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ABSTRACT  5 

This paper presents the results of an experimental study on the distribution of strain on a 6 

unidirectional basalt fiber-reinforced polymer (FRP) wrapped around concrete cylinders. A total 7 

of 12 cylinders (150 mm x 300 mm) were wrapped with 2, 4, and 6 layers of basalt FRP (BFRP) 8 

and the distribution of hoop strain under axial compression load was studied using multiple strain 9 

gauges. The new aspect of this study is the use of BFRPs as a new construction material for 10 

wrapping concrete elements with a focus on the distribution of hoop strain towards refining design 11 

strain of the wrap. Also, the effect of number of BFRP layers on the premature rupture of the wrap 12 

with respect to flat coupon test was evaluated in the form of a strain efficiency factor. It was 13 

concluded that the maximum hoop strain was not necessarily associated with the ruptured areas of 14 

the wrap. Also, an analysis of variances showed that the difference between hoop strains in the 15 

overlap and non-overlap regions was non-significant and an average hoop strain can represent the 16 

overall dilation of the specimens. The average strain efficiency factor was found ranging from 0.61 17 

to 0.86. The test data was added to a large database of concrete cylinders wrapped with 18 

unidirectional FRPs and after statistical evaluations a refined strain efficiency factor of 0.70 was 19 

proposed instead of the current factor of 0.55 in ACI 440.2R-17 for design applications.   20 
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1. INTRODUCTION 23 

During the past three decades, the use of externally bonded fiber-reinforced polymer (FRP) 24 

composites for strengthening existing reinforced concrete (RC) columns have been extensively 25 

investigated [1][2][3][4][5]. Unidirectional FRP wraps made of carbon [6][7][8][9][10], glass 26 

[11][12][13], and aramid [14][15][16] have been typically applied in the circumferential (i.e. hoop) 27 

direction of circular cross-section of concrete specimens and tested under axial compression. 28 

Recently, basalt fibers have gained increasing attention as FRP materials for strengthening 29 

applications especially as an alternative to glass fibres (typically E-glass) [17][18][19].  30 

Basalt is a natural, hard, dense, dark brown to black volcanic rock originating at a depth of 31 

hundreds of kilometers beneath the earth and reaching the surface as molten magma [20]. The 32 

current production technology for continuous basalt fibres is very similar to that used for E-glass 33 

fibers. The main difference is that E-glass is made from a complex batch of materials whereas 34 

basalt filament is made from melting basalt rock with no other additives. The simplicity of the 35 

manufacturing process reduces the production cost of basalt fibers [21]. As the production process 36 

does not require additives and a lower amount of energy is needed, it benefits in terms of 37 

environmental impact, economics, and plants' maintenance [22]. The quality and the chemical 38 

composition of the raw material have a major effect on cost and properties of basalt fibers and can 39 

lead to a broad range of fibres with different mechanical properties [22]. As a result, elastic 40 

modulus and strength of basalt FRP (BFRP) composites should be evaluated carefully. 41 

Despite of numerous studies on concrete columns/cylinders wrapped with carbon, glass, 42 

and aramid FRP (CFRP, GFRP, and AFRP respectively), there is very limited experimental data 43 

on BFRP-wrapped concrete. In 2015, Sadeghian and Fam [24] collected a database containing 518 44 

cylindrical concrete specimens confined with unidirectional FRPs and later the database was 45 
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expanded to 774 specimens [22][23]. The database indicated that 68% of the specimens were 46 

confined with CFRP, 21% with GFRP, and 11% with AFRP composites. There was no study on 47 

unidirectional BFRPs at the time of the study. However, in 2011, Di Ludovico et al. [20] 48 

investigated the effectiveness of basalt fibers pre-impregnated with epoxy resin or latex and then 49 

bonded with a cement-based mortar (BRM) on concrete cylinders and compared the performance 50 

of the system with respect to GFRP wraps. In 2015, Campione et al. [19] studied a balanced 51 

bidirectional basalt fabric bonded with epoxy resin (BFRP) to concrete cylinders and tested the 52 

specimens under axial compression. The specimens confined with BFRP exhibited strain-53 

softening behavior (after the peak load) with negligible increases in resistance but a significant 54 

increase in ultimate strain (up to 5 times the strain at peak load of unconfined concrete). It seems 55 

the bidirectional basalt fabric did not have enough stiffness providing minimum required lateral 56 

confinement pressure. Despite of the unpromising results, the authors of this paper believe that 57 

using unidirectional basalt fabric will provide enough lateral confinement for the concrete core 58 

and enhance the performance of the concrete.  59 

Recently, Xie and Ozbakkaloglu [26] used unidirectional basalt fabric and made BFRP 60 

tubes filled with concrete made of recycled aggregates. Three and five layers of the unidirectional 61 

basalt fabric were used and the BFRP tube resulted in a strength gain for the concrete core. The 62 

tensile strength and modulus of BFRP coupons were obtained 1584 MPa and 76 GPa, respectively, 63 

calculated based on 0.14 mm nominal thickness of dry fabric. More recently, Ouyang et al. [27] 64 

presented a comparative study of the seismic behavior of square RC columns retrofitted with CFRP 65 

and BFRP sheets. The study demonstrated that the BFRP composites are expected to be a 66 

promising alternative to the conventional FRPs (e.g., CFRPs) for the seismic retrofit of square RC 67 

columns. The tensile strength and modulus of BFRP coupons were obtained 2048 MPa and 87 68 
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GPa, respectively, calculated based on 0.17 mm nominal thickness of dry fabric. Further studies 69 

were suggested to examine a wider range of FRP stiffness. As discussed, there are very limited 70 

studies in the literature on BFRP-confined concrete and there is a gap in the field to fill.  71 

At the top of the lack of test data on BFRP-wrapped concrete, the concept of strain 72 

efficiency factor [28][29][30] of FRP wraps is still under investigation. Typically, the rupture of 73 

FRP in the hoop direction occurs at a strain level less than its rupture strain obtained from flat 74 

coupon tests [31][32][33][34][35][36]. The reduced rupture strain is required in most existing 75 

confinement models, usually in the form of a strain efficiency factor, as proposed by Pessiki et al. 76 

[29], which is the ratio of the reduced rupture strain of the FRP wrap to the rupture strain from flat 77 

coupon tests. Lam and Teng [37] calibrated the strain efficiency factor using 52 small-scale 78 

concrete cylinders wrapped with CFRPs and computed an average value of 0.59. Harries and Carey 79 

[32] computed a value of 0.58 for the strain efficiency factor using a database of 251 test results.  80 

Bisby and Take [38] implemented an optical strain measurement technique and found the 81 

hoop strain is highly variable over the surface of an FRP-wrapped concrete cylinder and the coupon 82 

failure strain can be achieved, although only locally. It was shown that average strain efficiency 83 

factors varied between 0.77 and 0.80 for GFRPs and between 0.73 and 1.04 for CFRPs. Sadeghian 84 

and Fam [30] showed that strain efficiency factor varied significantly, from 0.12 to 1.22, with an 85 

average of 0.67 and a standard deviation of 0.23. The highly variable nature of the hoop strain was 86 

also reported by multiple studies [33][39][40]. Despite of numerous studies on parameters 87 

affecting the premature FRP rupture, ranging from geometrical discontinuity, triaxial stress states, 88 

geometrical imperfections, and non-uniform supports in test setup [28][33][41][42][43][44] there 89 

is no mechanics-based theory to consider synergy of all parameters affecting the strain efficiency 90 

of FRP-wrapped concrete. As the current strain efficiency factor of 0.55 in ACI 440.2R-17 [45] 91 
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was proposed in early 2000 based on test data at the time, it is necessary to refine the design factor 92 

based on numerous new rest data since then and new materials such as BFRPs, which are the 93 

subject of this study. 94 

This paper presents an experimental study on the distribution of hoop strain on concrete 95 

cylinders wrapped with unidirectional BFRPs. Three different number of BFRP layers, namely 2, 96 

4, and 6 plies were considered and the specimens were instrumented with multiple strain and 97 

displacement gauges to capture axial and hoop strains developed during axial compression tests 98 

up to failure. The focus of the study is on the distribution of hoop strain using six strain gauges on 99 

the circumference of the wrap at the mid-height of the specimens. The results are compared to the 100 

rupture strain of flat coupons in the form of the strain efficiency factor and the significance of the 101 

strain variation is evaluated using an analysis of variances. At the end, the results are included in 102 

a large database of test data from the literature refining the strain efficiency factor for design 103 

applications.   104 

 105 

2. EXPERIMENTAL PROGRAM 106 

This section presents the details of test matrix, material properties, specimen preparation, test 107 

setup, and instrumentation of the test specimens. 108 

2.1. Test Matrix  109 

A total of 12 concrete cylinders with a diameter of 150 mm and a height of 300 mm were prepared. 110 

As shown in Table 1, the testing matrix included 4 groups of specimens, namely, plain (control), 111 

and wrapped with 2, 4, and 6 layers of BFRPs. Three identical specimens were prepared for each 112 

group. For wrapped specimens, a specimen identification (ID) system of LX was selected, where 113 
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the first part “L” stands for layers and; and the second part “X” stands for the number of BFRP 114 

layers, namely 2, 4, and 6.  115 

2.2. Material Properties 116 

Concrete was delivered in a ready-mix batch with maximum aggregate size of 12.7 mm and slump 117 

of 100 mm. Due to limitation in the load capacity of the equipment available to the authors, the 118 

diameter of the specimens was limited to 150 mm and the maximum aggregate size of 12.7 mm 119 

was intentionally selected to be compatible with the size of the specimens. It should be noted that 120 

the scale effect is important and should be further studied. The tests on the plain concrete cylinders 121 

(150 x 300 mm) showed an average strength of 40.03 MPa (±1.97%) and average corresponding 122 

strain of 0.0029 mm/mm (±4.50%). The number in parentheses indicates the coefficient of 123 

variation (COV) of the corresponding parameter. The concrete was initially ordered to have a 124 

compressive strength of 25 MPa to be representative of a member to be retrofitted, however the 125 

ready-mix provider delivered higher strength. It should be highlighted that FRP wraps are more 126 

effective on low strength concrete than high strength one. If BFRPs are effective for the strength 127 

of about 40 MPa, they will be effective for low strength concrete too. 128 

A unidirectional basalt fabric and epoxy resin were used for wrapping the specimens. For 129 

resin, a mixture of epoxy resin and slow hardener was used, which reported by manufacturer to 130 

have the tensile strength, tensile modulus, and maximum elongation of 50 MPa, 2.8 GPa, and 131 

4.5%, respectively. The epoxy resin was reinforced by a unidirectional basalt fabric with the areal 132 

weight of 300 g/m2. The tensile strength, tensile modulus, and rupture strain of basalt fibers were 133 

2100 MPa, 105 GPa, and 2.6%, per manufacturer.  134 

Five identical BFRP coupons made of two layers of the unidirectional fabric and epoxy 135 

resin were prepared using wet hand lay-up method and tested according to ASTM D3039 [46] in 136 
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tension. A 100 kN universal testing machine with a displacement rate of 2 mm/min was used. A 137 

strain gauge was applied on each side of the coupons, centered in the longitudinal direction of 138 

fibers/coupon to measure the axial strain. Figure 1 shows the tensile test results of five identical 139 

coupons based on the nominal ply thickness of 0.23 mm. The average tensile strength and elastic 140 

modulus of BFRP coupons were obtained 1221.1 MPa (±2.75%) and 48.17 GPa (±0.32%), 141 

respectively. It should be highlighted that strain gauges broke at an average strain of 0.016 142 

mm/mm. As the coupons were made of unidirectional fabric, the stress-strain curves were extended 143 

with the same modulus to the average tensile strength, which was resulted in the rupture strain of 144 

0.0253 mm/mm. The linear behavior of the BFRP coupons and calculated rupture strain were 145 

further verified using the stroke calibrated with the strain gauge data. Implementation of a non-146 

contact strain measurement method using either laser extensometer or digital image correlation 147 

(DIC) is recommended. It should be noted that the elastic modulus was calculated based on strain 148 

gauge readings. 149 

2.3. Specimen Preparation 150 

Cylindrical plastic molds with the inner diameter of 150 mm and height of 300 mm were used for 151 

the fabrication of concrete specimens. The fresh concrete was placed and consolidated in two 152 

layers using scoops, a vibration table, and then the surface was carefully troweled smooth. The 153 

consolidated concrete was left in the molds and covered to moist cure for 4 days before the molds 154 

were removed and the specimens were relocated to cure and get dry. After at least 28 days, the 155 

specimens were cleaned with a wire brush for wrapping procedure. The unidirectional basalt fabric 156 

was cut into to the length required for 2, 4, or 6 continuous layers plus a 150-mm overlap extension. 157 

The overlap was designed to cover a central angle of 120 degrees. The surface of each concrete 158 

specimen was cleaned of dust and covered with a coating of the epoxy resin using a roller. Then 159 
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the fabric was gradually applied on the wet surface from one end and was saturated from the 160 

exterior surface as it was wrapped around the cylinder. After wrapping and saturating were 161 

complete, the surface was covered with a wax paper and any air pocket was removed usning a 162 

metal roller. After 7 days curing at ambient temperature, the wax paper was removed and the top 163 

and bottom ends of the specimens were strengthened with two layers of 25 mm wide straps of the 164 

same fabric. The straps were applied to prevent any premature failure due to stress concentration 165 

at the ends. After curing of the end straps, the specimens were capped with a Sulphur compound 166 

for uniform loading. Figure 2 shows some of the specimens after preparation. 167 

2.4. Test Setup and Instrumentation 168 

One specimen per each group of wrapped specimens were instrumented with six hoop strain 169 

gauges on the mid-height of the BFRP wrap with 60° central angle apart as shown in Figure 2. The 170 

first hoop strain gauge was installed at the middle of overlap region of the wrap (θ=0°) and then 171 

the second one at the end of overlap (θ=60°). The rest of hoop strain gauges were installed at 120°, 172 

180° (middle of non-overlap region), 240°, and finally at 300° (the beginning of overlap region). 173 

The arrangement was specifically selected to obtain the distribution of hoop strain around the 174 

BFRP wrap on both overlap and non-overlap regions. The beginning and end of the overlap were 175 

targeted to capture any possible strain concentration due to discontinuity of the wrap. For other 176 

two specimens of each group, only two hoop strain gauges were installed at 90° and 270° angles. 177 

The specimens were also instrumented with two axial strain gauges, one on the middle of overlap 178 

region (0°) and another one on the middle of overlap region (180°) of the BFRP wrap. As shown 179 

in Figure 3, all specimens were instrumented with two displacement gauges along the axial 180 

direction of the specimen to measure average strain over 150 mm gauge length as a backup for the 181 

axial strain gauges. The plain specimens were instrumented with two lateral displacement gauges 182 
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in the radial directions at 90° and 270° angles in addition to the axial ones. A 2 MN universal 183 

testing machine was used for testing with 0.6 mm/min displacement control loading rate. In 184 

addition to the strain and displacement gauges, the load and stroke were also collected by a data 185 

acquisition system at the rate of 10 data points per second. 186 

 187 

3. TEST RESULTS AND DISCUSSION 188 

This section presents the details of failure mode, effectiveness of BFRP wraps, stress-strain 189 

behavior, hoop strain distribution, strain efficiency factor, and refinement of strain efficiency 190 

factor for design applications. 191 

3.1. Failure Mode 192 

Figure 4 shows the specimens after failure. At the early stages of loading of the wrapped 193 

specimens, the noise related to the micro-cracking of concrete core was evident, indicating the 194 

start of stress transfer from the dilated concrete to the wrap. Prior to the failure, cracking noises 195 

were frequently heard. The failure pattern of BFRP-wrapped specimens was predominately due to 196 

hoop rupture of the wrap in the non-overlap region. For the specimens wrapped with two layers of 197 

BFRP (L2 specimens), the rupture of hoop fibers was gradually progressed up to a point that 198 

significant amount of the wrap was ruptured and the load dropped suddenly. With increasing the 199 

number of layers to four (L4) and six (L6) layers, the rupture of hoop fibers occurred in a shorter 200 

amount of time and the failure was more sudden with an explosive noise. Overall, the failure was 201 

controlled with rupture of the BFRP wrap in the non-overlap region around the mid-height of the 202 

specimens. Compared to the first author’s previous observations on CFRP-wrapped cylinders [47], 203 

the failure of BFRP-wrapped cylinders was less explosive. This can be explained by lower 204 

modulus and strength of BFRPs than CFRPs and the fact that less energy was released at the time 205 
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of failure. At the same time, the strength gain was significant as it is discussed in the following 206 

section. 207 

3.2. Effectiveness of BFRP Wraps 208 

The test results of BFRP-wrapped specimens are summarized in Table 2. The results show an 209 

average confined concrete strength (f’cc) of 56.27 MPa (±0.79%), 76.98 MPa (±1.43%), and 94.57 210 

MPa (±5.17%) for the specimens wrapped with 2, 4, and 6 layers of BFRPs, respectively. It 211 

indicates that wrapping concrete cylinders with 2, 4, and 6 layers of BFRP increased the 212 

compressive strength of plain concrete with a factor of 1.41, 1.92, and 2.36; respectively. Similarly, 213 

the results show an average confined concrete strain (εcc) of 0.0080 mm/mm (±5.22%), 0.0200 214 

mm/mm (±3.03%), and 0.0238 mm/mm (±16.23%) for the specimens wrapped with 2, 4, and 6 215 

layers of BFRPs, respectively. It means wrapping the plain concrete cylinders with 2, 4, and 6 216 

layers of BFRPs increased the strain of plain concrete at peak load with a factor of 2.77, 6.95, and 217 

8.25; respectively. As expected, FRP wrapping increased strain with higher rate than strength. It 218 

should be highlighted that only 4 layers of unidirectional basalt fabric with areal weight of 300 219 

gsm/layer wrapped around a standard concrete cylinder with an epoxy resin almost doubled the 220 

strength of concrete. This indicates the effectiveness of BFRP composites for strengthening 221 

applications.  222 

3.3. Stress-Strain Behavior 223 

Figure 5 shows the stress–strain behavior of all specimens. Overall, the stress-strain curves of the 224 

wrapped specimens can be considered in three zones. In the first zone, the behavior of the wrapped 225 

concrete is mostly linear and similar to the plain concrete. In the second zone, as the concrete core 226 

dilates and the wrap is activated, the wrap is stretched and a tension stress in the wrap and a 227 

confinement stress on the concrete core are induced. In the third zone, because of large dilation, 228 
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the wrap is fully activated and the confinement stress increases proportional to the stiffness of the 229 

wrap. The first and third zones are almost linear and the second zone is non-linear. 230 

 The axial strain on the right side of horizontal axis in Figure 5 was calculated based on 231 

average of two axial strain gauges installed on the BFRP wrap. The hoop strain on the left side of 232 

the horizontal axis was also calculated on average of all hoop strain gauges installed on the BFRP 233 

wrap. It should be noted that the axial strain of each specimen was also calculated from the axial 234 

displacement gauges and the results showed very good agreement with that of strain gauges. As 235 

the displacement gauges were bonded to the wrap using an adhesive and some of them were 236 

deboned before the ultimate load, the axial strains reported in this study are only based on the 237 

strain gauge data to be consistent for all specimens.  238 

As shown in Figure 5, it can be observed that as the number of BFRP layers increases, the 239 

third zone slope increases to a point with higher stress and strain. However, the average hoop 240 

rupture strain does not increase. The distribution of hoop strain will be discussed more in depth in 241 

the following sections. Overall, all three identical specimens of each group resulted in almost 242 

identical stress-strain curve, which indicates the consistency of test results. 243 

3.4. Volumetric Strain and Dilation 244 

Figure 6 presents the variation of axial stress vs. volumetric strain of the specimens. The 245 

volumetric strain (εv) was calculated as follows:  246 

𝜀𝑣 = 𝜀𝑎 + 2𝜀ℎ (1) 

where εa is the average axial strain and εh is the average hoop strain. As shown in the figure, the 247 

first zone of curves is linear and indicates an increasing negative volumetric strain (i.e. volume 248 

compaction) as axial stress increases. At a certain point, the behavior changes and volumetric strain 249 

starts to increase, which can be considered the beginning of the second zone (i.e. transition zone). 250 
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When volumetric strain becomes zero (i.e. volume of cylinder equals to initial volume), the third 251 

zone can be considered to begin. At this point the wrap is fully activated as the specimen enters to 252 

volume expansion. The specimens with 2 BFRP layers experienced a fast rate of volume expansion 253 

with a shallow third zone, which indicate the low stiffness of the wrap. As the number of BFRP 254 

layers increases, the slope of the third zone increases showing a significant gain of strength. In 255 

order to characterize the dilation properties of the specimens, dilation rate (μ) of each specimen 256 

can be calculated as follows: 257 

𝜇 =
Δ𝜀ℎ
Δ𝜀𝑎

 (2) 

where Δεa is the change of average axial strain and Δεh is the change of average hoop strain. The 258 

dilation rate was calculated based on the ratio of the slope of a line fitted into the axial strain for 259 

10 adjacent data pints to that of the hoop strains rather than using only 2 adjacent data points to 260 

filter localized noises. Figure 7 shows the variation of dilation rate vs. axial strain of the specimens. 261 

Technically, the dilation rate is the Poisson’s ratio of concrete at the first zone of stress-strain curve 262 

(i.e. linear behavior). Then, as the axial strain increases, the dilation rate increases almost 263 

exponentially. For plain specimens, the dilation rate approaches to infinity, which means crushing 264 

and spalling of concrete. For BFRP-wrapped specimen, the dilation rate reaches to a peak point 265 

and then decreases. It seems the axial strain corresponding the peak dilation rate corresponds to 266 

the strain of plain concrete at peak load. As the number of BFRP layers increases, the peak dilation 267 

rate decreases. As shown in Figure 7, the dilation rate of the specimens with 6 BFRP layers reaches 268 

a peak of about 1.25 and then decreases and stabilizes at an ultimate value of 0.5 which is Poisson’s 269 

ratio of elastoplastic materials in the plastic region. The same trend can be seen for the specimens 270 

with 4 BFRP layers with a peak of about 1.75 and then an ultimate value of 1.0. The specimens 271 

with 2 BFRP layers show a peak dilation rate of about 4.0 and then it decreases to an ultimate 272 
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value of about 2.0. The figure indicates that both peak and ultimate dilation rates depend on the 273 

number of BFRP layers (i.e. the wrap stiffness). Figure 8 shows the variation of hoop strain vs. 274 

axial strain of the specimens. All specimens exhibit an initial linear behavior with Poisson’s ratio 275 

of about 0.2 and then with a nonlinear transition zone, the BFRP-wrapped specimens approach to 276 

a constant slope. The specimens wrapped with 4 and 6 BFRP layers approach to almost similar 277 

direction, but the specimens with 2 BFRP layers show a different direction. Overall, 4 and 6 layers 278 

of BFRP wraps were effective to control the dilation rate of concrete leading to a quasi-plastic 279 

behavior. 280 

3.5. Hoop Strain Distribution 281 

The focus of this paper is on the distribution of hoop strain on BFRP wrap. Figure 9 presents the 282 

variation of hoop strain vs. central angle at mid-height of the specimens as axial stress increases 283 

from a fraction of f’cc to full f’cc. The overlap region is also shaded in the figure. As shown in 284 

Figure 9(a), when the axial stress of specimen L2-1 is as low as 50 MPa (i.e. 0.89 f’cc), the hoop 285 

strain has an almost uniform distribution. As axial stress increases, the hoop strain increase in a 286 

non-uniform pattern with a higher rate of increase in the non-overlap region. The non-uniform 287 

pattern with a peak at 180° (i.e. middle of non-overlap region) continues, until the wrap ruptures 288 

at the peak hoop strain of 0.0186 mm/mm, which is less than the rupture tensile strain of 0.0253 289 

mm/mm corresponding to the flat coupon tests presented in Figure 1. Table 2 presents the peak 290 

strain comparing to the average of all strain gauges plus the average of strain gauges in the overlap 291 

and non-overlap regions.  292 

 Similarly, Figure 9 (b) and (c) present the variation of hoop strain for specimen L4-1 and 293 

L6-1, respectively. As shown, when the axial stress of the specimen is as low as 50 MPa (i.e. 0.65 294 

f’cc for L4-1 and 0.53 f’cc for L4-1), the hoop strain has an almost uniform distribution. As axial 295 
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stress increases, the hoop strain of L4-1 and L6-1 increase in a non-uniform pattern with a higher 296 

rate of increase in the non-overlap region. The non-uniform pattern with a peak at 240° and 180° 297 

(i.e. almost middle of non-overlap region) continues until the wrap ruptures at the peak hoop strain 298 

of 0.0211 and 0.0228 mm/mm, respectively, which is less than the rupture tensile strain of 0.0253 299 

mm/mm. Overall, all specimens failed with a peak hoop strain around middle of non-overlap 300 

region lower than the rupture strain of flat coupon tests. However, as the number of BFRP layers 301 

increased, the peak hoop strain reached closer to the flat coupon rupture strain. Table 2 summarizes 302 

the average of all hoop strain gauges, peak hoop strain values, and the ratio of the peak over the 303 

average at the peak load of each BFRP-wrapped specimen. It indicates that the average ratio for 304 

specimen with 2, 4, and 6 layers of BFRPs is 1.12, 1.08, and 1.14; respectively.  305 

Figure 10 shows the effect of number of BFRP layers on distribution of hoop strain at peak 306 

load comparing to the average hoop strain of specimen L2, L4, and L6. It seems the number of 307 

layer does not affect the overall strain distribution. In order to identify whether or not the number 308 

of BFRP layers had a significant effect on the strain distribution, an analysis of variance (ANOVA) 309 

was performed. ANOVA allows a comparison of the variance caused by the between-groups 310 

variability (mean square effect or MSeffect) with the within-group variability (mean square error or 311 

MSerror) by means of the F-test. The analysis results are presented in an F-value as follows: 312 

𝐹 =
𝑀𝑆𝑒𝑓𝑓𝑒𝑐𝑡

𝑀𝑆𝑒𝑟𝑟𝑜𝑟
 (3) 

The ANOVA analysis tests whether the F-value is significantly greater than a critical value 313 

Fcrit, extracted from the distribution of statistical tables based on the number of degrees of freedom. 314 

A test result (calculated from the null hypothesis and the sample) is called statistically significant 315 

if it is deemed unlikely to have occurred by chance, assuming the truth of the null hypothesis. A 316 
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statistically significant result justifies the rejection of the null hypothesis. In this study, a one-way 317 

ANOVA using a confidence level of 95% (significance level of 0.05) was performed. 318 

Considering the hoop strains recorded from six strain gauges of the first specimen of each 319 

group, the ANOVA analysis shows that the results are non-significant at the 5% significance level 320 

(F=2.59<Fcrit=3.11), which accepts the null hypothesis, concluding that the variation of hoop strain 321 

of BFRP wraps around the concrete cylinders tested in this study is non-significant at the 5% 322 

significance level. In addition, the effect of number of BFRP layers on variation of hoop strain is 323 

also considered non-significant since F=1.15<Fcrit=3.68. As a result, using the average hoop strain 324 

instead of peak hoop strain is justifies. To support further this conclusion, Figure 11 shows the 325 

ruptured areas of BFRP wraps compared with hoop strain distribution of the wraps at peak load. 326 

The figure indicates that the peak strain is not necessary in the ruptured area.  It can be concluded 327 

that the variation of hoop strain is localized and is not associated with the ruptured areas of BFRP 328 

wraps considered in this study. Further study on other FRP materials is needed to generalize this 329 

conclusion.   330 

3.5. Strain Efficiency Factor 331 

In order to quantify the premature rupture of BFRP wraps with respect to flat coupon test result, 332 

the strain efficiency factor (κε) of each specimen was calculated as follows: 333 

𝜅𝜀 =
𝜀ℎ,𝑟𝑢𝑝

𝜀𝑓𝑢
 (4) 

where εh,rup is the hoop strain in the FRP wrap at failure and εfu is the flat coupon’s rupture strain 334 

in tension. Using the equation, the strain efficiency factor of each specimens was calculated and 335 

presented in Table 3. For comparison, the factor was calculated using both average hoop strain and 336 

peak hoop strain. The strain efficiency factor based on average hoop strain ranges from 0.61 to 337 

0.86 with an average of 0.72 (±10.48%). The strain efficiency factor based on peak hoop strain 338 
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ranges from 0.65 to 0.90 with an average of 0.78 (±10.78%). The ANOVA analysis shows that 339 

there is a non-significant difference between the strain efficiency factor based on average and peak 340 

hoop strains (F=2.87<Fcrit=4.49). As a result, the strain efficiency factor based on average hoop 341 

strain can be used for further analyses of the specimens tested in this study. The ANOVA analysis 342 

also shows that there is a non-significant difference between the strain efficiency factor of the 343 

specimens wrapped with 2, 4, and 6 BFRP layers (F=2.55<Fcrit=5.14).  It means strain efficiency 344 

factor is not dependent on the thickness of the BFRP wrap. There is no in-depth study in the 345 

literature on the effect of FRP wrap thickness on strain efficiency factor. Thus, more research is 346 

needed using other FRP materials to generalize this conclusion.  347 

3.6. Refining Design Strain Efficiency Factor 348 

The concept of strain efficiency factor κε has been implemented by the American Concrete Institute 349 

in ACI 440.2R-17 [45] which is the well-known guide for the design and construction of externally 350 

bonded FRP systems for strengthening concrete structures as follows: 351 

𝜀𝑓𝑒 = 𝜅𝜀𝜀𝑓𝑢 (5) 

where εfe is the effective strain in FRP reinforcement attained at failure, εfu is the design rupture 352 

strain of FRP reinforcement, and κε is equal to 0.55 per ACI 440.2R-17. The design guide offered 353 

some speculations on the reasons behind the reduction observed experimentally, including the 354 

multi-axial state of stress in the jacket, compared to the uniaxial state of stress in coupons. 355 

However, no rational approach was offered to express the hypothesis. Multiple studies have been 356 

performed to rationalize strain efficiency factor, however the complexity of the mechanics of the 357 

problem and the synergic effects of multiple parameters on the premature rupture of FRP wraps 358 

have made the problem too complicated to be solved completely. At this stage, the approach of 359 

ACI 440.2R-17 proposing a constant value based on experimental data seems more applicable for 360 
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practicing engineers. The current design strain efficiency factor κε of 0.55 was calibrated in early 361 

2000 by Lam and Teng [37] and Harries and Carey [32] using 52 and 251 concrete cylinders 362 

wrapped with FRPs, respectively. As numerous test data has been produced in the past 15 years, a 363 

new calibration is necessary.  In order to refine the factor, the test data of this study was added to 364 

the database collected previously [23] by combining two databases [24][25] to form a large 365 

database containing 783 concrete cylinders wrapped with unidirectional FRPs in the hoop direction 366 

resulting an average experimental strain efficiency factor of 0.70 with a standard deviation of 0.25. 367 

To evaluate the effect of the refinement, the FRP confinement model of ACI 440.2R-17 is used. 368 

The model was initially proposed by Lam and Teng [37] as follows: 369 

𝑓𝑐𝑐
′

𝑓𝑐𝑜′
= 1 + 3.3

𝑓𝑙
𝑓𝑐𝑜′

 (6) 

where f′cc is the confined concrete strength, f′co is the unconfined concrete strength, and fl is the 370 

confining stress defined as: 371 

𝑓𝑙 =
2𝐸𝑓𝜀𝑓𝑒𝑡

𝐷
 (7) 

where Ef is the elastic modulus of the FRP wrap in the hoop direction, t is the total thickness of the 372 

FRP wrap, D is the diameter of the concrete core, and εfe is the the effective strain defined in Eq. 373 

(5). The confinement model was used to predict the confined concrete strength as presented in 374 

Figure 12. Each circle in the figure represents the coordinate of a data point, where the horizontal 375 

axis is the experimental value and the vertical axis is the predicted value.  It is noted that the 376 

fundamental approach to quantify the strain efficiency of FRP wraps is using the compressive 377 

constitutive law of FRP-confined concrete. As it was mentioned earlier, the analysis is complicated 378 

and beyond the scope of this study. The focus of the analytical section of this study is only 379 
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calibrating the constant strain efficiency factor of ACI 440.2R-17 using its own confinement 380 

model. 381 

To evaluate the performance of the refined factor, a statistical index known as Root Mean 382 

Square Error (RMSE) is implemented. RMSE is the square root of the variance of the residuals 383 

which is defined as the following, where n is the number of data points. RMSE indicates how close 384 

the predicted values (i.e., y) to the experimental values (i.e., x) as presented is the following 385 

equation. Lower values of RMSE indicate a better fit, with zero indicating a perfect prediction that 386 

means all data points are located on a 45-degree line.  387 

𝑅𝑀𝑆𝐸 = √
∑(𝑥 − 𝑦)2

𝑛
 (8) 

 As shown in Figure 12, using the experimental strain efficiency factor, the confinement 388 

model can predict the experimental f′cc to f′co confining ratio with an RMSE of 0.318. However, 389 

using the strain efficiency factor of 0.55, the model underestimates the confining ratio with an 390 

RMSE of 0.481. Using the refined strain efficiency factor of 0.70, the data points get slightly closer 391 

to the 45-degree line indicating better prediction with an RMSE of 0.402. It means the dispersion 392 

degree is slightly enhanced, however there is no significant enhancement. The main point is that 393 

using the refined strain efficiency factor of 0.7 does not make the dispersion degree of data points 394 

worse than the factor of 0.55, however provides a better frequency distribution as it is discussed 395 

later in this section.  396 

In addition to the RMSE index, the R2 index (the square of the correlation coefficient) was 397 

computed for each case to evaluate the correlation between the predicted f′cc and experimental f′cc. 398 

As shown in Figure 12, the R2 index between the predicted f′cc and experimental f′cc using the strain 399 

efficiency factor of 0.55 and 0.7 is the same (R2=0.733) as changing the constant factor does not 400 
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change the correlation between the predicted and experimental values. However, using a variable 401 

experimental strain efficiency factor, as expected, provides better correlation (R2=0.836). It is 402 

important to note that a higher R2 value does not necessarily indicate a perfect prediction. It only 403 

shows that there is a better linear correlation between predicted and experimental values. Thus, the 404 

R2 index is not the best index for the evaluation presented in Figure 12, where RMSE is better 405 

suited. Figure 13 presents the variation of RMSE with respect to a range of strain efficiency factors. 406 

It clearly indicates that the proposed value of 0.70 for the strain efficiency factor corresponds to 407 

the minimum RMSE.  408 

Figure 14 shows the frequency distribution of the ratio of predicted f’cc to experimental f’cc. 409 

Three strain efficiency factors based on the database (experimental κε), ACI 440.2R-17 (κε =0.55), 410 

and the refined factor (κε =0.7). The histogram was prepared in 30 bins with the width of 0.04. The 411 

number of the bins was selected based on the square root of the number of the data points. The 412 

figure clearly indicates a better precision using the proposed strain efficiency factor of 0.70 in 413 

comparison with the ACI 440.2R-17 strain efficiency factor of 0.55. 414 

It can be concluded that the strain efficiency factor in ACI 440.2R-17 can be changed from 415 

0.55 to 0.70. It should be noted that this study focused on cylindrical cross-sections, the validity 416 

of the performed calibration in case of non-circular cross-sections needs to be tested. There are 417 

numerous statistical and analytical studies [48][49][50][51][52] in the literature to extend the 418 

analysis presented in this study. Also, a reliability analysis is needed to refine the strength 419 

reduction factors (i.e. phi factors) of the design guideline. Moreover, as new FRPs made of 420 

polyethylene terephthalate (PET) fibers [53][54], polyethylene naphthalate (PEN) fibers [54], and 421 

plant-based fibers [55] and bio-based resins [56] are emerging in the market, the strain efficiency 422 

factor needs to be studied more in-depth for new materials and revised accordingly. 423 
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 424 

4. CONCLUSION 425 

This paper presented the results of an experimental study on concrete cylinders wrapped with 426 

unidirectional basalt fabrics (300 gsm). Three different number of basalt fiber-reinforced polymer 427 

(BFRP) layers, namely 2, 4, and 6 plies were considered and the specimens were instrumented 428 

with multiple strain gauges. The results were compared to the rupture strain of flat coupons in the 429 

form of a strain efficiency factor. The failure mode, strength gain, dilation, and variation of hoop 430 

strain of the specimens were also evaluated. The following conclusions can be drawn from the 431 

study:  432 

• The failure of all specimens wrapped with BFRPs was controlled by the rupture of hoop fibers 433 

in the non-overlap region around the mid-height of the specimens. With increasing number of 434 

BFRP layers, the rupture of hoop fibers occurred in a shorter time window. In comparison with 435 

similar studies on CFRP, the failure of BFRP-wrapped cylinders was less explosive. This can 436 

be explained by lower modulus of BFRPs than CFRPs and the fact that less energy was released 437 

at the time of failure. 438 

• Wrapping the plain concrete cylinders with 2, 4, and 6 layers of BFRPs increased the strength 439 

with a factor of 1.41, 1.92, and 2.36; respectively. This indicated the effectiveness of basalt 440 

fibers for concrete strengthening applications in addition to the other benefits in terms of 441 

environmental impact, economics, and plants' maintenance in comparison with fiberglass 442 

production.  443 

• All specimens exhibited a dilation rate with an initial rate of about 0.2 and then with a nonlinear 444 

transition zone approaching to a constant rate. The specimens wrapped with 6 BFRP layers 445 
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approached to an average dilation rate of almost 0.5 indication the effectiveness of BFRP wraps 446 

to control dilation rate of concrete leading to a quasi-plastic behavior.  447 

• Although the strain of the BFRP wraps in the hoop direction of the cylinders was variable, it 448 

was not associated with the ruptured areas of the wrap. An analysis of variances (ANOVA) on 449 

three specimens with six hoop strain gauges tested in this study showed that the variation is 450 

non-significant at 95% confidence level. In addition, the effect of number of BFRP layers on 451 

the variation of hoop strain amongst the three specimens was non-significant. More test results 452 

on strain distribution are needed to generalize this conclusion. 453 

• The strain efficiency factor of the test specimens based on the average hoop strain ranged from 454 

0.61 to 0.86 with an average of 0.72. The strain efficiency factor based on peak hoop strain 455 

ranged from 0.65 to 0.90 with an average of 0.78. An ANOVA analysis showed that there is a 456 

non-significant difference between the strain efficiency factor based on average and peak hoop 457 

strains. As a result, the strain efficiency factor based on average hoop strain was recommended 458 

for design applications.  459 

• The test data of this study was added to a large database from the literature to form a database 460 

containing 783 concrete cylinders wrapped with unidirectional FRPs in the hoop direction 461 

resulting an average strain efficiency factor of 0.70 with a standard deviation of 0.25. The 462 

strain efficiency factor of 0.70 was proposed instead of the current factor of 0.55 in ACI 463 

440.2R-17 design guideline predicting the strength of FRP-wrapped concrete cylinders in the 464 

database with the lowest statistical error. It should be noted that a reliability analysis will 465 

needed to refine the strength reduction factors (i.e. phi factors) of the design guideline. 466 

 467 
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Table 1. Test matrix. 622 

Group # Group ID Number of 

FRP layers 

Number of identical 

specimens 

1 Plain 0 3 

2 L2 2 3 

3 L4 4 3 

4 L6 6 3 

Total - - 12 

  623 
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Table 2. Summary of test results. 624 

Specimen 

ID 

Compressive 

strength f'cc 

(MPa) 

Ultimate 

axial 

strain εcc 

(mm/mm) 

Average 

hoop 

strain at 

f'cc 

(mm/mm) 

Peak 

hoop 

strain at 

f'cc 

(mm/mm) 

Peak/ 

average 

strain 

ratio 

L2-1 55.94 0.0084 0.0159 0.0186 1.17 

L2-2 56.09 0.0079 0.0192 0.0222 1.16 

L2-3 56.77 0.0076 0.0180 0.0184 1.02 

L4-1 76.25 0.0195 0.0183 0.0222 1.21 

L4-2 76.44 0.0207 0.0210 0.0213 1.02 

L4-3 78.24 0.0199 0.0194 0.0198 1.02 

L6-1 95.37 0.0232 0.0179 0.0228 1.27 

L6-2 99.01 0.0279 0.0176 0.0178 1.01 

L6-3 89.33 0.0202 0.0144 0.0166 1.15 

625 
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Table 3. Comparison of average and peak strain efficiency factor. 626 

Specimen 

ID 

Average hoop 

strain 

(mm/mm) 

Average 

κε  

Peak hoop 

strain 

(mm/mm) 

Peak 

κε  

L2-1 0.0159 0.627 0.0186 0.736 

L2-2 0.0193 0.761 0.0222 0.878 

L2-3 0.0181 0.716 0.0184 0.729 

L4-1 0.0184 0.728 0.0211 0.835 

L4-2 0.0219 0.864 0.0213 0.841 

L4-3 0.0194 0.769 0.0198 0.783 

L6-1 0.0179 0.709 0.0228 0.901 

L6-2 0.0176 0.698 0.0178 0.702 

L6-3 0.0155 0.612 0.0166 0.655 

Average   0.720   0.784 

 627 

  628 
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  629 

  630 

Figure 1. Material testing of BFRP coupons: (a) stress-strain behavior; (b) testing machine; 631 

and (c) strain gauged coupon. 632 

  633 

(b) (c) 
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  634 

 635 

Figure 2. Specimen preparation and instrumentation: (a) bracket of displacement gauges 636 

applied; and (b) strain gauges weird; and (c) strain gauges arrangement. 637 

  638 

(c) 

(b) (a) 
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 639 

  640 

  641 

Figure 3. Test setup: (a) testing machine; (b) instrumentation; (c) camera; and (d) 642 

displacement gauge. 643 

  644 

(a) (b) 

(c) (d) 
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   645 

  646 

  647 

Figure 4. Test specimens after failure: (a) plain group; (b) L2 group; (c) L4 group; (d) L6 648 

group; (e) and (f) typical rupture of hoop fibers. 649 

  650 

(a) (b) 

(c) (d) 

(e) (f) 
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 651 

Figure 5. Stress-strain behavior of specimens. 652 

  653 
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 654 

Figure 6. Variation of volumetric strain of specimens. 655 
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 657 

Figure 7. Variation of dilation rate vs. axial strain of specimens. 658 
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 660 
Figure 8. Variation of hoop strain vs. axial strain of specimens. 661 
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 663 

 664 

 665 

Figure 9. Distribution of hoop strain at mid-height of (a) L2, (b) L4, and (c) L6 specimens 666 

with six strain gauges. 667 
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 669 

Figure 10. Effect of number of BFRP layers on distribution of hoop strain at peak load.   670 
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 673 

Figure 11. Ruptured areas of BFRP wrap compared with hoop strain distribution of (a) L2, 674 

(b) L4, and (c) L6 specimens with six strain gauges. 675 
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 677 

 678 

Figure 12. Performance of Lam and Teng [37] confinement model prediction f’cc/f’co using: 679 

(a) experimental strain efficiency factor; (b) ACI 440.2R-17 [45] strain efficiency factor of 680 

0.55; and (c) refined strain efficiency factor of 0.70. 681 
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 683 

Figure 13. Calibration of a strain efficiency factor based on the performance of Lam and 684 

Teng [37] confinement model using 783 test data. 685 
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 687 
 688 

Figure 14. Frequency distribution of the f’cc (model) to f’cc (experiment) based on 689 

experimental, ACI 440.2R, and proposed strain efficiency factor using 783 test data. 690 
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