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Abstract  7 

A total of 18 specimens of fiber-reinforced polymer (FRP) confined engineered cementitious composite (ECC) 8 

were tested under axial compression in this study. Both monotonic loading and cyclic loading were considered. 9 

Effects of different FRP materials, glass FRP (GFRP) tube and carbon FRP (CFRP) jacket, as well as different 10 

FRP thicknesses were investigated. All the specimens exhibited the typical strain hardening behavior, indicating 11 

the effective enhancement of compressive strength and strain of ECC under FRP confinement. Failure modes, 12 

stress-strain behavior and dilation behavior were presented and analyzed. The FRP-confined ECC showed large 13 

ultimate axial strains, demonstrating the superior deformability and ductility performance. Design equations were 14 

developed to predict the ultimate compressive strength and strain. Based on the test results obtained from this 15 

study and other test results collected in the literature, an analysis-oriented model was proposed to predict the 16 

overall compressive stress-strain behavior of FRP-confined ECC columns.  17 

Keywords: analysis-oriented model; compressive behavior; confinement; engineered cementitious composite 18 

(ECC); fiber-reinforced polymer (FRP) 19 
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Nomenclature 

𝑐  constant in axial strain enhancement equation 

𝐷  diameter of confined ECC 

𝐸𝑐  elastic modulus of concrete 

𝐸𝑓  elastic modulus of confining FRP  

𝑓𝑐0
′ compressive strength of unconfined ECC 

𝑓𝑐𝑐
′∗ peak axial compressive stress of actively-confined concrete 

𝑓𝑐𝑢
′ ultimate compressive strength of FRP-confined ECC 

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′

predicted ultimate compressive strength of FRP-confined ECC 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′ test ultimate compressive strength of FRP-confined ECC 

𝑓𝑙 confining pressure 

𝑓𝑙𝑢,𝑎 actual confining pressure at FRP rupture 

𝐾𝑙 FRP confining stiffness 
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𝑘1 axial compressive strength enhancement coefficient  

𝑘2 axial compressive strain enhancement coefficient  

𝑟 parameter in equation of actively-confined concrete 

𝑡𝑓 thickness of confining FRP 

𝜀𝑐 axial strain of FRP-confined concrete 

𝜀𝑐0 axial strain corresponding to the compressive strength of unconfined ECC 

𝜀𝑐𝑐
∗ axial strain of actively-confined concrete corresponding to 𝑓𝑐𝑐

′∗

𝜀𝑐𝑢 ultimate axial strain of FRP-confined ECC 

𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 predicted ultimate axial strain of FRP-confined ECC 

𝜀𝑐𝑢,𝑡𝑒𝑠𝑡 test ultimate axial strain of FRP-confined ECC 

𝜀ℎ,𝑟𝑢𝑝 average hoop FRP rupture strain 

𝜀𝑙 lateral strain of FRP-confined concrete 

𝜎𝑐 axial stress of FRP-confined concrete 

21 

1. Introduction22 

Concrete is one of the most commonly used constructional materials in civil engineering because of the excellent 23 

compressive behavior and relatively low cost. However, the brittle characteristic and limited tensile resistance may 24 

also lead to many challenges in concrete structures [1-3], such as concrete cover spalling and concrete cracking 25 

followed by inner steel rebar corrosion. To improve the toughness of concrete, a ductile concrete material named 26 

engineered cementitious composite (ECC) was developed [4,5]. Short polymer fibers, normally polyethylene (PE) 27 

fibers, polyvinyl alcohol (PVA) fibers or polypropylene (PP) fibers, are used and randomly distributed in ECC 28 

mixture. Compared with normal concrete, ECC can develop a ductile tensile strain hardening behavior with an 29 

obviously improved tensile strain capacity up to 10% [4,5]. When a microcrack initiates in ECC, the fiber bridging 30 

the microcrack will prevent its width to continue increasing. Meanwhile, multiple microcracks will occur with the 31 

average width in a stable state of less than 100 µm [6]. Recent research has explored the utilization of ECC in 32 

different structural forms, such as using ECC layer in the tension zone of reinforced concrete beams [7], using 33 

reinforced ECC cover to provide additional confinement in hybrid columns [8-11] and repair and strengthening 34 

with ECC in the plastic hinge zone of beam-column joints [12,13]. These applications aim to improve the 35 

deformability and ductility of the composite members with the advantages of ECC, leading to the enhanced 36 

structural performance especially under extreme loadings. It is worth noting that the composite members are 37 

normally developed by replacing partial normal concrete with ECC in the crucial regions, rather than fully cast 38 



with ECC. Because of the higher cost of ECC than normal concrete, this arrangement can achieve the effective 39 

and optimal design from the aspects of both structural behavior and economy [14].  40 

In additional to the aforementioned advantages, there are also challenges that need to be solved for the application 41 

of ECC, such as the strain softening behavior of ECC under compressive loads [15-19]. Similar to FRP-confined 42 

normal concrete [20-23], it is an effective approach to improve the compressive strength and strain of ECC with 43 

lateral FRP confinement [24-26]. Dang et al. [24] experimentally compared the compressive behavior of ECC 44 

cylinders and normal concrete cylinders confined by FRP jackets and found that FRP-confined ECC could develop 45 

the obviously larger ultimate axial strain than FRP-confined normal concrete under the same level of confinement. 46 

It was also reported by Li et al. [26] that when adopting an annular ECC layer in the FRP-confined high strength 47 

concrete column, the hoop strain on FRP tube could be more uniform because of the multiple cracking behavior 48 

of ECC, which could help to redistribute the hoop strain and avoid strain concentration. The failure of FRP rupture 49 

was consequently delayed with the enhanced column deformability. Therefore, FRP-confined ECC has the 50 

potential to exhibit advantages over FRP-confined normal concrete under the extreme conditions, such as seismic 51 

loadings where the structural members are required to withstand relatively large deformations. Cyclic compression 52 

is of particular interest when seismic loadings are considered for structural columns. Dang et al. [24] reported the 53 

cyclic compressive behavior of FRP-confined ECC and noted that the cyclically loaded specimens tended to 54 

achieve relatively larger compressive strength and strain. Meanwhile, the upper boundary of the cyclic stress-strain 55 

curve was found to be close to the monotonic stress-strain curve for FRP-confined ECC.  56 

For FRP-confined normal concrete, there have been extensive studies presenting the analysis and design-oriented 57 

models [27,28]. For FRP-confined ECC, Dang et al. [24] proposed the design equations of ultimate conditions and 58 

noted that the strength enhancement coefficient was different from that for FRP-confined normal concrete. 59 

Meanwhile, Yuan et al. [25] proposed the lateral strain-axial strain model for FRP-confined ECC and revealed that 60 

the dilation behavior of FRP-confined ECC was different from that of FRP-confined normal concrete due to the 61 

self-confinement effect of ECC. Since the dilation of confined concrete is highly related to the confining pressure 62 

[27,28], it may lead to that the existing analysis and design models developed based on FRP-confined normal 63 

concrete cannot provide accurate predictions on the stress-strain behavior of FRP-confined ECC. In the current 64 

stage, research on the compressive behavior of FRP-confined ECC is relatively limited. It is worthwhile to carry 65 

out more experimental investigations under both monotonic and cyclic loadings to enrich the test database. 66 



Analysis and design models that are applicable to FRP-confined ECC need to be proposed based on the enlarged 67 

test database. The models are useful not only for FRP-confined solid ECC columns, but also for various FRP-68 

confined concrete composite members wherever ECC is adopted.  69 

In this study, experimental investigations on FRP-confined ECC columns under both monotonic and cyclic 70 

loadings were conducted to fully understand the compressive behavior. Failure modes, stress-strain responses and 71 

dilation behavior were carefully presented and analyzed. Design equations were developed to predict the ultimate 72 

compressive strength and ultimate axial strain. Based on the test results obtained from this study and other test 73 

results collected from literature, an analysis-oriented model was proposed to predict the overall compressive stress-74 

strain behavior of FRP-confined ECC columns. 75 

 76 

2. Experimental investigation  77 

2.1 Material properties  78 

2.1.1 ECC 79 

ECC mix proportions are given in Table 1. 2% volume of polyethylene (PE) fiber, with the properties provided in 80 

Table 2, was used in the ECC mixture. Three 100 mm × 200 mm cylinders were cast together with the FRP-81 

confined ECC specimens and used to determine the compressive properties of plain ECC. According to test 82 

standards ASTM C39 [29] and ASTM C469 [30], the stress loading rate of 0.3 MPa/s was adopted for the 83 

compression tests, which yielded the equivalent displacement loading rate of 0.24 mm/min under the displacement-84 

controlled loading method.  Strain gauges and LVDTs were used to monitor the compressive strain. Axial load 85 

would drop after reaching the ECC compressive strength and the loading was stopped when the residual load was 86 

25% that of the peak load. Compressive stress-strain curves for plain ECC cylinders are plotted in Fig. 1. 87 

Compressive strength, axial strain corresponding to the compressive strength and elastic modulus are 40.0 MPa, 88 

0.0041 and 15.0 GPa, respectively. Poisson’s ratio was calculated to be 0.21.  89 

Direct tensile tests were also carried out on three ECC coupons as per the recommendations of JSCE [31] to obtain 90 

the tensile behavior of ECC. Displacement-controlled loading method, with the displacement loading rate of 0.5 91 

mm/min, was adopted for the tensile tests as suggested by JSCE [31]. LVDTs were used to measure the tensile 92 

strain. The tensile load would fluctuate during the formation of cracks and the loading was stopped when the axial 93 

strain reached 6% in the post-peak stage. Tensile stress-strain curves as well as the typical failed specimen are 94 



presented in Fig. 2. ECC coupons exhibited the ductile tensile behavior and multiple fine cracking behavior, with 95 

the tensile strength of 4.9 MPa and tensile strain capacity of 3.8%.  96 

Table 1 ECC mix proportions (kg/m3) 97 

Concrete  Water Cement Fly ash Sand S.P.* Fiber 

ECC 320.0 550.0 660.0 460.0 13.5 19.4 
                                   S.P.*: Super plasticizer.  98 

Table 2 Polyethylene (PE) fiber properties 99 

Diameter  

(µm) 

Length  

(mm) 

Density  

(g/cm3) 

Elastic modulus 

(GPa) 

Tensile strength 

(MPa) 

24 12 0.97 120 3000 

 100 

                   101 
      Fig. 1 Compressive stress-strain behavior of ECC                Fig. 2 Tensile stress-strain behavior of ECC 102 

2.1.2 FRP  103 

Two different FRP materials, glass FRP (GFRP) tube and carbon FRP (CFRP) jacket, were used in this study to 104 

provide confinement for ECC. GFRP tube was manufactured by filament winding process, with the fiber 105 

orientation of 80 degree with respect to the longitudinal axis. Five FRP rings with the width of 50 mm were cut 106 

from the GFRP tube for split-disk tests as per ASTM D2290-08 standard [32]. Four strain gauges were installed 107 

on the outer surface of the FRP ring and kept 15 mm away from the gap between the two semi-circular disks for 108 

tensile strain measurement. Tensile properties of GFRP tube are obtained and presented in Table 3. Five tensile 109 

coupons with the width of 15 mm and length of 250 mm were prepared and tested for CFRP jacket according to 110 

the requirements of ASTM D3039-17 [33]. Steel plates with the width of 15 mm and length of 56 mm were bonded 111 

at the two ends of the coupons with epoxy to transfer load and avoid local failure when clamped to the machine 112 

grips. Two strain gauges were attached at the mid-length of both sides of the coupon for strain measurement. 113 

Tensile properties of CFRP jacket are presented in Table 3. 114 

Table 3 Tensile properties of FRP materials  115 

FRP material 
Elastic modulus 

(GPa) 

Tensile strength 

(MPa) 

Ultimate tensile 

strain 



GFRP tube 39.2 626.4 0.0160 

CFRP jacket 255.0 4200.2 0.0179 

  116 
 117 

2.2 Test specimens  118 

A total of 18 FRP-confined ECC specimens were prepared and tested under axial monotonic and cyclic 119 

compression. The cylindrical specimens had two nominal diameters, which were 100 mm and 200 mm, with the 120 

corresponding heights of 200 mm and 400mm. The height to diameter ratio is 2 for the tested specimens in this 121 

study, which is widely adopted for stub columns to investigate the structural behavior under pure axial compression 122 

[22-25,34]. All the specimens are listed in Table 4. For the specimen label, “G” and “C” refer to GFRP tube and 123 

CFRP jacket respectively; “6”, “7”, “8” and “10” stand for 6, 7, 8 and 10 filament winding layers for the GFRP 124 

tube; “2” and “4” stand for 2 and 4 wrapping layers of CFRP jacket; “M1” and “M2” represent the two identical 125 

specimens under monotonic loading, while “C” represents the specimen under cyclic loading. For GFRP tube 126 

confined ECC specimens, ECC was cast into the prepared GFRP tubes. For CFRP jacket confined ECC specimens, 127 

ECC cylinders were firstly cast, followed by CFRP jacket wrapping in the circumferential direction with epoxy 128 

resin through the wet lay-up process. An overlapping zone with the length of 100 mm was adopted for all the 129 

wrapped specimens to ensure the continuity of CFRP jacket and adequate bonding. Two end surfaces of the column 130 

were carefully capped using high strength gypsum material to ensure the specimen was in full contact with the 131 

loading plates.  132 

Table 4 Details and key results of tested specimens 133 

Specimen 

label  
FRP type 

𝐷 

(mm) 

𝑡𝑓 

(mm) 

𝑓𝑐𝑢
′  

(MPa) 
𝜀𝑐𝑢 𝜀ℎ,𝑟𝑢𝑝 

𝑓𝑙𝑢,𝑎 

(MPa) 
𝑓𝑙𝑢,𝑎 𝑓𝑐0

′⁄  

G-6-M1 GFRP tube 100 2.00 99.2 0.0713 0.0180 28.2 0.71 

G-6-M2 GFRP tube 100 2.00 105.2 0.0746 0.0188 29.5 0.74 

G-6-C GFRP tube 100 2.00 136.5 0.1025 0.0220 34.5 0.86 

G-8-M1 GFRP tube 100 2.45 114.6 0.0815 0.0192 36.9 0.92 

G-8-M2 GFRP tube 100 2.45 113.5 0.0849 0.0185 35.5 0.89 

G-8-C GFRP tube 100 2.45 113.3 0.0913 0.0190 36.5 0.91 

G-7-M1 GFRP tube 200 2.35 56.9 0.0266 0.0119 11.0 0.27 

G-7-M2 GFRP tube 200 2.35 60.0 0.0272 0.0123 11.3 0.28 

G-7-C GFRP tube 200 2.35 56.8 0.0332 0.0145 13.4 0.33 

G-10-M1 GFRP tube 200 3.45 85.0 0.0518 0.0141 19.1 0.48 

G-10-M2 GFRP tube 200 3.45 84.6 0.0493 0.0140 18.9 0.47 

G-10-C GFRP tube 200 3.45 84.6 0.0555 0.0149 20.2 0.50 

C-2-M1 CFRP jacket 100 0.22 73.2 0.0507 0.0178 20.0 0.50 

C-2-M2 CFRP jacket 100 0.22 77.1 0.0616 0.0182 20.4 0.51 

C-2-C CFRP jacket 100 0.22 77.0 0.0587 0.0155 17.4 0.43 

C-4-M1 CFRP jacket 100 0.44 192.4 0.1410 0.0238 53.4 1.34 

C-4-M2 CFRP jacket 100 0.44 130.8 0.0937 0.0183 41.1 1.03 



C-4-C CFRP jacket 100 0.44 198.5 0.1418 0.0228 51.2 1.28 

2.3 Test setup and loading 134 

Axial compression tests were conducted on the MTS 815 rock mechanics system. Fig. 3 shows the test setup and 135 

specimen instrumentations. Strain gauges with the gauge length of 5 mm were installed on the GFRP tube or CFRP 136 

jacket surface in the mid-height of the specimen in the hoop direction for hoop strain measurements. Eight hoop 137 

strain gauges at every 45° were used for the specimens with the diameter of 100 mm, while twelve hoop strain 138 

gauges at every 30° were used for the specimens with the diameter of 200 mm. It is worth noting that there were 139 

three strain gauges located in the overlapping zone for CFRP jacket wrapped ECC specimens. Four strain gauges 140 

with the gauge length of 20 mm were installed in the mid-height of the column in the axial direction at every 90° 141 

to measure the axial strains. Meanwhile, four LVDTs were put between the top and bottom loading plates to 142 

measure the axial shortening behavior of the specimen. Axial load, strain gauge readings and LVDT readings were 143 

recorded by a data logger simultaneously.  144 

(a)    (b)    (c) 145 

Fig. 3. Test setup and instrumentations: (a) test setup; (b) instrumentation for specimen with diameter of 200 mm; 146 
(c) instrumentation for specimen with diameter of 100 mm 147 

Displacement-controlled loading method, with the displacement loading rate of 0.24 mm/min, was adopted for the 148 

axial compression tests. Axial load was applied until FRP rupture for the specimens subjected to monotonic 149 

compression. For cyclic compression tests, the specimen was loaded to the first target unloading displacement, 150 

then unloaded to the load level which was approximately 0 kN, followed by the reloading process until reaching 151 

the second target unloading displacement that was larger than the first one. The unloading/reloading processes 152 

were repeated until the specimen failure. The first target unloading displacement and the difference of the target 153 

unloading displacements in the next and the previous loading cycles were nearly kept constant. They were both 154 



approximately 4 mm for 100 mm × 200 mm specimens and 2 mm for 200 mm × 400 mm specimens. This 155 

unloading/reloading procedure was automatically controlled by a preset program. 156 

3. Test results and discussions  157 

3.1 Failure modes  158 

Failure modes for the tested specimens are shown in Fig. 4. For plain ECC cylinders, inclined and vertical 159 

dominated cracks can be observed as shown in Fig. 4(a), which lead to shear and splitting failure of ECC under 160 

compression. Meanwhile, multiple microcracks near the major cracks as well as the fibers bridging through the 161 

cracks could be observed. All the FRP-confined ECC specimens failed by FRP rupture in the hoop direction as 162 

shown in Fig. 4(b). For specimens with GFRP tubes, white patches were observed firstly during the loading process, 163 

which indicated that resin failure occurred. With further axial shortening, GFRP tube rupture occurred at one 164 

location and then propagated along the column within the whole height region. For CFRP jacket confined ECC 165 

specimens, FRP ruptured at one location and peeled off within the same height region. When GFRP tube or CFRP 166 

jacket was removed, the inner cracking pattens of confined ECC can be observed as shown in Fig. 4(c). Multiple 167 

fine cracks were distributed around the column in a relatively uniform manner. There were no localized large 168 

cracks and failure could be observed. The failure phenomenon and pattern of specimens under cyclic loading are 169 

similar to those of specimens under monotonic loading, which can be observed in Figs. 4(b) and (c).  170 

         171 
                                                               (a) Failure of plain ECC cylinder 172 

        173 
(b) FRP rupture  174 

G-8-M1 C-2-M1 G-6-M1 C-4-M2 G-7-M2 G-10-M1 G-8-C C-4-C 



        175 
(c) Cracking of confined ECC  176 

Fig. 4 Failure modes of tested specimens  177 

3.2 Axial stress-axial strain responses  178 

Axial stress-axial strain curves for the tested FRP-confined ECC specimens are plotted in Fig. 5. It is worth noting 179 

that the axial strain can be determined by both the axial strain gauges and the full height LVDTs. The readings of 180 

the four axial strain gauges were nearly the same at the elastic stage before ECC cracking, indicating the pure axial 181 

compression applied on the specimen without eccentricity. However, with the increase of loading, the readings of 182 

the four strain gauges deviated with each other. This behavior is also reported in the literature [35] and is believed 183 

to be caused by the non-uniform damage and cracking of inner concrete. Strain gauges would also be damaged in 184 

the later loading stage because of the relatively large axial deformation. On the other hand, the readings of the four 185 

LVDTs, which represented the axial shortening of the specimen, were almost the same during the whole loading 186 

process. Meanwhile, axial strain calculated by the LVDTs were close to that recorded by the strain gauges at the 187 

elastic stage. Therefore, axial strain is determined with the average reading of the four LVDTs and the 188 

corresponding specimen height in this study for analysis and discussions. 189 

FRP-confined ECC exhibits a similar typical stress-strain response as FRP-confined normal concrete, in terms of 190 

the curve shape. The monotonic stress-strain curve consists of two approximately linear portions connected by a 191 

smooth transition zone [36]. Under cyclic loading, axial stress decreases more and more slowly with the decrease 192 

of axial strain in the unloading curve till the reloading point where the stress is zero [37,38]. For the reloading 193 

curve, a linear portion followed by the nonlinear portion till the next unloading point can be observed [37,38]. 194 

Strain hardening behavior can be observed for all the specimens, which indicates the effective confinement 195 

provided by FRP and enhanced compressive strength and strain that have achieved. Test curves for two identical 196 

specimens under axial monotonic compression (M1 and M2) nearly coincide with each other as shown in Fig. 5, 197 

demonstrating the repeatability of the test results. The envelope curves for the specimens under cyclic compression 198 

are close to the stress-strain curves for those under monotonic compression as shown in Fig. 5.  199 

G-6-M1 G-8-M1 C-2-M1 C-4-M2 G-7-M2 G-10-M1 G-8-C C-4-C 



In previous studies, it was found that the ultimate compressive strength and strain of specimens under cyclic 200 

compression could be larger than those of specimens under monotonic compression, for both FRP-confined normal 201 

concrete [37,38] and FRP-confined ECC [24]. This behavior is observed for G-6 specimens in this current study, 202 

as shown in Fig. 5(a). For other specimens, it can be found that the cyclically loaded specimens can generally 203 

develop the slightly larger ultimate axial strain and the similar ultimate compressive strength in comparison to the 204 

counterpart monotonically loaded specimens, as shown in Figs. 5(b-f). It can also be observed in Fig. 5 that with 205 

the increase of FRP thickness for specimens with the same diameter and FRP material (i.e. comparing Figs. 5(a) 206 

and (b) for specimens with the diameter of 100 mm and 6 or 8 layers of GFRP tube; Figs. 5(c) and (d) for specimens 207 

with the diameter of 200 mm and 7 or 10 layers of GFRP tube; Figs. 5(e) and (f) for specimens with the diameter 208 

of 100 mm and 2 or 4 layers of CFRP jacket), the ultimate compressive strength and ultimate axial strain were 209 

increased accordingly due to the larger confining stiffness. In terms of the two confinement materials used, i.e. 210 

GFRP tube and CFRP jacket, the stress-strain responses are similar and there is no obvious difference observed.  211 

(a) (b) (c) 212 

(d) (e) (f) 213 
Fig. 5 Axial stress-axial strain curves for FRP-confined ECC specimens 214 

3.3 Hoop strain-axial strain responses 215 

Dilation behavior is of vital importance for analysis of confinement effect of FRP-confined concrete. Hoop strain-216 

axial strain curves for the tested specimens are plotted in Fig. 6, representing the dilation behavior of FRP-confined 217 

ECC. Tensile hoop strain is assigned with negative value, while compressive axial strain is assigned with positive 218 

value. For GFRP tube confined ECC specimens, hoop strain is averaged from readings of all the eight or twelve 219 



hoop strain gauges. For CFRP jacket confined ECC, hoop strain is averaged from the readings of the five strain 220 

gauges outside the overlapping zone. It is noted that the hoop strain gauges may be damaged due to the large axial 221 

deformation of GFRP tube or CFRP jacket and cannot hold on to the FRP rupture. In Fig. 6, the hoop strain-axial 222 

strain curve was linearly extended to the point corresponding to ultimate axial strain at FRP rupture. Hoop rupture 223 

strains 𝜀ℎ,𝑟𝑢𝑝 for the tested FRP-confined ECC specimens are summarized in Table 4. Similar to axial stress-axial 224 

strain responses, the envelope curve for the specimen under cyclic loading is close to the curves for the counterpart 225 

specimens under monotonic loading as presented in Fig. 6. With the increase of FRP thickness for specimens with 226 

the same diameter and FRP material (i.e. comparing Figs. 6(a) and (b) for specimens with the diameter of 100 mm 227 

and 6 or 8 layers of GFRP tube; Figs. 6(c) and (d) for specimens with the diameter of 200 mm and 7 or 10 layers 228 

of GFRP tube; Figs. 6(e) and (f) for specimens with the diameter of 100 mm and 2 or 4 layers of CFRP jacket), 229 

hoop strain develops more slowly because of the stronger confinement. The ultimate axial strain will also be further 230 

improved accordingly.  231 

(a) (b) (c)   232 

(d) (e) (f) 233 

Fig. 6 Hoop strain-axial strain curves for FRP-confined ECC specimens  234 

3.4 Hoop strain distributions  235 

Hoop strain distribution and cracking behavior of confined ECC are presented together in Fig. 7 for the tested 236 

specimens. The hoop strain distributions were plotted based on the readings of the strain gauges attached in the 237 

hoop direction in the mid-height of the column. Due to the fiber bridging effect in ECC material, multiple fine 238 

cracks, instead of localized cracks, are able to be developed for FRP-confined ECC. Based on the hoop strain plots, 239 



it can be observed that the specimens under cyclic compression can generally develop more uniform hoop strain 240 

distributions in comparison to counterpart specimens under monotonic compression. For CFRP jacket wrapped 241 

ECC specimens (C-2 specimens and C-4 specimens), strain values at locations h6, h7 and h8, which are in the 242 

overlapping zone, are lower than those at the other locations. Hoop strains at these three locations are excluded 243 

when determining the average hoop strains of the FRP-confined ECC specimens. 244 

     245 

                            G-6-M1                                                                           G-6-C 246 

      247 

                            G-8-M1                                                                           G-8-C 248 

      249 

                            G-7-M2                                                                           G-7-C 250 



      251 

                            G-10-M1                                                                           G-10-C 252 

       253 

                            C-2-M1                                                                           C-2-C 254 

       255 

                            C-4-M2                                                                           C-4-C 256 

Fig. 7 Hoop strain distribution behavior and cracking behavior for the tested specimens under monotonic and 257 

cyclic loadings 258 

3.5 Ultimate conditions  259 

Ultimate conditions corresponding to FRP rupture, including the ultimate compressive strength 𝑓𝑐𝑢
′  and ultimate 260 

axial strain 𝜀𝑐𝑢 as summarized for each tested specimen in Table 4, are discussed in this section. Confinement 261 

level is closely related to the ultimate conditions for FRP-confined concrete. Actual confining pressure 𝑓𝑙𝑢,𝑎 262 

corresponding to FRP rupture can be determined as follows: 263 

𝑓𝑙𝑢,𝑎 = 𝐾𝑙𝜀ℎ,𝑟𝑢𝑝 =
2𝐸𝑓𝑡𝑓𝜀ℎ,𝑟𝑢𝑝

𝐷
                                                               (1) 264 



in which 𝐸𝑓and 𝑡𝑓 are elastic modulus and thickness of confining FRP; 𝐷 is the diameter of confined ECC; 𝜀ℎ,𝑟𝑢𝑝 265 

is the actual hoop rupture strain of FRP; 𝐾𝑙 is the confining stiffness. Fig. 8 presents the relations between strength 266 

enhancement ratio 𝑓𝑐𝑢
′ 𝑓𝑐0

′⁄  as well as strain enhancement ratio 𝜀𝑐𝑢 𝜀𝑐0⁄  and actual confinement ratio 𝑓𝑙𝑢,𝑎 𝑓𝑐0
′⁄ . It 267 

can be seen that both the strength and strain enhancement ratios increase with the increase of confinement ratio.  268 

(a)   (b) 269 
Fig. 8 Relations between strength/strain enhancement ratio and actual confinement ratio 270 

Lam and Teng [36] proposed the design equations for predicting the ultimate compressive strength and ultimate 271 

axial strain based on a database of normal strength concrete confined by different types of FRP with the following 272 

expressions:  273 

𝑓𝑐𝑢
′

𝑓𝑐0
′ = 1 + 𝑘1

𝑓𝑙𝑢,𝑎

𝑓𝑐0
′                                                                       (2) 274 

𝜀𝑐𝑢

𝜀𝑐0
= 𝑐 + 𝑘2

𝑓𝑙𝑢,𝑎

𝑓𝑐0
′                                                                       (3) 275 

in which 𝑘1 and 𝑘2 can be regarded as strength and strain enhancement coefficients and 𝑐 is constant. Teng et al. 276 

[39] developed the refined version of the equations later on with a more versatile database. These prediction 277 

equations have been widely accepted and adopted by design specifications [40,41]. Dang et al. [24] proposed the 278 

design expressions to predict the ultimate compressive strength and ultimate axial strain based on self-conducted 279 

test results of FRP-confined ECC. The formula forms are similar to those proposed by Lam and Teng [36] and 280 

Teng et al. [39], but with different coefficients. These existing equations are evaluated in this section. Comparisons 281 

between the test results and prediction results by these equations are summarized in Tables 5 and 6 and Fig. 9. It 282 

can be observed that both Lam and Teng’s model [36] and Teng et al.’s model [39] significantly overestimate the 283 

ultimate compressive strength, while Teng et al.’s model [39] underestimates the ultimate axial strain to a large 284 

extent. It demonstrates that the equations proposed based on FRP-confined normal concrete may not be applicable 285 

to FRP-confined ECC. By contrast, Dang et al.’s model [24], developed by a limited test database of FRP-confined 286 



ECC, could provide much better predictions on the ultimate compressive strength. However, the ultimate axial 287 

strain is largely underestimated by Dang et al.’s model [24].  288 

Linear relationship has been considered in the above equations between the actual confining pressure at FRP 289 

rupture 𝑓𝑙𝑢,𝑎 and the strength enhancement 𝑓𝑐𝑢
′ 𝑓𝑐0

′⁄  or strain enhancement 𝜀𝑐𝑢 𝜀𝑐0⁄ . It is also found by other studies 290 

that non-linear relationship can be used to achieve better prediction results [42,43]. Therefore, power functions 291 

relating the actual confining pressure with the strength enhancement ratio or strain enhancement ratio are adopted 292 

in this study for the ultimate compressive strength and ultimate axial strain prediction equations for FRP-confined 293 

ECC to best fit the test results. The following expressions are proposed through regressions with the obtained test 294 

results:  295 

𝑓𝑐𝑢
′

𝑓𝑐0
′ = 1 + 2.5(

𝑓𝑙𝑢,𝑎

𝑓𝑐0
′ )1.43                                                                   (4) 296 

𝜀𝑐𝑢

𝜀𝑐0
= 1 + 24(

𝑓𝑙𝑢,𝑎

𝑓𝑐0
′ )1.04                                                                    (5) 297 

It should be noted that for normal strength concrete without confinement, 0.002 is generally taken as the axial 298 

strain at the peak stress, while 0.0035 is generally accepted as the ultimate axial strain [44]. It yields that the 299 

ultimate axial strain is 1.75 times that of the axial strain at the peak stress. Hence, the constant 𝑐 is adopted as 1.75 300 

in the original ultimate axial strain prediction equation [36]. It is also worth noting that the constant 1.75 may be 301 

adjusted to suit different values for the strain at the peak stress of unconfined concrete and the ultimate axial strain 302 

of unconfined concrete in a specific case [39]. Cui and Sheikh [42] and Liao et al. [43] adopted the constant 𝑐 = 1 303 

in the ultimate axial strain prediction equations for FRP-confined high strength concrete (HSC) and FRP-confined 304 

ultra-high performance concrete (UHPC), considering that the strain at the peak stress of unconfined concrete is 305 

the same as the ultimate compressive strain of unconfined concrete. Similarly, the compressive behavior of 306 

unconfined ECC (as shown in Fig. 1) is different from that of unconfined normal concrete. There is a sudden drop 307 

at the peak stress, followed by the residual stress decreasing gradually until a relatively large axial strain. It is hard 308 

to define the ultimate axial strain. Therefore, the constant 𝑐 = 1 is conservatively adopted in Eq. (5), considering 309 

that the ultimate axial strain is the same as the axial strain at the peak stress for unconfined ECC. Comparisons 310 

between the test results and predicted results by the newly proposed equations are presented in Tables 5 and 6 and 311 

Fig. 9. The close agreements show that the proposed equations could provide good predictions on the ultimate 312 

compressive strength and ultimate axial strain for the tested FRP-confined ECC specimens. It is worth noting the 313 



equations are only developed and validated with the test results obtained in this study. More data may be needed 314 

to further verify their performance in a broader range.  315 

 316 

Table 5 Predictions of design equations on ultimate compressive strength 317 

Specimen 

label  

Test 

results 

Predictions by Lam 

and Teng [36] 

Predictions by 

Teng et al. [39] 

Predictions by 

Dang et al. [24] 

Predictions by the 

proposed Eq. (4) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′  

(MPa) 

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

G-6-M1 99.2 133.1 0.75 132.6 0.75 110.6 0.90 100.7 0.98 

G-6-M2 105.2 137.3 0.77 136.8 0.77 113.7 0.93 104.6 1.01 

G-6-C 136.5 153.8 0.89 153.2 0.89 126.2 1.08 120.9 1.13 

G-8-M1 114.6 161.7 0.71 162.5 0.71 132.2 0.87 129.0 0.89 

G-8-M2 113.5 156.3 0.72 158.1 0.72 128.8 0.88 124.4 0.91 

G-8-C 113.3 160.4 0.71 161.2 0.70 131.2 0.86 127.7 0.89 

G-7-M1 56.9 76.2 0.75 74.3 0.77 67.4 0.84 55.7 1.02 

G-7-M2 60.0 77.4 0.78 75.5 0.80 68.3 0.88 56.5 1.06 

G-7-C 56.8 84.1 0.68 81.8 0.69 73.4 0.77 60.8 0.93 

G-10-M1 85.0 102.9 0.83 101.9 0.83 87.7 0.97 74.7 1.14 

G-10-M2 84.6 102.5 0.83 101.5 0.83 87.3 0.97 74.3 1.14 

G-10-C 84.6 106.5 0.79 105.4 0.80 90.4 0.94 77.5 1.09 

C-2-M1 73.2 105.9 0.69 103.8 0.71 89.9 0.81 77.0 0.95 

C-2-M2 77.1 107.4 0.72 105.3 0.73 91.1 0.85 78.2 0.99 

C-2-C 77.0 97.4 0.79 95.6 0.81 83.5 0.92 70.4 1.09 

C-4-M1 192.4 216.2 0.89 218.8 0.88 173.5 1.11 191.2 1.01 

C-4-M2 130.8 175.5 0.75 177.5 0.74 142.7 0.92 143.8 0.91 

C-4-C 198.5 208.8 0.95 211.3 0.94 167.9 1.18 182.2 1.09 

Mean   0.78  0.78  0.93  1.01 

CoV   0.095  0.090  0.110  0.084 

 318 
 319 

Table 6 Predictions of design equations on ultimate axial strain 320 

Specimen 

label  

Test 

results 

Predictions by Lam 

and Teng [36] 

Predictions by 

Teng et al. [39] 

Predictions by 

Dang et al. [24] 

Predictions by the 

proposed Eq. (5) 

𝜀𝑐𝑢,𝑡𝑒𝑠𝑡 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 

G-6-M1 0.0713 0.0747 0.95 0.0599 1.19 0.0529 1.35 0.0726 0.98 

G-6-M2 0.0746 0.0791 0.94 0.0634 1.18 0.0549 1.36 0.0757 0.98 

G-6-C 0.1025 0.0975 1.05 0.0777 1.32 0.0631 1.63 0.0885 1.16 

G-8-M1 0.0815 0.0980 0.83 0.0753 1.08 0.0656 1.24 0.0945 0.86 

G-8-M2 0.0849 0.0933 0.91 0.0717 1.18 0.0635 1.34 0.0911 0.93 

G-8-C 0.0913 0.0967 0.94 0.0743 1.23 0.0650 1.40 0.0935 0.98 

G-7-M1 0.0266 0.0290 0.92 0.0261 1.02 0.0264 1.01 0.0297 0.90 

G-7-M2 0.0272 0.0300 0.91 0.0270 1.01 0.0271 1.01 0.0306 0.89 

G-7-C 0.0332 0.0362 0.92 0.0324 1.03 0.0306 1.08 0.0355 0.93 

G-10-M1 0.0518 0.0481 1.08 0.0401 1.29 0.0387 1.34 0.0496 1.04 

G-10-M2 0.0493 0.0476 1.03 0.0397 1.24 0.0384 1.28 0.0493 1.00 

G-10-C 0.0555 0.0515 1.08 0.0428 1.30 0.0404 1.37 0.0523 1.06 

C-2-M1 0.0507 0.0547 0.93 0.0469 1.08 0.0411 1.24 0.0519 0.98 

C-2-M2 0.0616 0.0563 1.09 0.0482 1.28 0.0418 1.47 0.0530 1.16 

C-2-C 0.0587 0.0461 1.27 0.0397 1.48 0.0367 1.61 0.0455 1.29 

C-4-M1 0.1410 0.1521 0.93 0.1125 1.25 0.0906 1.56 0.1370 1.03 

C-4-M2 0.0937 0.1062 0.88 0.0791 1.18 0.0713 1.31 0.1052 0.89 



C-4-C 0.1418 0.1434 0.99 0.1062 1.34 0.0871 1.63 0.1312 1.08 

Mean   0.98  1.20  1.35  1.01 

CoV   0.103  0.102  0.137  0.108 

 321 

(a)     (b) 322 
Fig.9 Comparisons of ultimate conditions between test results and design equation predictions 323 

4. Analysis-oriented model  324 

An analysis-oriented model is proposed to describe the overall stress-strain behavior of FRP-confined ECC under 325 

monotonic axial compression in this section. Fig. 10 shows the procedures of developing analysis-oriented model 326 

for FRP-confined concrete. The relation between axial strain 𝜀𝑐 and hoop strain 𝜀ℎ (which is also termed as lateral 327 

strain 𝜀𝑙) is plotted in Fig. 10(a), reflecting the dilation behavior of confined concrete. As elastic material, tensile 328 

stress of FRP is linearly related to the tensile strain, which equals to the lateral strain 𝜀𝑙. Confining pressure 𝑓𝑙 can 329 

then be calculated as the following Eq. (6) and plotted versus lateral strain 𝜀𝑙 as shown in Fig. 10(b).  330 

𝑓𝑙 = 𝐾𝑙𝜀𝑙 =
2𝐸𝑓𝑡𝑓𝜀𝑙

𝐷
                                                                         (6) 331 

(a) (b) (c) 332 
Fig. 10 Generation of the stress-strain curve for FRP-confined concrete: (a) lateral strain-axial strain relation 333 

(dilation model); (b) confining pressure-lateral strain relation; (c) Actively-confined and FRP-confined curves. 334 

Fig. 10(c) shows the axial stress-axial strain curves (𝜎𝑐 − 𝜀𝑐) of actively-confined concrete, in which each curve 335 

stands for a specific confining pressure. When an axial strain 𝜀𝑐  is given for FRP-confined concrete, the 336 

corresponding lateral strain 𝜀𝑙  can be calculated based on the dilation model (Fig. 10(a)), followed by the 337 



determination of confining pressure 𝑓𝑙  (Fig. 10(b)). With the axial strain 𝜀𝑐  and confining pressure 𝑓𝑙 , the 338 

corresponding axial stress 𝜎𝑐 of FRP-confined concrete can be finally determined from the base curves of actively-339 

confined concrete (Fig. 10(c)). The analysis-oriented model for FRP-confined ECC can then be derived and 340 

presented following the procedure in this section.  341 

4.1 Database 342 

Research on confined ECC is relatively limited in the literature for the current stage. Test data including both 343 

actively-confined and FRP-confined ECC are collected to form the database and adopted to develop the analysis-344 

oriented model for FRP-confined ECC. Li et al. [45] carried out a series of triaxial compression tests on ECC 345 

cylinders, with different ECC strengths ranging from 49.5 MPa to 74.4 MPa. These data were used to verify the 346 

proposed actively-confined stress-strain model for ECC as presented in section 4.3 of this paper. Dang et al. [24] 347 

and Yuan et al. [25] conducted compression tests on ECC confined by GFRP and CFRP jackets, with the ECC 348 

strengths of 28.2 MPa, 64.6 MPa and 66.0 MPa. Together with the tests of FRP-confined ECC investigated in this 349 

study, this dataset was used to verify the dilation model as presented in section 4.2 of this paper and the proposed 350 

analysis-oriented model as presented in section 4.4 of this paper for FRP-confined ECC columns.  351 

4.2 Dilation model  352 

Various dilation models have been developed by different researchers to describe the relationship between lateral 353 

strain (hoop strain) and axial strain for FRP-confined normal concrete. Jiang and Teng’s model [46] was widely 354 

accepted and considered to be applicable to predict the dilation property of both FRP-confined and actively-355 

confined concrete. Lim and Ozbakkaloglu’s model [47] and Lai et al.’s model [48] were developed with large 356 

database and showed satisfying performance for confined normal concrete ranging from low to high compressive 357 

strength. Yuan et al. [25] noted that the dilation behavior of FRP-confined ECC is different from that of FRP-358 

confined normal concrete and proposed the first dilation model targeted for FRP-confined ECC as follows: 359 

𝜀𝑐

𝜀𝑐0
= (1 + 8

𝑓𝑙

𝑓𝑐0
′ ) [1.015(

−𝜀𝑙

𝜀𝑐0
)0.305 + 0.221(

−𝜀𝑙

𝜀𝑐0
)]                                              (7) 360 

Performance of the dilation models mentioned above was evaluated as shown in Fig. 11. It can be observed that 361 

Jiang and Teng’s model [46], Lai et al.’s model [48] and Yuan et al.’s model [25] can provide relatively close 362 

results in general, while Lim and Ozbakkaloglu’s model [47] gives a larger lateral strain prediction under the same 363 

axial strain. When compared with test results, Yuan et al.’s model [25], as expressed in Eq. (7), presents the closest 364 

predictions among the four models in terms of the overall lateral strain-axial strain curve. It is expected since Yuan 365 



et al.’s model [25] was proposed based on the test data of FRP-confined ECC [25], while the other models were 366 

developed based on the test data of FRP-confined normal concrete. However, it is worth noting that for the test 367 

data collected from Dang et al. [24], the prediction curves exhibit relatively larger deviations from the test curves 368 

as shown in Figs. 11(l-o).  369 

(a) (b) (c) 370 
 371 

(d) (e) (f) 372 
 373 

(g) (h) (i) 374 
 375 

(j) (k) (l) 376 
 377 



(m) (n) (o) 378 
 379 

Fig. 11 Predictions on lateral strain-axial strain curves by different dilation models 380 

The test curves with different confining stiffnesses 𝐾𝑙 collected from [24] are plotted in Fig. 12(a) for comparison. 381 

It is accepted that for FRP-confined concrete, the larger the confining stiffness is, the lower slope of the lateral 382 

strain-axial strain curve should be. It can be noticed that some test curves shown in Fig. 12(a) are not following 383 

the trend. For example, the specimen with a larger confining stiffness (E-G8-M with 𝐾𝑙=2463.3 MPa) develops a 384 

larger slope of the lateral strain-axial strain curve than the specimen with a lower confining stiffness (E-G5-M 385 

with 𝐾𝑙=1539.6 MPa). This group of test data may require further examinations.  386 

             387 
                       (a) Lateral strain-axial strain curves                            (b) Axial stress-axial strain curves 388 

Fig. 12 Test data collected from Dang et al. [24] 389 

Comparisons of ultimate axial strain between test results and predicted results by different dilation models are 390 

presented in Table 7 and Fig. 13. Yuan et al.’s model [25] could provide the closet predictions as well, with the 391 

mean value of 0.97 and CoV value of 0.167 for all the collected data. If the data collected in [24] is excluded, the 392 

mean value is 1.02 and the CoV value is 0.077. Therefore, Yuan et al.’s model [25] will be used as the dilation 393 

model in the proposed analysis-oriented model for FRP-confined ECC to generate the lateral strain-axial strain 394 

relation. 395 

Table 7 Predictions on ultimate axial strain by different dilation models 396 



Data 

source 
Specimen 

label  

Test 

results 

Predictions by 

Jiang and Teng 

[46] 

Predictions by Lim 

and Ozbakkaloglu 

[47] 

Predictions by  

Lai et al. [48] 

Predictions by 

Yuan et al. [25] 

𝜀𝑐𝑢,𝑡𝑒𝑠𝑡 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 𝜀𝑐𝑢,𝑝𝑟𝑒𝑑 
𝜀𝑐𝑢,𝑡𝑒𝑠𝑡
𝜀𝑐𝑢,𝑝𝑟𝑒𝑑

 

Present 

study 

G-6-M1 0.0713 0.0642 1.11 0.0447 1.60 0.0623 1.14 0.0699 1.02 

G-6-M2 0.0746 0.0682 1.09 0.0473 1.58 0.0666 1.12 0.0743 1.00 

G-8-M1 0.0815 0.0838 0.97 0.0561 1.45 0.0819 1.00 0.0914 0.89 

G-8-M2 0.0849 0.0795 1.07 0.0533 1.59 0.0773 1.10 0.0866 0.98 

G-7-M1 0.0266 0.0250 1.06 0.0193 1.39 0.0233 1.14 0.0268 0.99 

G-7-M2 0.0272 0.0260 1.05 0.0200 1.36 0.0243 1.12 0.0279 0.97 

G-10-M1 0.0518 0.0410 1.26 0.0296 1.75 0.0386 1.34 0.0442 1.17 

G-10-M2 0.0493 0.0406 1.21 0.0294 1.68 0.0382 1.29 0.0438 1.13 

C-2-M1 0.0507 0.0480 1.06 0.0352 1.44 0.0467 1.09 0.0522 0.97 

C-2-M2 0.0616 0.0494 1.25 0.0362 1.70 0.0483 1.28 0.0538 1.14 

C-4-M1 0.1410 0.1318 1.07 0.0843 1.67 0.1320 1.07 0.1446 0.98 

C-4-M2 0.0937 0.0898 1.04 0.0587 1.60 0.0870 1.08 0.0978 0.96 

Yuan et 

al. [25] 

E-GFRP-1-a 0.0287 0.0244 1.18 0.0198 1.45 0.0246 1.17 0.0266 1.08 

E-GFRP-1-b 0.0299 0.0252 1.19 0.0104 1.47 0.0255 1.17 0.0275 1.09 

E-GFRP-2-a 0.0479 0.0389 1.23 0.0297 1.61 0.0386 1.24 0.0424 1.13 

E-GFRP-2-b 0.0470 0.0464 1.01 0.0352 1.34 0.0466 1.01 0.0509 0.92 

E-GFRP-3-a 0.0633 0.0597 1.06 0.0431 1.47 0.0593 1.07 0.0653 0.97 

E-GFRP-3-b 0.0818 0.0743 1.10 0.0529 1.55 0.0750 1.09 0.0816 1.00 

Dang et 

al. [24] 

E-G2-M 0.0171 0.0168 1.02 0.0144 1.19 0.0168 1.02 0.0182 0.94 

E-G5-M 0.0395 0.0369 1.07 0.0292 1.35 0.0369 1.07 0.0402 0.98 

E-G8-M 0.0561 0.0859 0.65 0.0621 1.90 0.0890 0.63 0.0947 0.59 

E-C2-M 0.0147 0.0250 0.59 0.0201 1.73 0.0242 0.61 0.0266 0.55 

E-C5-M 0.0351 0.0460 0.76 0.0341 1.03 0.045 0.78 0.0491 0.71 

E-C8-M 0.0707 0.0938 0.75 0.0632 1.12 0.094 0.75 0.1010 0.70 

 Mean   1.04  1.42  1.06  0.97 

 CoV   0.169  0.179  0.176  0.167 

 Mean*   1.11  1.54  1.14  1.02 

 CoV*   0.075  0.078  0.081  0.077 
*Note: Results of “Mean” and “CoV” are corresponding to all the collected data, including those from present study, Yuan et al. [25] and 397 
Dang et al. [24]. Results of “Mean*” and “CoV*” are corresponding to the collected data from present study and Yuan et al. [25]. 398 
 399 

 400 
Fig. 13 Comparisons of ultimate axial strain between test results and dilation model predictions 401 

4.3 Actively-confined model  402 



The stress-strain model originally proposed by Popovics [49] is widely accepted and adopted by other researchers 403 

for confined concrete. It can be expressed as follows:  404 

𝜎𝑐 =
𝑓𝑐𝑐
′∗(𝜀𝑐 𝜀𝑐𝑐

∗⁄ )𝑟

𝑟−1+(𝜀𝑐 𝜀𝑐𝑐
∗⁄ )𝑟

                                                                     (8) 405 

in which the parameter 𝑟 is defined as: 406 

𝑟 =
𝐸𝑐

𝐸𝑐−𝑓𝑐𝑐
′∗ 𝜀𝑐𝑐

∗⁄
                                                                          (9) 407 

where 𝐸𝑐 is the elastic modulus of concrete; 𝑓𝑐𝑐
′∗ and 𝜀𝑐𝑐

∗  are the peak compressive stress and the corresponding 408 

compressive strain of confined concrete under the confining pressure 𝑓𝑙. Various existing actively-confined models 409 

adopt the equations of 𝑓𝑐𝑐
′∗ and 𝜀𝑐𝑐

∗  that are developed based on confined normal concrete. Due to the different 410 

strength and strain enhancement behavior between ECC and normal concrete, these existing actively-confined 411 

models may not give the accurate predictions on ECC under active confinement. Li et al. [45] conducted 412 

experimental investigations on ECC cylinders with different strengths under various confining pressures and 413 

developed the following compressive strength 𝑓𝑐𝑐
′∗ and compressive strain 𝜀𝑐𝑐

∗  for ECC under triaxial compression: 414 

𝑓𝑐𝑐
′∗ = 𝑓𝑐0

′ + 2.866𝑓𝑙                                                                       (10) 415 

𝜀𝑐𝑐
∗ = 𝜀𝑐0(1 + 7.399

𝑓𝑙

𝑓𝑐0
′ )                                                                (11) 416 

It can be observed that the strength enhancement ratio of 2.866 and strain enhancement ratio of 7.399 are different 417 

from those of 3.5 and 17.5 for actively-confined normal concrete proposed by Jiang and Teng [46].  418 

The axial stress-axial strain curves for ECC under active confinement are collected from Li et al. [45] and plotted 419 

in Fig. 14. Axial stress-axial strain curves predicted by the newly proposed actively-confined model, which 420 

consists of Eqs. (8-11), are presented in Fig. 14 as well for comparisons with the test results. It is noted that some 421 

deviations can be observed in the elastic stage among the test curves representing different confining pressures (as 422 

shown in Figs. 14(b-e)). It may be caused by the triaxial compression test deviations. Since the elastic modulus of 423 

ECC was not provided in [45], it was determined according to the initial linear stage of the test curve with the 424 

confining pressure of 0 MPa. The close agreements demonstrate that the proposed actively-confined model could 425 

provide reasonable predictions on the axial stress-axial strain curves for ECC under different levels of active 426 

confinement. Therefore, this proposed actively-confined model is adopted as part of the analysis-oriented model 427 

for FRP-confined ECC in this study.  428 



(a) (b) (c) 429 
     430 

(d) (e) 431 
 432 

Fig.14 Predictions of proposed actively-confined model 433 

 434 

4.4 Proposed analysis-oriented model  435 

With the confining pressure-lateral strain relation as expressed in Eq. (6), the selected dilation model as expressed 436 

in Eq. (7) and the proposed actively-confined model as expressed in Eqs. (8-11), the proposed analysis-oriented 437 

model for FRP-confine ECC can be generated following the procedures as illustrated in Fig. 10. Fig. 15 shows 438 

comparisons of axial stress-axial strain curves between the collected FRP-confined ECC test results and 439 

predictions by the proposed model as well as other existing analysis-oriented models. The proposed model is 440 

observed to perform obviously better than the other existing models that largely overestimate the axial stress. It is 441 

believed to be caused by the reason that the other existing models were developed with the test data of FRP-442 

confined normal concrete, which are not suitable for FRP-confined ECC due to the different characteristics 443 

between normal concrete and ECC. Similar to lateral strain-axial strain behavior, it is also noted that the predicted 444 

axial stress-strain curves cannot match well with the test curves for the data collected from Dang et al. [24] as 445 

shown in Figs. 15(j-o). The test curves with different confining stiffnesses 𝐾𝑙 collected from [24] are plotted in 446 

Fig. 12(b) for comparison. With the increase of confining stiffness, the slope of the strain hardening stage should 447 

also increase accordingly. However, some data presented in Fig. 12(b) are not following this trend. For example, 448 

the specimen E-G8-M with 𝐾𝑙=2463.3 MPa develops the larger slope of the strain hardening stage than the 449 

specimen E-C5-M with 𝐾𝑙=2629.6 MPa, and the similar slope with the specimen E-C8-M with 𝐾𝑙=4207 MPa. 450 



This group of test data may require further examinations. Comparisons of ultimate compressive strength between 451 

test results and predicted results by different analysis-oriented models are presented in Table 8 and Fig. 16. It 452 

shows that the proposed analysis-oriented model could provide the best predictions, with the mean value of 1.06 453 

and CoV value of 0.137 for all the collected data. If the data collected in [24] is excluded, the mean value is 1.00 454 

and the CoV value is 0.074.  455 

It is worth noting that path-independence is considered in the generation process of the proposed analysis-oriented 456 

model for FRP-confined ECC. It means that axial stress of FRP-confined ECC is considered to be the same as that 457 

of actively-confined ECC under the same axial strain and confining pressure. It is believed that this path-458 

independence assumption could be applicable for FRP-confined concrete with normal compressive strength 459 

[27,46], while it is not accurate for FRP-confined high strength concrete [47,48,50]. The axial stress of FRP-460 

confined high strength concrete is generally lower than that of actively-confined high strength concrete under the 461 

same axial strain and confining pressure, which is termed as path-dependent behavior [48]. In this current study, 462 

compressive strength of the investigated ECC is 40.0 MPa. Therefore, it is believed that not much difference would 463 

be caused with the adoption of path-independence assumption when generating the analysis-oriented model. The 464 

proposed analysis-oriented model for FRP-confined ECC is developed and verified based on the available test data 465 

in this current study. Comprehensive examinations with more test data may be needed in future studies. Meanwhile, 466 

analysis-oriented models considering path-dependence could also be further developed with more test data of both 467 

actively-confined ECC and FRP-confined ECC.  468 

 469 

Table 8 Predictions on ultimate compressive strength by different analysis-oriented models 470 

Data 

source 
Specimen 

label  

Test 

results 

Predictions by 

Jiang and Teng 

[46] 

Predictions by Lim 

and Ozbakkaloglu 

[47] 

Predictions by  

Lai et al. [48] 

Predictions by the 

proposed analysis-

oriented model 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′  

(MPa) 

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

(MPa) 

𝑓𝑐𝑢,𝑡𝑒𝑠𝑡
′

𝑓𝑐𝑢,𝑝𝑟𝑒𝑑
′  

Present 

study 

G-6-M1 99.2 138.4 0.72 130.2 0.76 157.3 0.63 100.3 0.99 

G-6-M2 105.2 142.7 0.74 133.4 0.79 162.2 0.65 102.7 1.02 

G-8-M1 114.6 168.6 0.68 152.9 0.75 193.2 0.59 120.9 0.95 

G-8-M2 113.5 164.0 0.69 149.6 0.76 187.9 0.60 118.3 0.96 

G-7-M1 56.9 87.3 0.65 77.2 0.74 85.9 0.66 61.2 0.93 

G-7-M2 60.0 79.6 0.75 78.3 0.77 87.4 0.69 61.9 0.97 

G-10-M1 85.0 106.7 0.80 105.2 0.81 119.8 0.71 80.6 1.05 

G-10-M2 84.6 106.2 0.80 104.8 0.81 119.2 0.71 80.3 1.05 

C-2-M1 73.2 109.5 0.67 106.8 0.69 122.5 0.60 79.4 0.92 

C-2-M2 77.1 111.1 0.69 108.1 0.71 124.2 0.62 80.2 0.96 

C-4-M1 192.4 225.5 0.85 192.8 1.00 259.8 0.74 156.3 1.23 

C-4-M2 130.8 183.4 0.71 164.0 0.80 211.2 0.62 132.5 0.99 

E-GFRP-1-a 31.7 43.3 0.73 40.0 0.78 45.6 0.70 30.3 1.05 



Yuan et 

al. [25] 

E-GFRP-1-b 32.5 43.7 0.74 40.5 0.80 46.0 0.71 30.4 1.07 

E-GFRP-2-a 44.0 60.2 0.73 59.6 0.74 66.3 0.66 43.2 1.02 

E-GFRP-2-b 45.0 64.7 0.70 64.5 0.70 71.4 0.63 45.4 0.99 

E-GFRP-3-a 54.8 80.9 0.68 83.9 0.65 91.1 0.60 57.5 0.95 

E-GFRP-3-b 55.4 89.6 0.62 91.6 0.60 101.1 0.55 62.1 0.89 

Dang et 

al. [24] 

E-G2-M 83.3 93.2 0.89 76.5 1.09 71.5 1.17 57.4 1.45 

E-G5-M 139.0 154.2 0.90 141.4 0.98 156.4 0.89 100.8 1.38 

E-G8-M 217.1 263.2 0.82 229.7 0.95 218.8 0.99 164.7 1.32 

E-C2-M 95.3 130.4 0.73 119.9 0.79 139.4 0.68 90.3 1.06 

E-C5-M 162.8 197.6 0.82 184.1 0.88 218.6 0.74 136.0 1.20 

E-C8-M 245.4 328.1 0.75 274.1 0.90 367.5 0.67 219.6 1.12 

 Mean   0.74  0.80  0.70  1.06 

 CoV   0.097  0.139  0.192  0.137 

 Mean*   0.72  0.76  0.65  1.00 

 CoV*   0.077  0.105  0.078  0.074 
*Note: Results of “Mean” and “CoV” are corresponding to all the collected data, including those from present study, Yuan et al. [25] and 471 
Dang et al. [24]. Results of “Mean*” and “CoV*” are corresponding to the collected data from present study and Yuan et al. [25]. 472 
 473 

(a) (b) (c) 474 

(d) (e) (f) 475 

(g) (h) (i) 476 



(j) (k) (l) 477 

(m) (n) (o) 478 

Fig. 15 Predictions on axial stress-axial strain curves by different analysis-oriented models 479 

 480 

 481 

 482 
Fig. 16 Comparisons of ultimate compressive strength between test results and analysis-oriented model 483 

predictions 484 
 485 
5. Conclusions  486 

A total of 18 FRP-confined ECC specimens were tested under axial monotonic and cyclic compression in this 487 

study. Failure modes, dilation behavior and stress-strain behavior were presented and analyzed. Design equations 488 

were developed to predict the ultimate conditions. Analysis-oriented model was proposed to describe the overall 489 

compressive stress-strain behavior of FRP-confined ECC columns. The following conclusions can be drawn within 490 

the current scope of this study:  491 



(1) All the FRP-confined ECC columns failed by FRP rupture in the hoop direction. Multiple fine cracks were 492 

distributed around the confined ECC in a relatively uniform manner, with no localized large cracks or 493 

failure observed.  494 

(2) Strain hardening behavior with a second ascending portion in the stress-strain curve was observed for all 495 

the tested specimens. Both the compressive strength and strain of ECC were effectively enhanced with the 496 

FRP confinement of different levels. Ultimate axial strains of the tested specimens are relatively large, 497 

indicating the good deformability and ductility performance of FRP-confined ECC columns.  498 

(3) Both the stress-strain curve and lateral strain-axial strain curve of the specimens under monotonic 499 

compression were close to the corresponding envelope curves of the specimens under cyclic compression. 500 

It was observed from the hoop strain plots that the cyclically loaded specimens could generally exbibit the 501 

relatively more uniform hoop strain distribution than the counterpart monotonically loaded specimens.  502 

(4) Both the ultimate compressive strength and ultimate axial strain increase with the increase of lateral 503 

confining pressure for the tested specimens. Design equations were developed to directly predict the 504 

ultimate compressive strength and ultimate axial strain of FRP-confined ECC columns. Compared with the 505 

existing design equations, the developed design equations can exhibit closer predictions with test results. 506 

(5) Existing dilation models were used to generate the predictions on the lateral strain-axial strain curves for 507 

FRP-confined ECC, followed by the comparisons with test results. Yuan et al.’s model [25] developed 508 

based on the test data of FRP-confined ECC exhibits the better performance than the other models 509 

developed based on the FRP-confined normal concrete. It further demonstrates that the lateral dilation 510 

behavior of FRP-confined ECC is different from that of FRP-confined normal concrete.  511 

(6) Existing analysis-oriented models were evaluated in this study for FRP-confined ECC. The higher 512 

predicted stress-strain curves compared with test results indicate that the analysis-oriented models 513 

developed based on FRP-confined normal concrete are not applicable to FRP-confined ECC. New analysis-514 

oriented model was proposed for FRP-confined ECC, with the use of accurate dilation model and actively-515 

confined model. Axial stress-axial strain curves predicted by the proposed analysis-oriented model can 516 

match can well with test results. Meanwhile, close agreements on the ultimate conditions could be obtained 517 

as well, which further demonstrates the good performance of the proposed analysis-oriented model.  518 



It is worth noting that the analysis-oriented model proposed in this study could also be used to generate the 519 

envelope curve for FRP-confined ECC specimens under cyclic loading. Other components in the cyclic stress-520 

strain model including the unloading/reloading curves, plastic strain and stress deterioration can be developed in 521 

the similar approach to FRP-confined normal concrete in future studies. 522 
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