al.’ s model [34]                                         (d) Hany et al.’s model [35] 289 
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     290 

(e) Li et al.’ s model [36]                                         (f) Proposed Eq. (9)  291 

 292 

(g) Proposed Eq. (10) 293 

Fig. 6 Evaluation of different plastic strain models 294 

 295 

Statistical indicators including mean (M), coefficient of variation (COV), average absolute error (AAE) and 296 

coefficient of determination (R2) were also used to evaluate the accuracy of the predictions by the proposed 297 

models and the other existing models, with the expressions given in the following Eqs. (11-14):  298 

𝑀𝑀 = 1
𝑛𝑛
∑ 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖

𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖

𝑛𝑛
𝑖𝑖=1                                                                    (11)  299 
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𝐶𝐶𝐶𝐶𝐶𝐶 = 1
𝑀𝑀
�∑ (

𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖
𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖

−𝑀𝑀)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛−1
                                                         (12) 300 

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

𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖
�𝑛𝑛

𝑖𝑖=1                                                      (13) 301 

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

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

𝑖𝑖=1
                                                  (14) 302 

in which 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖 and 𝑦𝑦𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖 are the ith test result and model predicted result, n is the total number of the test 303 

plastic strains collected from the cyclic stress-strain curves. Statistical performance of different plastic strain 304 

models is presented in Fig. 7. Compared with the existing models [32-36] developed for FRP-confined normal 305 

concrete, the newly proposed models [Eqs. (9) and (10)] developed based on the database of FRP-confined 306 

ECC have more outstanding performance. Eq. (9) provides predictions with M, COV, AAE and R2 of 1.019, 307 

0.146, 0.106 and 0.994, and Eq. (10) provides predictions with M, COV, AAE and R2 of 0.994, 0.146, 0.105 308 

and 0.994, respectively. Compared to Eq. (9) with linear function form, Eq. (10) with power function form is 309 

using simpler expression and can generate slightly better predictions with mean value closer to 1. Meanwhile, 310 

the linear tendency between plastic strain and unloading strain decreases at high unloading strains as shown 311 

in Fig. 4. Power function form is also more logic to describe this nonlinear behaviour. Therefore, Eq. (10) is 312 

used to predict the plastic strain in the development of cyclic model for FRP-confined ECC in this study.  313 

   314 

                                        (a) Mean                                                            (b) Coefficient of variation   315 
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   316 

                              (c) Average absolute error                                        (d) Coefficient of determination 317 

Fig. 7 Statistical performance of different plastic strain models  318 

 319 

3.5 Stress deterioration 320 

Stress deterioration 𝜑𝜑 is a parameter used to depict the degradation behaviour of FRP-confined concrete under 321 

cyclic loadings. It can be expressed as follows:  322 

𝜑𝜑 = 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛
𝜎𝜎𝑢𝑢𝑢𝑢

                                                                       (15) 323 

where 𝜎𝜎𝑢𝑢𝑢𝑢 is the unloading stress and 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 is the stress in the reloading curve at the reference strain 𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟, 324 

which also equals to the unloading strain 𝜀𝜀𝑢𝑢𝑢𝑢 as shown in Fig. 1. In Table 2, it summarises that the expression 325 

of stress deterioration 𝜑𝜑 is in the range of 0.912 – 1.0 for the typical models developed for FRP-confined 326 

normal concrete [32-36]. In the current study, the values of stress deterioration 𝜑𝜑 at different unloading strains 327 

were calculated following the definition presented in Eq. (15) based on the available test data of cyclically 328 

loaded FRP-confined ECC and are plotted in Fig. 8. In the current database, all the unloading strains are larger 329 

than 0.002. In this range, the stress deterioration can be considered independent of the unloading strain as 330 

shown in Fig. 8, which is a similar behaviour to FRP-confined normal concrete. The average value of 𝜑𝜑 =331 

0.936 was obtained by regression analysis using the test data for the range of unloading strain 0.002 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤332 

𝜀𝜀𝑐𝑐𝑐𝑐. Similar to Lam and Teng’s model [32] and Yu et al.’s model [33] as presented in Table 2, 𝜑𝜑 is assigned 333 

to be 1.0 for 0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001 and linear relationship between 𝜑𝜑 and 𝜀𝜀𝑢𝑢𝑢𝑢 is adopted for 0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.002. 334 
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Therefore, the equation of stress deterioration is expressed in Eq. (16) and also adopted in the prediction model 335 

of cyclic stress-strain curve for FRP-confined ECC. 336 

𝜑𝜑 = �
1,                                                     0 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.001

1 − 64(𝜀𝜀𝑢𝑢𝑢𝑢 − 0.001),         0.001 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 0.002  
0.936,                                         0.002 < 𝜀𝜀𝑢𝑢𝑢𝑢 ≤ 𝜀𝜀𝑐𝑐𝑐𝑐 

                                (16) 337 

 338 

Fig. 8 Stress deteriorations at different unloading strains 339 

3.6 Reloading paths  340 

For the typical reloading path of FRP-confined concrete as shown in Fig. 1, it is featured with a linear portion 341 

starting from the plastic strain point (𝜀𝜀𝑝𝑝𝑝𝑝, 0) followed by a nonlinear portion intersecting with the envelope 342 

curve. Smooth transition is ensured between the two portions. In Table 2, it summarises the five existing 343 

reloading models developed for FRP-confined normal concrete. Lam and Teng ‘s model [32] and Yu et al.’s 344 

model [33] adopt the same equation form, which is using a linear curve from the plastic strain point (𝜀𝜀𝑝𝑝𝑝𝑝, 0) 345 

to the reference point (𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛) and a parabolic curve afterwards until the reloading curve intersects with 346 

the envelope curve. Wang et al.’s model [34] and Hany et al.’s model [35] simply neglect the nonlinear 347 

behaviour of the reloading path and directly adopt the linear curve from the plastic strain point (𝜀𝜀𝑝𝑝𝑝𝑝, 0) to the 348 

envelope curve, which passes through the reference point (𝜀𝜀𝑟𝑟𝑟𝑟𝑟𝑟,𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛). Li et al.’s model [36] adopts the 349 

function characterising by two approximately linear curves and a nonlinear transition curve in between. In this 350 
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study, since Wang et al.’s model [34] and Hany et al.’s model [35] cannot capture the nonlinear reloading 351 

behaviour, only  Lam and Teng ‘s model [32], Yu et al.’s model [33] and Li et al.’s model [36] were used to 352 

evaluate the applicability for the reloading path prediction of FRP-confined ECC.  353 

 354 

4. Proposed cyclic stress-strain models and validation  355 

In Section 3 of this paper, different components of cyclic stress-strain model for FRP-confined ECC, including 356 

envelope curve, unloading and reloading paths, plastic strain as well as stress deterioration, have been 357 

discussed in detail. Lam and Teng’s model [47] was modified with the new equations of ultimate compressive 358 

strength and ultimate axial strain [26]. It could provide close predictions of the stress-strain curve for FRP-359 

confined ECC under monotonic compression, which is also regarded as the envelope curve of FRP-confined 360 

ECC under cyclic compression. Five typical unloading models were evaluated and Wang et al.’s unloading 361 

model [34] was found to generate the closest predictions for FRP-confined ECC. Based on the available test 362 

data, new equations for predicting the plastic strain [as shown in Eq. (10)] and stress deterioration [as shown 363 

in Eq. (16)] were proposed for FRP-confined ECC. Meanwhile, Lam and Teng’s model [32] and Li et al.’s 364 

model [36] were selected to capture the characteristics of the reloading behaviour of FRP-confined ECC. With 365 

these determined components, cyclic stress-strain model of FRP-confined ECC can be developed.  366 

Fig. 9 shows the comparison between the predicted curves and test curves for cyclically loaded FRP-confined 367 

ECC. Model Ⅰ consists of the modified Lam and Teng’s enveloped model [26,47], Wang et al.’s unloading 368 

model [34], newly proposed plastic strain model and stress deterioration model [Eqs. (10) and (16)] as well as 369 

Lam and Teng’s reloading model [32]; while Model Ⅱ consists of the modified Lam and Teng’s enveloped 370 

model [26,47], Wang et al.’s unloading model [34], newly proposed plastic strain model [Eq. (10)] as well as 371 

Li et al.’s reloading model [36], as shown in Fig. 10. For the predicted curves by Model Ⅰ and Model Ⅱ in Fig. 372 

9, all the parameters were determined by the corresponding cyclic model, except that the actual unloading 373 

strain was adopted for each unloading cycle. It is also worth noting that the actual FRP rupture strain, which 374 

governs the failure of FRP-confined ECC, was adopted to determine the ultimate point for the test data 375 

obtained from Li et al. [22] [as shown in Figs. 9(a-f)]. However, for the test data obtained from Dang et al. 376 
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[21] [as shown in Figs. 9(g-l)], the actual hoop strain at FRP rupture was not reported. Instead, the actual 377 

ultimate compressive strength and ultimate axial strain were adopted for the specimens in Figs. 9(g-l).  378 

 379 

(a) (b) 380 

(c) (d) 381 

(e) (f) 382 
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(g) (h) 383 

(i) (j) 384 

(k) (l) 385 

 386 

Fig. 9 Comparisons of cyclic stress-strain curves between test results and predicted results  387 

 388 
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 389 

Fig. 10 Components in proposed Model Ⅰ and Model Ⅱ 390 

 391 

In Figs. 9(a-f), the predicted results generated by Model Ⅰ and Model Ⅱ are with the same envelope curve, 392 

same unloading curves and different reloading curves, and the reloading curves generated by Model Ⅰ are 393 

closer to the test reloading paths. In Figs. 9(g-l), the envelope curve, unloading curves and reloading curves 394 

generated by Model Ⅰ and Model Ⅱ are all different. For Model Ⅰ predictions, the reloading curve always 395 

intersects with the envelope curve before reaching the next unloading strain, and the unloading stress was 396 

calculated with the envelope curve model at the corresponding unloading strain. For Model Ⅱ predictions, 397 

however, the reloading curve may reach the next unloading strain before intersecting with the envelope curve, 398 

so that the unloading stress needs to be calculated with the reloading model at the corresponding unloading 399 

strain in this case. Meanwhile, the different unloading stress could also lead to different predicted unloading 400 

paths for Model Ⅰ and Model Ⅱ, though they are both using Wang et al.’s unloading model [34]. Overall, it 401 

can be observed from Fig. 9 that Model Ⅰ outperforms Model Ⅱ and provides closer predictions compared with 402 

the test results, especially in terms of the reloading paths. Therefore, the proposed Model Ⅰ can be adopted for 403 

predicting the cyclic stress-strain behaviour of FRP-confined ECC to capture the envelope curve, unloading 404 

and reloading paths, plastic strains as well as stress deterioration behaviour. Furthermore, it also indicates that 405 
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the proposed Model Ⅰ can provide acceptable predictions for cyclically loaded FRP-confined ECC with 406 

different ECC strengths and confining stiffnesses.   407 

It is noted that the relatively larger deviations between test curves and predicted curves can be observed for 408 

the test specimens reported in Dang et al. [21], especially for the envelope curve for the specimens of “E-G5-409 

C”, “E-G8-C”, “E-C5-C” and “E-C8-C” as presented in Figs. 9(h, I, k and l). In Dang et al. [21], both 410 

monotonic and cyclic test results on two identical specimens were reported, and the envelope curve of the 411 

specimen under cyclic compression agreed well with the stress-strain curve of the counterpart specimen under 412 

monotonic compression. In Li et al. [22], the monotonic test data collected from Dang et al. [21] were used to 413 

develop the analysis-oriented model for FRP-confined ECC. It was observed that with the increase of 414 

confining stiffness, some specimens presented the larger dilation behaviour and less strength enhancement 415 

behaviour, which is not following the basic trend for FRP-confined concrete. Detailed discussions can be 416 

referred to Li et al. [22]. Therefore, the test data from Dang et al. [21] may require further examination. It 417 

could be the reason for the relatively larger deviations between test curves and predicted curves for the 418 

specimens as shown in Figs. 9(h, I, k and l). On the other hand, the proposed cyclic models may also require 419 

further validations with more test data in future studies.  420 

 421 

5. Conclusions  422 

This study presents the modelling of cyclic stress-strain behaviour of FRP-confined ECC. A database on FRP-423 

confined ECC was collected. Different components in cyclic stress-strain model of FRP-confined concrete, 424 

including envelope curve, unloading and reloading paths, plastic strain and stress deterioration, were discussed 425 

in detail. The applicability of existing models that were developed for FRP-confined normal concrete was 426 

evaluated for FRP-confined ECC and new equations were also developed accordingly based on the test results 427 

of FRP-confined ECC. The following conclusions can be obtained within the current scope of the study:  428 

(1) Typical existing unloading and reloading models that were developed for FRP-confined normal 429 

concrete were evaluated for FRP-confined ECC. Wang et al.’s model [34] was found to be able to 430 

generate close predictions on the unloading behaviour of FRP-confined ECC. Lam and Teng’s model 431 
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[32] and Li et al.’s model [36] could capture the characteristics of the reloading behaviour of FRP-432 

confined ECC.  433 

(2) Typical existing plastic strain models that were developed for FRP-confined normal concrete could 434 

not provide accurate predictions for FRP-confined ECC. Based on the available test data, new equation 435 

on plastic strain of cyclically loaded FRP-confined ECC was proposed. Meanwhile, new stress 436 

deterioration equation was also developed based on the test data for FRP-confined ECC under cyclic 437 

compression.  438 

(3) Two cyclic stress-strain models, Model Ⅰ and Model Ⅱ, were proposed and used to predict the stress-439 

strain curve for cyclically loaded FRP-confined ECC. Model Ⅰ, which adopts modified Lam and Teng’s 440 

envelope model [26,47] and Wang et al.’s unloading model [34] together with the newly proposed 441 

plastic strain model and stress deterioration model [Eqs. (10) and (16)] as well as Lam and Teng’s 442 

reloading model [32], can provide close predictions compared with the test results and can be used as 443 

the cyclic stress-strain model for FRP-confined ECC.  444 

This study presents the development approach to the cyclic stress-strain modelling of FRP-confined ECC. It 445 

is worth noting that the cyclic models presented in this study were developed based on the available test results 446 

of FRP-confined ECC under cyclic compression, which are the data obtained from Dang et al. [21] and Li et 447 

al. [22]. The unconfined ECC strengths are 40 MPa and 64.6-66 MPa. Meanwhile, the stress-strain curves are 448 

with the feature of an ascending second portion. Applicability of the proposed model is limited to these ranges 449 

and could be further verified with more cyclic FRP-confined ECC test data in future studies. 450 
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