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Abstract 7 

Recent global terrorism activities and threats imposed prominent danger to the public civil 8 

infrastructure, and thus blast and impact resistance design of structures has become an 9 

indispensable requirement in the design processes. Fiber reinforced polymer (FRP) can be 10 

used as an excellent material to improve the blast and impact resistance of structures. Up to 11 

now most studies concentrate on blast-resistance of FRP strengthened structures. The number 12 

of studies about impact resistance of structures strengthened with FRP is very limited and the 13 

findings in these studies are controversial. Since structures under blast and impact loadings do 14 

not necessarily behave the same, it also is important to understand the performance of FRP 15 

strengthened structures subjected to impact loads. This study aims to provide an overview of 16 

the impact resistance of structures strengthened with FRP, which include reinforced concrete 17 

(RC) beams, RC slabs, RC columns and masonry walls. This study also reviews the dynamic 18 

properties of FRP materials. Although some issues still need to be investigated and clarified, 19 

it would be suggested that FRP can be used to strengthen and protect structures against impact 20 

events or terrorism activities. 21 
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Introduction 23 

Recent global terrorism activities and threats imposed prominent danger to the public civil 24 

infrastructure, and thus blast and impact resistance design of structures have increasingly 25 

attracted the research community. Fiber reinforced polymer (FRP) has been commonly used 26 

in the field of civil engineering for a few decades [1-4]. This material can be utilized in 27 

improving the blast and impact resistance of structures. It has been used in strengthening or 28 

retrofitting existing structures, or building new structures ranging from beams, slabs, 29 

columns, to walls [5-14]. The use of FRP has been shown to increase the strength, stiffness, 30 

and ductility of strengthened structures. This use has now become popular worldwide because 31 

of the superior properties of FRP materials, which have high strength to weight ratios and 32 

excellent corrosion resistance. The behavior of structures strengthened with FRP under static 33 

loads has been comprehensively studied and presented in the literature [15-17]. However, 34 

studies about dynamic responses of structures strengthened with FRP are relatively limited. In 35 

terms of dynamic resistance, more attentions have been paid to these structures against blast 36 

loading rather than impact loading [18]. Accordingly, Buchan and Chen [18] presented a 37 

state-of-the-art review of blast resistance of FRP materials strengthened concrete and masonry 38 

structures. Studies of FRP strengthened structures against impact loadings are very limited. 39 

As a result, there is no review study about impact resistance of concrete and masonry 40 

structures strengthened with FRP either. Experiences and research findings of FRP structure 41 

performance under blast load may not necessarily be applied to assess the structure 42 

performance under impact loads. This is because the effects of impact loads on structures are 43 

different from those of blast loads owing to the different loading rates and loading type 44 

(distributed or point loads). Blast loads have very high loading rates (~10
3
 s

-1
) and are usually 45 

distributed in part or entire structural component while impact loads usually have relatively 46 

lower loading rates (~10
1
 s

-1
) and are often concentrate point loads on structures. These 47 
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discrepancies result in differences of structural behaviors under blast or impact loads. It is 48 

thus necessary to investigate the impact resistance of these structures in order to provide a 49 

better understanding of these structures against all loading conditions. 50 

It is worth noting that impact loading conditions on structures can be induced by vehicle 51 

impact, ship impact, airplane impact, rock-fall impact, windborne debris impact or missile 52 

impact, etc. The main concern of the structural performance under impact loading is not only 53 

about the structures’ strength to resist the impact load but also their energy absorption 54 

capacity. In such cases, the size and mass of the impactor, as well as the impact velocity, are 55 

very important. An impactor with a large mass but low velocity and another one with a small 56 

mass but high velocity have very different effect on structures although they may have the 57 

same kinetic energy. Besides the impactor, the response of the structure also depends on the 58 

structural mass itself. There are in general three separate situations: (1) a very large object 59 

struck by a small impactor, (2) an object with comparable mass as the impactor hit on it, and 60 

(3) a small object struck by a large impactor [19]. While the third case is relatively rare, the 61 

other cases are often encountered. In the first case, such as shooting a bullet on a structure, a 62 

local damage can be expected at the contact zone. This case has been comprehensively 63 

studied and thus solutions have been suggested in the form of empirical formulae. However, 64 

in the case of impact between two comparable masses such as vehicle and rock fall impact on 65 

a structure, which are the main concern in civil engineering, is still unclear [19].  66 

Accidental impact loads such as vehicle and ship impact are common and some studies in the 67 

literature investigated the measures to strengthen structures against such impact loads [20-24]. 68 

This study presents a review of impact resistance of concrete and masonry structures 69 

strengthened with FRP in such cases. It includes a brief introduction about impact testing 70 

methods and dynamic properties of FRP. More comprehensive discussions and analyses about 71 
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impact resistances of FRP strengthened concrete structures will be presented accordingly. It 72 

should be noted that studies about this topic are still extremely limited. Most of relevant 73 

references available in the literature have been collected and discussed in this review study, 74 

which summarizes state-of-the-art understanding of this important topic. Discussions and 75 

recommendations for further studies are also provided. 76 

Impact Testing Methods and FRP Composites 77 

Impact Testing Methods 78 

Impact testing methods should be designed to ideally simulate the loading conditions to which 79 

a structure is subjected in operational services and reproduce failure modes and mechanisms 80 

likely to occur. Generally, the impact testing methods can be divided into two separate types: 81 

low velocity impact by a large mass (drop-weight tests or pendulum) and high velocity impact 82 

by a small mass (runway debris or small arms fire) [25]. The more common methods are low 83 

velocity impact by a large mass. These methods include Charpy and Izod pendulums, 84 

hydraulic test machines, and drop-weight tests (Fig. 1), which are designed to deliver 85 

velocities up to about 10 m/s. The Charpy and Izod pendulums tests suffer a number of 86 

disadvantages, for example the load-time curves often contain high frequency harmonic 87 

oscillations caused by the natural response of the impactor [25]. Even though these effects can 88 

be filtered as the harmonic frequencies of the various components have been determined, they 89 

yield difficulties for researchers [26]. In addition, many specimens used in these tests are 90 

short and thick beams and are not thus typical of structural components in the civil 91 

engineering discipline. 92 

An impact test can be conducted by dropping a weight onto test specimens from a certain 93 

height. Generally, the impact event does not cause complete destruction of the test specimens 94 
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but rebounds. The incident velocity of the impactor can be theoretically estimated by the 95 

equations of motion or experimentally determined by a high-speed camera, accelerometer, or 96 

an optical sensor. One of the advantages of this type of tests compared to Charpy and Izod 97 

pendulums is that a broader range of test geometries can be adopted. Although a semi-98 

spherical impactor is commonly used in these tests, the use of other shapes such as cylinders 99 

or sharp point is possible. Dynamic capacities of the specimens can be determined by one-100 

blow drop-weight test while fracture energy is determined by multi-blow tests in which the 101 

specimens fail by a number of drops [27]. 102 

Potential Materials 103 

There are many types of FRP and polymer materials available for strengthening and 104 

retrofitting concrete structures.  An appropriate selection of the most suitable material is based 105 

on the optimal performance and cost. The most popular materials used are glass fiber 106 

reinforced polymer (GFRP) and carbon fiber reinforced polymer (CFRP). In general, GFRP is 107 

more economical than CFRP but the later can provide higher tensile strength and stiffness. 108 

Accordingly, high strength CFRP material can save resin and may lead to a more economic 109 

total solution [18].  110 

Crawford et al. [28] recommended the use of aramid FRP (AFRP) for strengthening structures 111 

in terms of impact events due to its impact resistance rather than CFRP and GFRP. However, 112 

in terms of confinement effect, Crawford et al. [29] suggested that CFRP is preferred to 113 

GFRP and AFRP for wrapping columns because it possesses high stiffness which prevents the 114 

concrete from expanding. 115 

Davidson et al. [30] thoroughly described the process of selecting a retrofit material. Twenty 116 

one potential materials were evaluated in the initial phases of their tests: seven of those were 117 
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extruded thermoplastic materials, thirteen of them were spray-on materials, and one was a 118 

brush-on material. All those materials were ultraviolet and temperature stable, flame resistant 119 

and could be acquired at an acceptable cost. Among these materials, the extruded 120 

thermoplastics were the strongest and stiffest but they were eliminated because of their 121 

difficulty in construction. The brush-on material was discarded because it was weak, brittle 122 

and had long cure time. The spray-on materials were the most suitable in this case although 123 

they have some disadvantages. 124 

In brief, there is no best suitable material for a particular strengthening method or a structure. 125 

A comparison between the materials is very difficult due to the variation in structures and 126 

lack of a standard for the impact testing. The impact resistance of structures strengthened with 127 

different types of FRP needs to be investigated in terms of the load-carrying capacity and 128 

energy absorption. 129 

Strengthening Solutions 130 

Strengthening solutions range from repair of damaged structures in order to restore their 131 

original strengths to an addition of elements to increase their capacities. Strengthening with 132 

FRP composites can be applied to various types of structures consisting of beams, columns, 133 

slabs, and walls. According to the member type, the objectives of strengthening might be one 134 

or a combination of the followings: (1) increase axial, flexural or shear load capacities, (2) 135 

improve ductility for seismic performance, (3) increase stiffness and/or (4) improve durability 136 

against environmental effects [31]. 137 

The study by the Concrete Society [16] summarized the most common traditional techniques 138 

for strengthening structures. Firstly, high tensile strength FRP materials bonding the tensile 139 

surface of structures can be utilized to enhance flexural resistance in beams, slabs or walls. 140 
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The FRP materials in such cases can be laminates, sheets, plates, or reinforcing bars (near-141 

surface-mounted method). Secondly, capacities of compression members can be improved by 142 

adding FRP materials in order to provide confinement of the concrete, in which FRP sheets 143 

are commonly used to wrap around the perimeter of the members. Lastly, FRP strips made of 144 

laminates or sheets may be used to bond to the sides of beams in order to enhance their shear 145 

resistance. These strengthening techniques and FRP materials have been thoroughly studied in 146 

terms of static loads rather than dynamic loads. The dynamic behaviors of strengthened 147 

structures and FRP composites are relatively limited, which are summarized and discussed in 148 

the following sections. 149 

Dynamic Properties of FRP 150 

Introduction 151 

It is commonly accepted that as the strain rate increases, there is less time for damage to 152 

develop so that the amount of accumulated damage at a particular strain level reduces and 153 

then the material can sustain higher load and failure strain. The dynamic properties of FRP, 154 

i.e., strength, elastic modulus and failure strain, thus were found to be greater than those under 155 

static loading [32-35]. These studies concluded that the dynamic properties of FRP are 156 

affected by the loading rates so that they are rate-dependent. There are three common levels 157 

of testing rate: quasi-static (~10
-5

 s
-1

), intermediate (10
-2 

- 10
0
 s

-1
) and high rate (10

2 
- 10

3
 s

-1
). 158 

However, some other studies in the literature observed that FRP did not show rate-dependent 159 

behavior for its tensile strength, modulus, or failure strain [36, 37]. Those studies are defined 160 

as the non-rate-dependent group. Discussions of the inconsistencies can be found elsewhere in 161 

the study [38]. The inconsistencies may be resulted from testing apparatuses, the range of the 162 

loading rate, errors in testing, and different material fabrication. A review thus is needed to 163 

discuss and clarify the inconsistent observations by different researchers. 164 
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Testing methods 165 

Based on the range of the strain rate, some experimental methods can be utilized to test 166 

dynamic material properties of FRP, for instance, tensile split Hopkinson bar [35, 39-42], 167 

drop-weight tests [36], pendulum [43], Charpy pendulum [44, 45], Izod impact testing [46], 168 

servo-hydraulic testing apparatus [34], and explosively driven hammers [32]. Among these 169 

methods, the most popular testing apparatus for dynamic tensile properties of FRP is tensile 170 

split Hopkinson bar (TSHB) [33]. The equilibrium requirements of dynamic tests limit the 171 

specimen size [40]. Rodriguez et al. [40] have conducted some experimental tests to study the 172 

size effects and concluded that with a small size of specimens, which were carefully described 173 

in their study, the tests can provide reliable results within the natural scattering of the 174 

experimental data. 175 

In addition to the strain measurement, an extensometer is advisable and it provides a very 176 

accurate measurement of strain in static tests. However, in dynamic tests carried out in the 177 

Hopkinson bars, the use of extensometers leads to changes in the inertia of specimens and 178 

limits frequency response of this system. Strain gauges thus are recommended in dynamic 179 

tests [40]. 180 

Effect of the strain rate on the dynamic tensile strength 181 

It is commonly agreed that the tensile properties of FRP generally increase when the loading 182 

rate increases [40, 47-49]. The tensile properties of FRP are referred as the tensile strength, 183 

the failure strain and the modulus. It is worth noting that the word “modulus” is used instead 184 

of elastic modulus as usual because some studies had shown that the stress-strain curves of 185 

FRP is nonlinear [39, 40]. Studies belonging to the rate-dependent group concluded that the 186 

tensile strength of FRP increases from the static values when the strain rate is greater than 187 
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about 10
2 

- 10
3
 s

-1
. Only a few studies reported testing results on dynamic material properties 188 

of FRP at different strain rates. These studies are summarized in Table 1. The available 189 

testing data on tensile strength with respect to strain rates are plotted in Fig. 2. 190 

Majority of studies had agreed that an increase in the strain rate results in an increase in the 191 

dynamic tensile strength of FRP except two studies [37, 45]. Hayes and Adams [45] observed 192 

a decrease of the dynamic tensile strength as the strain rate increases. In addition, 193 

experimental results reported by Hayes and Adams [45] showed a scattered distribution. The 194 

reason for this controversial finding may be resulted from an imperfect design of the 195 

specimen tabs since debonding at the tabs had been found during their tests. This debonding 196 

could lead to non-uniform tensile stress and thus stress concentration on more elongated 197 

fibers. Accordingly, specimens could fail at a lower load than that in static tests. Some studies 198 

are briefly summarized below for better assessments and understanding. 199 

Rodriguez et al. [40] conducted experimental tests to investigate effects of the strain rate on 200 

the mechanical properties of aramid and polyethylene woven fabric composites. The tests 201 

were implemented by a tensile split Hopkinson bar and conventional testing machines. The 202 

strain rates achieved were 10
-3

, 1, and 10
3
 s

-1
. The authors reported that the tensile strength 203 

increased (approximately 60%) continuously with strain rate. Barre et al. [50] also observed 204 

an increase in the dynamic tensile strength up to 50% at the strain rate greater than 1 s
-1

. 205 

Shokrieh and Omidi [34] carried out dynamic tensile tests at the strain rate ranging between 206 

10
-2

 and 10
2
 s

-1
. The experimental results showed that increasing the strain rate leads to 207 

significant enhancement of the tensile strength of FRP (up to 52%). In order to visualize the 208 

effect of the strain rate on the dynamic tensile strength of FRP, available data given in [34, 35, 209 

40, 50] are plotted in Fig. 2, which shows that the strain rate significantly affects the tensile 210 
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strength at the rate greater than about 1 s
-1

. Therefore, a conclusion of the rate-dependent 211 

tensile strength of FRP in dynamic loading can be made. 212 

Effect of the strain rate on the dynamic failure strain and stress-strain curves 213 

Effect of the strain rate on the dynamic failure strain of FRP is questionable. Among fourteen 214 

studies summarized in Table 1, six studies did not report the failure strain [41, 45, 49-51]; 215 

Four studies found an increase in the failure strain [32-35]; Three other studies observed a 216 

decrease in the failure strain [38-40]; and only one study reported the failure strain unchanged 217 

[36]. There is thus no convincing conclusion can be made for the failure strain of FRP in 218 

dynamic testing. Accordingly, Kimura et al. [47] suggested that the failure strain of FRP are 219 

independent on the strain rate. Interestingly, Jadhav et al. [48] reported a different 220 

phenomenon from all others. This study observed that the stress and strain of FRP generally 221 

increase with an increase in the strain rate. However, the stress remained constant with further 222 

increase in the strain rate after achieving a certain maximum value of the ultimate stress while 223 

the ultimate strain increased continuously with the strain rate. The same findings were also 224 

found in the study by Hou et al. [35]. 225 

It is well known that stress-strain curves of FRP are almost linear elastic [32-34, 36, 41, 50]. 226 

However, a few stress-strain curves reported by previous studies [35, 38-40, 49] showed 227 

nonlinear behaviors rather than a linear behavior as usual. It can be seen from the literature 228 

that up to the intermediate strain rate (1 s
-1

) it has no or insignificant effects on the stress-229 

strain curves. On the contrary, the high strain rate (greater than 10
2
 s

-1
) does affect the stress-230 

strain curves at which it changes the behavior of FRP from linear to nonlinear. 231 

Discussions and Future Challenges 232 
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The complex interaction occurring between the fibers and the matrix results in difficulties in 233 

assessing the rate dependency of the constituent phases [52]. This type of complex behavior 234 

has been observed and reported in the literature, for example, as the strain rate increases the 235 

corresponding failure modes change. It can be seen from the literature, the dynamic tensile 236 

strength is more likely to increase as the strain rate rises. Accordingly, more parametric 237 

studies are still needed to qualify the effect and derive reliable analytical models. A consensus 238 

on the strain rate effect on the dynamic failure strain and the modulus cannot be achieved 239 

from the current testing data reported in the literature. Qualitative studies are thus still in 240 

demand to clarify: (1) whether the failure strain of FRP changes at high strain rate and (2) 241 

what is the true relationship between stress and strain of FRP (linear or nonlinear).  242 

FRP Strengthened RC Beams 243 

Introduction 244 

Bonding FRP materials to the tension face of a RC beam to strengthen its shear and/or 245 

flexural capacity has become a popular method in recent years. As a result, a large number of 246 

studies has been carried out to investigate the structural behaviors of strengthened beams and 247 

the possibility of this strengthening technique. Structural behavior of RC beams strengthened 248 

by this technique under static loads was relatively better understood than those under impact 249 

loads. There have been three popular methods to strengthen RC beams: (1) bond FRP sheets 250 

to concrete, (2) near surface mounted (NSM) FRP reinforcement and (3) spray FRP to 251 

concrete [53]. FRP sheet bonded directly to the soffit of beams has become a popular flexural 252 

strengthening method. Transverse FRP straps are also utilized to strengthen beams to improve 253 

their shear capacity. In the NSM method, grooves are first cut into the concrete cover of a RC 254 

beam and the FRP reinforcement is bonded in the grooves [54]. Experimental verifications 255 

and analytical studies about this method in the static discipline were quite clearly stated and 256 
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presented. However, understanding of FRP-strengthened RC beams under dynamic load with 257 

high loading rates is still very limited. There are only a few studies in the literature focusing 258 

on the dynamic strength of these beams. This section presents a review of some strengthening 259 

techniques used for RC beams in the point view of dynamic responses. 260 

The number of studies dealing with the dynamic behavior of RC beams strengthened with 261 

FRP is limited. Among these studies, the free vibration behavior and the response to impulse 262 

loads have been studied by drop-weight tests [55-57].  Meanwhile, Erki and Meier [58] 263 

conducted impact loading tests by raising up one end of the beam and dropping it on the 264 

support. In both cases, the results indicate that the use of the externally bonded FRP sheets 265 

significantly enhance the impact resistance of the strengthened RC beams and reduce their 266 

maximum deflections. However, understanding of the failure modes, the actual rupture strain 267 

of FRP sheets, and the bond mechanism between concrete and FRP is still unclear. Therefore, 268 

these issues are analyzed in the following sections. 269 

Failure Modes 270 

It is worth noting that, in the case of RC beams under impact loading, the shear mechanism is 271 

typically critical even these beams are flexure-critical under static loading conditions [59-61]. 272 

A similar observation was drawn in other studies [62-65]. These authors found that RC beams 273 

which failed in a ductile flexural manner under static loading shifted to a brittle (shear) failure 274 

when subjected to impact loading. Hughes and Beeby [66] recommended that shear failure 275 

may occur in RC beams due to activation of higher modes under impact loading. In addition, 276 

Ožbolt and Sharma [64] argued that under impact loads (velocity around 1 m/s) shear 277 

reinforcement has not been activated yet and thus the dynamic response is not similar to that 278 

in static loads. Pham and Hao [61] found that there is very small or zero reaction force at the 279 

time of the maximum impact force. To maintain the equilibrium condition, the shear force is 280 
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equal to half of the impact force which is extremely large. The shear force thus becomes 281 

critical and lead to shear failure. This change in the structural behavior of RC beams 282 

strengthened with FRP needs to be investigated against impact loading conditions. 283 

Unfortunately, this phenomenon in RC beams strengthened with FRP has not been 284 

investigated against the impact loading conditions yet. 285 

As experienced in static tests for beams strengthened with FRP, the main issue causing the 286 

failure of beams is FRP debonding. In the one-blow impact tests, they can provide a close 287 

form of impact events in reality but the progress of failure could not be carefully examined 288 

because the duration of the impact event is about a few milliseconds. High speed camera may 289 

be used to capture the failure mode in such cases. On the contrary, repeated impact tests do 290 

not well simulate realistic impact events but they can provide important understanding of 291 

energy absorption and progressive failure of the tested specimen. Previous studies observed 292 

that the failure of the tested beams could be initiated with either flexural cracks or shear 293 

cracks (depending on the beam designs), which led to cracks opening; and as a result they 294 

induced the peeling stress on the interface between the concrete and the FRP laminates. 295 

Finally, the specimens usually failed by debonding or rupture of FRP. This progressive failure 296 

is qualitatively similar to that under static tests. However, it should be noted that majority of 297 

the previous studies about this topic in the literature only give qualitative observations.  298 

Erki and Meier [58] conducted tests on 8-m-long RC beams strengthened for flexure 299 

resistance. Two beams (BF1 and BF2) were strengthened with CFRP and the others with steel 300 

plates. Interestingly, the impact loads were not caused by traditional drop-weight tests. Impact 301 

loading was induced by lifting one end of a simply supported beam and dropping it. The 302 

strain rate of loading varied from an average of 0.7 s
-1

 to a maximum of over 0.84 s
-1

. Beam 303 

BF1 was dropped from the height of 0.5 m, 1 m, and 1.5 m. After 1.5-m-drop, the beam failed 304 
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by debonding of the outside laminate and then rupturing of the intermediate laminate. 305 

Meanwhile, Beam BF2 dropped from 2 m height failed by debonding and rupturing of the 306 

laminate. It can be seen that debonding of the laminate was observed in the failure of the two 307 

beams. However, since it is difficult to study the progress of the failure mechanism of FRP 308 

strengthened RC beams, the first occurrence of the debonding or the rupture of FRP was not 309 

discussed in the study.  310 

White et al. [67] cast and tested nine 3-m RC beams under a high rate of loading, but the 311 

highest strain rate obtained was only 6.9x10
-3

 s
-1

. The details of equipment and types of tests 312 

were not reported in the paper. The strain rate achieved in these tests was closer to quasi static 313 

than an impact event. The experimental results showed that all eight FRP strengthened beams 314 

failed by debonding of FRP. The strain of FRP was reported at about 6,200  when the fiber 315 

debonded. For convenience, the debonding strain of FRP was defined as the strain of FRP 316 

when the laminate debonded. 317 

Tang and Saadatmanesh [56] tested five RC beams, which had a cross section of 203 x 95 318 

mm, with multiple drop-weight tests. It is noted that the number of multiple drop-weight tests 319 

in this study was up to 30 drops. The authors argued that because the impact loading causes 320 

vibration, the top and bottom faces of the beams would experience cyclic tensile and 321 

compressive stresses. FRP (carbon or Kevlar) thus was bonded to two sides of the beams. 322 

After testing, flexural cracks first occurred on the bottom face of concrete and propagated 323 

upward to the level of the neutral plane. Since the impact load increased, diagonal shear 324 

cracks was observed. These cracks extended quickly to the interface of concrete and laminate 325 

at the top or bottom and then propagated along the interface. These beams finally failed in 326 

shear. Tang and Saadatmanesh [56] bonded six strain gauges on the top and bottom faces to 327 

monitor strain of the FRP. The experimental results showed that the tension strain was larger 328 
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than the compression strain at the same section. The debonding strain of FRP was about 4,000 329 

with the strain rate of the FRP about s
-1

. The lower value of the FRP strain at 330 

debonding as compared to those in static tests may be caused by stress wave propagation and 331 

multiple drops from the tests in which the damage and the FRP strain were accumulated. 332 

Tang and Saadatmanesh [68] reported experimental tests of 27 concrete beams (203 x 95 mm 333 

cross section) under impact loading. Similarly to the previous study by the same authors, FRP 334 

(carbon or Kevlar) was bonded to two sides of the beams. A total of four types of cracks were 335 

observed: two occurred in the concrete and the other two appeared in the FRP at the bottom of 336 

the beams. Flexural cracks first occurred on the bottom face of concrete and then propagated 337 

upward to the level of the neutral plane. When the number of impacts or the height of a drop 338 

increased, these cracks extended into the interface between the FRP and the concrete. Most of 339 

the beams failed owing to shear cracks. Experimental results showed that using stiffer FRP 340 

can enhance capacities of RC beams under impact loading. Interestingly, no cracks were 341 

observed in the interface between the FRP and the concrete. The authors attached strain 342 

gauges on the composite laminates to monitor the longitudinal strain but the strain of FRP at 343 

the laminate ends was small and thus was not reported. 344 

Pham and Hao [61] presented an experimental study on the impact resistance of FRP 345 

strengthened modified RC beams. The impact tests were conducted by using a drop-weight 346 

apparatus with the projectile weight of 203.5 kg and the drop height of 2 m. A new technique 347 

for strengthening RC beams with FRP against both static and impact loads was proposed. Its 348 

excellent performance was validated against the conventional strengthening technique. The 349 

section of the RC beams was modified to have a curved soffit before bonding with FRP. By 350 

using approximately the same amount of materials, the modified beams eliminated the stress 351 

concentration at the FRP U-wraps and provided confining pressure on the longitudinal FRP 352 
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strip thus enhanced their capacities under both static and impact loads. The FRP U-wraps 353 

were found to significantly delay the debonding of the longitudinal FRP strip and thus 354 

increase the capacity of the beams. The debonding strain of FRP under impact loads was 355 

lower than that under static loads. The authors observed that locally strengthening RC beams 356 

in shear at the expected impacting area is crucial to prevent the shear failure even though the 357 

shear capacity was about four times of the flexural capacity. In addition, Pham and Hao [61] 358 

suggested that the maximum impact force and the corresponding inertial forces at the very 359 

early moment of an impact event should be used to design the impact resistance rather than 360 

the reaction forces. 361 

Pham and Hao [60] conducted an experimental study on the impact behavior of FRP 362 

strengthened RC beams without stirrups. The RC beams were designed to have no stirrups so 363 

that the shear contribution from FRP can be properly valuated. The impact tests were 364 

conducted by using a drop-weight apparatus with the projectile weight of 203.5 kg and the 365 

drop height of 2 m. Shear deficient RC beams were strengthened with FRP by different 366 

wrapping schemes and tested under both static and impact loads. The debonding strain of FRP 367 

under impact loads was found to be slightly smaller than that under static loads. The beams 368 

strengthened with inclined FRP U-wraps yielded higher static/impact resistances than those of 369 

the beams strengthened with vertical FRP U-wraps. The authors recommended that FRP can 370 

be used to strengthen RC beams in shear against impact loads. Although the debonding strain 371 

of the FRP was smaller than that under static loads, if the actual debonding strain is taken into 372 

account, the shear contribution of the FRP can be estimated by the procedure in ACI 440.2R-373 

08 [15]. 374 

Besides the traditional FRP, Soleimani et al. [53] conducted drop-weight tests on sprayed 375 

GFRP shear strengthened RC beams. A total of 15 RC beams (150 x 150 mm section) 376 
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with/without sprayed GFRP were tested with impact velocities of 3.43 m/s or 3.96 m/s. Three 377 

strengthening schemes were investigated: sprayed FRP on 2 sides, 3 sides without anchors 378 

and 2 sides of the specimens with anchors. No sprayed GFRP fracture was observed in these 379 

tests. An increase in sprayed GFRP thickness in 3-side specimens led to increase in the 380 

specimens’ capacities but it did not happen to 2-side specimens. The authors thus 381 

recommended that sprayed GFRP should be used on 3 sides of specimens. Unfortunately, this 382 

study did not provide an explanation for this phenomenon.  383 

FRP debonding 384 

Debonding in FRP strengthened concrete structures takes place in regions of high stress 385 

concentrations, which are commonly associated with discontinuities and the presence of 386 

cracks. Propagation path of debonding initiates from stress concentrations is affected by the 387 

material properties and their interface fracture properties [31]. Majority of the debonding 388 

failures reported in the literature occurred in the concrete substrate. However, the mechanical 389 

properties of resin play an important role in the debonding failures. Using an inappropriate 390 

resin may lead to debonding taking place within the interface elements. 391 

Most of studies about RC beams strengthened by FRP showed that beams failed by debonding 392 

of FRP [53, 56-58, 60, 67, 68]. This phenomenon was also reported in ACI 440.2R-08 [15] 393 

which mentioned that cover delamination or FRP debonding can occur if the force in the FRP 394 

cannot be sustained by the substrate. Hamed and Rabinovitch [69] conducted an analytical 395 

study about RC beams strengthened by FRP under impulsive loads and found that the peeling 396 

stress developed at the edges of the FRP, this phenomenon unifies with that in the static 397 

aspect. Experimental and numerical studies about bonding between FRP and concrete under 398 

static tests have shown that high value of shear stress at the interface elements is at or near the 399 

end of the FRP [70, 71]. However, Hamed and Rabinovitch [69] concluded that peak shear 400 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

18 

 

stresses in the resin were observed at different locations along the beam during the impulsive 401 

loads. Also, the peak axial forces in the FRP laminate are developed at different locations 402 

along the beams at different times. The location of the critical section in terms of bending 403 

moments thus is not always located at midspan. 404 

In addition, the bonding between FRP and concrete in impact tests may be very different from 405 

that in static tests. Generally, impact loading is an extremely severe loading condition 406 

characterized by a force of great intensity within a short period of time. The behavior of 407 

structures under impact loading may consist of two response phases shown in Fig. 3. They are 408 

the local response due to the stress wave that occurs at the loading point during a very short 409 

period of time after the impact and the overall structural response consisting of the free 410 

vibration that lasts relatively longer duration after the impact. It is worth noting that the 411 

overall response is predominantly governed by the loading rate effect and the dynamic 412 

behavior of the structural member [72]. The two phases may cause double-impact on the 413 

bonding which may lead to a reduction of the bond strength. 414 

Stress waves resulted from impact events may cause debonding of FRP strips. When a 415 

projectile impacts a beam, it generates stress waves propagating in the beam. The longitudinal 416 

wave and the shear wave propagate inside the beam with fast velocity but low energy. 417 

Meanwhile, the surface waves (e.g., Rayleigh wave) propagate at a slower velocity but they 418 

carry majority of the impact energy (about 67% [73, 74]). The Rayleigh wave travels along 419 

the beam surface and causes motion of the surface elements so that they may result in 420 

premature debonding of FRP. The debonding of FRP has been observed in almost all the 421 

previous experimental studies [53, 56, 58, 67, 68]. Unfortunately, only one study reported the 422 

debonding strain of FRP at about 0.4%, which is smaller than that in static tests [56]. The 423 

experimental results indicate a reduction of the debonding strain of FRP from concrete could 424 
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occur. However, this important observation needs to be confirmed with more experimental 425 

and numerical studies in the future. 426 

Shear dominance in impact tests 427 

Experimental results have shown that the failure mode of beams may change from the flexural 428 

mode under static loads to the shear failure mode under impact loads [59, 62-65]. This 429 

interesting phenomenon has been explained in experimental and numerical studies in the 430 

literature. When a projectile impacts a beam and accelerates it, the balance condition of the 431 

beam is maintained by the participation of the impact force, reaction forces, and inertial forces 432 

[59, 75-77]. Saatci and Vecchio [59] experimentally observed that there is no reaction force at 433 

the time of the maximum impact force. Therefore, it is reasonable to assume that the impact 434 

force is completely resisted by the inertial forces at very early stage of an impact event [59-435 

61, 77, 78]. For simplicity, the distribution of the inertial force along the beams is assumed to 436 

be linear. The resulting moment of the beams at the maximum impact force can be estimated 437 

in the following two steps: (1) since the sum of the initial force is equal to the maximum 438 

impact force, the values of distributed initial force can be computed; (2) considering a half of 439 

the beams and taking moment about the midspan section, it has 440 
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where  is the resulting moment, I is the impact force, L is the beam span, and a is the 442 

overhang length. As shown a significant shear force, equal to a half of the impact load, and 443 

bending moment are generated at midspan of the beam upon impacting, which need to be 444 

properly accounted for in the design. More information about estimating the impact force can 445 

be found in a previous study [79]. 446 

Future Challenges 447 
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From the literature, it can be seen that the failure mechanism of the FRP jacket in the impact 448 

loading tests has not been thoroughly studied. Even though quite similar design and testing 449 

conditions were followed, researchers reported two different failure modes of RC beams 450 

strengthened with FRP under impact loading tests. For example, FRP delamination was 451 

reported in the study by Tang and Saadatmanesh [56], but it was not observed in the similar 452 

tests by the same authors [68]. The failure mechanism of these types of specimens needs to be 453 

further investigated so that understanding of the structural performance and accurate 454 

prediction of structural capacity can be expected. 455 

In addition, the bonding behavior of FRP and concrete needs be studied in order to develop 456 

bond strength models for RC beams strengthened with FRP under impact loading. Strain of 457 

FRP during the loading process needs to be measured for understanding this bond mechanism. 458 

The debonding strain and the rupture strain of FRP are also needed, which could be the topics 459 

for future research. 460 

There is a consensus that the energy absorption capacity of concrete structure significantly 461 

increases under the impact loading condition [76, 80]. Strengthening RC structures with FRP 462 

also improves the static energy absorption capacity [81] but this definite conclusion cannot be 463 

simply made for these structures under impact loading condition due to the lack of studies. 464 

There are several popular types of FRP, such as CFRP, GFRP, and AFRP. They have 465 

different strength, stiffness, and energy absorption properties and no one FRP material 466 

outperforms the other in all aspects [68]. It is thus necessary to investigate the application of 467 

different types of FRP used to strengthen RC beams under impact loading conditions. 468 

Impact loads will cause structural vibrations, which will generate negative moments in the 469 

beam [56, 68]. These negative moments may not be considered in the design, which may lead 470 

to failure of the structures in unexpected manners. Tang and Saadatmanesh [56] thus 471 
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suggested to bond FRP to both sides of beams; however the rebound response and vibration 472 

need to investigate for a better understanding of their effects on structures’ behavior. 473 

Therefore, it would be suggested that a load cell utilized to measure reaction forces should be 474 

able to measure both compression and tension forces, for example the proposed technique by 475 

Kishi and Mikami [82] can be utilized. Accordingly, the reverse loads can be qualified in 476 

order to provide references for the design. 477 

FRP Strengthened RC Slabs 478 

The dynamic response of RC slabs under impact loads has not received much attention as 479 

compared to that under blast loads. Accordingly, studies about impact resistance of RC slab 480 

strengthened with FRP under impact loads are extremely limited. Only one study by Bhatti et 481 

al. [83] investigated impact resistance of FRP strengthened RC slabs. Bhatti et al. [83] tested 482 

nine RC slabs (1,650 x 1,650 x 150 mm) strengthened with two types of FRP including AFRP 483 

and CFRP. These slabs were tested under single and multiple blows of drop-weight with a 484 

300 kg steel striker. The study found that the amplitude of displacement of each RC slab 485 

increased as the impact velocity increased, and the reaction force increased with the 486 

displacement. However, after reaching a maximum value the reaction force decreased as it 487 

passed through the loading path. These RC slabs were in the elastic region until the impact 488 

velocity reached about 3 m/s. It also showed that the maximum forces for these slabs were 489 

reached at the velocity about 3 m/s. Two methods of strengthening were also compared in this 490 

study, and it concluded that although using the same amount of FRP, cross-directional 491 

bonding to slabs provided higher load carrying capacity than that of the uni-directional bond. 492 

The failure modes were found independent of the FRP materials, strengthening methods, and 493 

loading types (single or multiple blows). Interestingly, the static capacity ratios tend to be 494 

higher than the dynamic capacity ratios, where the static capacity ratio and dynamic capacity 495 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

22 

 

ratio are defined as the respective capacity ratio of FRP strengthened slab to that of the non-496 

strengthened slab, respectively. 497 

Meanwhile, more studies investigated the blast resistance of RC slabs strengthened with FRP 498 

[84-89]. It was concluded that under blast loading reversed loads might occur so that FRP was 499 

recommended to bond on both sides of the slabs. These suggestions are similar to the one 500 

suggested for beams under impact loads [56, 68]. Although the study of FRP strengthened RC 501 

slab to impact loads is very limited, the response and failure mechanism could be similar to 502 

those under blast loads, and to the FRP strengthened beams under impact loads, therefore it is 503 

very likely that negative moment will be induced in slabs subjected to impact loads and hence 504 

proper strengthening measures need be implemented to account for them. However, this 505 

assumption needs to be clarified in impact tests of RC slabs strengthened with FRP. 506 

FRP Strengthened RC Columns 507 

Impact Resistance of confined concrete 508 

Structural behavior of confined concrete has been studied for a few decades. There are two 509 

popular types of confined concrete in which confinement can be provided by steel 510 

reinforcements (ductile failures observed) and FRP (brittle failure observed). The confined 511 

concrete imposed by steel reinforcement has been studied by Scott et al. [90] and Dilger et al. 512 

[91]. Test results indicated substantial increases in the compressive strength of the concrete 513 

core when strain rate or volumetric ratio of transverse reinforcement increases. The strain at 514 

failure decreases as the strain rate increases [90]. Dilger et al. [91] also found that as the strain 515 

rate increased, an increase in the compressive strength was observed but the stress-strain 516 

curves of confined concrete were not affected. 517 
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Recently, FRP is commonly used to strengthen concrete columns. Wrapping FRP material 518 

around the perimeter of columns can provide confining pressure on the columns and thus 519 

increase the compressive strength of the columns. In the static conditions, strengthening 520 

columns with FRP wrap has proven improving the column compressive strength, strain, and 521 

ductility [14]. However, the effectiveness of FRP strengthening RC column on its impact 522 

resistant capacity has not been well studied yet although a few studies on the composite 523 

material properties of FRP-confined concrete under impact loadings have been reported [92-524 

94]. 525 

Impact Resistance of FRP-confined concrete 526 

Shan et al. [92] used gas gun testing equipment to study the impact resistance of confined 527 

concrete filled tubes, in which concrete was filled in a tube that was externally wrapped with 528 

FRP sheets. The maximum strain rate achieved ranged between 530 and 1058 s
-1

. It was 529 

found that damage of these specimens under impact loads was localized to the vicinity of the 530 

impact end. The CFRP sheets near the impact end were fractured. Using FRP confinement 531 

can significantly improve the compressive strength of the specimens under impact loads. 532 

Uddin et al. [93] utilized an Instron drop-tower testing machine to carry out impact tests on 533 

concrete specimens wrapped with thermoplastic composite jackets or CFRP sheets. This study 534 

aimed to compare the effects of using two different confinement materials in strengthening 535 

concrete cylinders under impact loads. The CFRP sheets were found to be ruptured under 536 

impact loads, which led to a brittle failure of CFRP confined concrete specimen. Uddin et al. 537 

[93] concluded that energy absorption of the polypropylene was higher than that of the CFRP 538 

composites confinement. 539 
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Yan and Yali [94] conducted a study on impact behaviors of CFRP confined concrete filled 540 

tubes (CCFT) by using a drop-weight testing machine. The CFRP was found ruptured at 2 541 

milliseconds after the impact event. The CCFT specimens had shown improved impact 542 

damage resistance. By increasing the number of CFRP layers, the maximum impact force and 543 

the duration of the impact event can be increased. This finding proved that CFRP confinement 544 

can be used to improve the impact resistance of concrete. Interestingly, an increase in the 545 

impact energy did not change significantly the maximum impact loads. 546 

In brief, these studies only qualitatively investigated the impact behaviors of CFRP confined 547 

CFT columns. Some conclusions can be made from these study such as using FRP 548 

confinement can increase the compressive strength under impact loads and the FRP materials 549 

improve the energy absorption of specimens under impact events. 550 

Future Challenges 551 

It can be seen from the literature that studies about impact resistance of FRP-confined 552 

concrete column are very limited. There are only a few studies qualitatively described impact 553 

behaviors of CCFT columns. The impact resistance of FRP-confined concrete has not been 554 

thoroughly studied. Therefore, research studies about this gap of the literature are of 555 

importance. Some parameters and effects need be investigated in future studies including: 556 

quantify the dynamic increase factor, inertial effects, energy absorption ability of FRP 557 

confined concrete composite, effect of FRP stiffness on the composite, and rupture strain of 558 

FRP under impact loads. 559 

There are two possible confinement effects that need be studied in FRP-confined concrete. 560 

Under axial loads, FRP-confined concrete tends to expand laterally but the confining pressure 561 

from the FRP prevents the expansion thus increases the specimen’s capacity. This 562 

confinement mechanism is similar to that under static loads. In such cases, the rupture strain 563 
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of the FRP under impact loads is crucial but it has not been studied yet. In addition, when a 564 

projectile impacts a specimen, the concrete tends to expand laterally with an acceleration, 565 

which causes the inertial force as a confinement pressure [95]. The axial capacity of the 566 

specimen thus increases owing to the lateral inertial confinement effects as shown in Fig. 5. 567 

Studies of lateral inertial confinement effect on concrete specimens under impact loads have 568 

been reported [94]. No study of the lateral inertial confinement effect of FRP wrapped 569 

concrete specimen under impact load has been reported yet. Since FRP wrap will change the 570 

lateral expansion acceleration of concrete specimen under impact loads, the lateral inertial 571 

confinement effect of FRP confined concrete specimen will be different from that of the non-572 

confined concrete specimen. Therefore, it is important to study the lateral inertial confinement 573 

effect of FRP confined concrete specimen in order to obtain the true dynamic material 574 

properties of concrete with FRP wrap.     575 

FRP Strengthened Masonry Walls 576 

Introduction 577 

In general, unreinforced masonry (URM) walls have shown poor performance even in 578 

moderate earthquakes. Their behavior is usually brittle with little or no ductility and, 579 

typically, URM walls suffer various types of damage ranging from invisible cracking to 580 

crushing and, eventually, disintegration. This behavior constitutes a major source of hazard 581 

during seismic events and creates a major seismic performance problem facing earthquake 582 

engineers today. 583 

Structural behavior of URM walls is divided into two types: in-plane response and out-of-584 

plane flexural capacity which is namely as flexural capacity. There are many studies focusing 585 
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on seismic or static behavior of URM walls [96-102], but only very few studied the URM 586 

wall subjected to impact loading [103-105].  587 

Structural Behaviors and Failure Modes of out-of-plane response 588 

Schmidt and Cheng [105] conducted experimental tests on URM walls strengthened with FRP 589 

under impact loads. A low-velocity impact load was created by a typical pendulum impact 590 

test. Three wall specimens made of masonry with a dimension of 1.2 x 1.2 x 0.2 m were 591 

prepared and tested. The first wall acted as a reference specimen while the second and the 592 

third walls were respectively strengthened with one and two CFRP layers. The impact loading 593 

was applied at the center of the walls using a pendulum system with a total impact mass of 594 

113 kg. This study did not provide a description of failure modes of the tested specimens but 595 

concluded that CFRP jacket improved the flexural capacity of the tested specimens. Schmidt 596 

and Cheng [105] implemented a parametric study and found that the FRP thickness has a 597 

minor effect on the flexural capacity of the wall under impact loading. If the FRP thickness 598 

increases from one to two layers, the flexural capacity increases by 2% only, which is much 599 

smaller than the corresponding increment of the specimen under static load (26%). 600 

Cheng and McComb [104] cast and tested nine unreinforced concrete masonry walls under 601 

low-impact loading. The used pendulum system and the testing protocol were quite similar to 602 

those in the study by Schmidt and Cheng [105]. The wall specimens were 1,200 mm wide, 603 

1,200 mm high, and 200 mm thick. Two types of FRP were used in this study, including 604 

unidirectional FRP sheets and bidirectional woven FRP. Among different wrapping schemes 605 

proposed, some findings can be summarized. By using a similar amount of FRP, the specimen 606 

with woven FRP provided higher flexural capacity than that of the specimen with FRP sheets. 607 

Strains of FRP of these specimens at failure were 1,333  and 1,802 , respectively. These 608 

strains are quite small as compared to the design rupture strain recommended by ACI 440.2R-609 
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08 [15]. Other wrapping schemes provided an increase in flexural capacity with an exception 610 

of Specimen 5 (no FRP bonded to the contact position). The failure modes of the tested 611 

specimens were identical with vertical cracks propagated through the wall thickness and no 612 

FRP delamination was observed. Since there was no FRP delamination and low strain in FRP, 613 

the use of FRP anchor is meaningless. It is thus recommended not to use anchors in these 614 

specimens. In order to compare with the rupture strain of FRP in dynamic tests, the rupture 615 

strain of FRP in URM walls strengthened with FRP under non-dynamic loads are summarized 616 

in Table 3. 617 

Structural Behaviors and Failure Modes of in-plane response 618 

ElGawady et al. [98] studied the in-plane seismic behavior of masonry infilled walls by 619 

testing six full scale walls (3.6 x 3.0 m). GFRP was bonded to two sides of the walls before 620 

applying lateral cyclic loads to these walls. Experimental results showed that this 621 

strengthening technique provided a higher shear strength of mortar joints and enhanced the 622 

stability of the face shell in the out-of-plane direction. This technique was also found to 623 

maintain the wall’s structural integrity and prevented collapse and debris fallout as well as 624 

increased the energy dissipation of the strengthened walls. The strain of FRP at specimens’ 625 

failure was not reported and failure modes were also not presented except Specimen SP5 626 

which showed FRP delamination at failure. The increase in an amount of FRP leads to the 627 

improvement of the load-carrying capacity of URM walls and debonding of CFRP was 628 

observed [106]. Study of the impact resistance of URM walls in terms of in-plane response 629 

has not been reported yet.  630 

Conclusions 631 
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This study presents an overview of the impact resistance of FRP strengthened structures 632 

including reinforced concrete (RC) beams, RC slabs, RC columns and masonry walls. 633 

Although some issues still need to be investigated and clarified, it can be concluded that FRP 634 

can be utilized to strengthen and protect structures against impact events. The findings 635 

presented in this study are summarized as follows: 636 

1. FRP materials can be used to improve the impact resistance of RC structures including 637 

beams, slabs, columns and masonry walls. They lead to an increase in the load carrying 638 

capacities, ductility and energy absorption. 639 

2. The tensile strength of FRP materials increases as the strain rate increases while a 640 

conclusion on the failure strain and stress-strain relation could not be made. 641 

3. Debonding mechanism of FRP and its rupture strain under impact loads are still unclear. 642 

4. Reverse loads in RC beams and RC slabs may cause negative moments, which lead to 643 

unexpected failures. They need to be investigated and taken into account in design. 644 

Finally, FRP material would be recommended for strengthening structures against impact 645 

events but further studies are still needed.  646 
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Table 1. Summary studies on dynamic properties of FRP 900 

Study 
Test 

method 

Observations
 

Tensile 

strength 

Failure 

strain 

Stress-strain 

curves 
Modulus

# 

Armenakas and Sciammarella [32] E -
 

higher
* 

linear higher
* 

Daniel et al. [37] - no change no change linear higher 

Lifshitz [36] D higher no change linear no change 

Hayes and Adams [45] P lower - - higher 

Barre et al. [50] D higher - linear higher 

Rodriguez et al. [40] T higher lower nonlinear - 

Benloulo et al. [39] T higher lower nonlinear - 

Lifshitz and Leber [41] T higher - linear higher 

Eskandari and Nemes [33] T higher higher linear - 

Gilat et al. [49] T higher - nonlinear higher 

Shokrieh and Omidi [34] S higher higher linear higher 

Naik et al. [51] T higher - - - 

Foroutan et al. [38] T higher lower nonlinear - 

Hou et al. [35] T higher higher nonlinear - 

E = explosively driven hammers 901 

D = drop weight apparatus 902 

P = pendulum apparatus 903 

T = tensile split Hopkinson bar 904 

S = servo-hydraulic testing apparatus 905 

-
 no or unclear particular conclusion 906 

*
 as compared to the corresponding values of the fiber 907 

#
 in case of nonlinear relationship, the modulus is the initial modulus when the materials behave linearly  908 
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Table 2. Summary studies on FRP strengthened RC beams 909 

Study Section (mm) 
Span 

(m) 

fc
’
 

(MPa) 

Type of 

FRP 

Testing method
  

Apparatus Mass (kg) Height (m) 
Rate 

(10
-3

/s)
 

Velocity
*
 

(m/s) 

Jerome [107] 76x76 0.69 46.4 CFRP D 43.7 0.61 18 2.6 

Jerome and Ross [108] 76x76 - 46.4 CFRP D 43.7 0.61 18 2.6 

Erki and Meier [58] 400x300 7.85 65.6 CFRP Lift - drop
 

-
 

0.5-2.0 0.8
 

- 

White et al. [67] 150x300 2.80 45.6 CFRP - - - 6.93 0.04 

Tang and Saadatmanesh [56] 203x95 1.83 27.6 
CFRP/ 

KFRP 
D 22.6 1.5-3.7 1.4 - 

Tang and Saadatmanesh [68] 203x95 
1.98-

2.9 
- 

CFRP/ 

KFRP 
D 22.6 0.3-1.7 1.4 - 

Soleimani et al. [53] 150x150 0.80 - 
Sprayed 

GFRP 
D 591 0.8 - 3.96 

D = drop weight apparatus 910 

Lift – drop = beams were lifted to a certain height and then dropped 911 

-
 no data reported 912 

*
 highest velocity in the tests  913 
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Table 3. FRP strain in URM walls strengthened with FRP 914 

Study Type of FRP FRP strain () Failure modes 
Loading 

condition 

Out-of-plane behavior 

Ehsani et al. [99] GFRP 1.2 FD A 

Hamoush et al. [109] GFRP/KFRP
* 

~0.2 FD A 

Tan and Patoary [110] GFRP/CFRP - FD/FR C 

In-plane behavior 

Triantafillou [106] CFRP  FD F 

ElGawady et al. [98] GFRP fabric 1.2/3.0 FD/AF/FR S 

 GFRP grids 2.5/4.0 FD/AF/FR S 

A = airbag confined in a plywood box was used to apply the out-of-plane pressure 915 

C = Concentrated load  916 

S = Shake table 917 

F = four-point pending tests 918 

FD = fiber delamination 919 

AF = anchor fail 920 

FR = fiber rupture 921 

*
 KFRP is Kevlar FRP 922 
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