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Abstract: The work described herein sets out to investigate experimentally (via drop-weight 40 

testing) the out-of-plane behaviour of beam-like masonry specimens under impact loading 41 

when strengthened with a thin layer of engineered cementitious composite (ECC). The 42 

subject prismatic specimens essentially consist of a stack of ten bricks connected with mortar 43 

joints which are subjected to four-point bending tests. The impact load is applied via a steel 44 

mass allowed to fall from a certain height (drop-test). Specimens are subjected to consecutive 45 

impact tests until their collapse. Each specimen is strengthened by applying a thin ECC layer 46 

to the lower face of the prism (acting in tension) or to both, upper and lower, faces (acting in 47 

compression and tension respectively). These specimens are considered to provide a 48 

simplistic representation of a vertical strip of a masonry infill wall subjected to the out-of-49 

plane actions characterised by high loading rates and intensities (associated with impact and 50 

blast problems). The drop-weight tests reveal that the proposed strengthening method 51 

successfully increases the load-carrying capacity of the subject specimens compared to that 52 

observed under equivalent static testing, allowing them to absorb more effectively the energy 53 

introduced during impact testing without the production of debris. Nevertheless, it is 54 

important to mention that the behaviour of the ECC layer during impact testing is 55 

characterised by the formation of more localised and wider cracks compared to those 56 

observed under equivalent static testing.    57 

 58 

Keywords: engineered cementitious composite, masonry, out-of-plane behaviour, 59 

retrofitting, failure mode, impact loading, dynamic response, drop-weight testing, loading 60 

rate, strain rate. 61 

 62 

 63 
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Notation 66 

ε Strain 

𝜀̇ Strain rate 

δ Displacement 

maxPd Peak value of impact load generated during drop-weight testing 

maxPs                   Load carrying capacity of individual specimens established under static loading 

𝑚𝑎𝑥�̅�𝑠                      Average value of maxPs established for different specimens 

maxd s             Peak mid-span deflection exhibited by individual specimen under static testing 

𝑚𝑎𝑥�̅�𝑠                Average value of maxd s established for different specimens  

maxRd           Peak reaction force generated when conducting impact tests on individual specimen  

maxdd                      Peak value of mid-span deflection measured when conducting impact tests on 

individual specimen 

�̇� The loading rate measured under drop weight tests 

Pd                                Intensity of contact (impact) load under drop weight testing   

Ps,cr                           Load at which cracks start to develop on individual specimen when subjected to 

static testing 

�̅�𝑠,𝑐𝑟                   Average value of Ps,cr  established for different specimens 

Rd                                 Reaction force generated under drop weight testing 

resdd                            Residual value of deflection measured after each drop weight test 

tR                               Time at which the peak reaction load attended under drop weight testing 

tP                           Time at which the peak impact load attended under drop weight testing 

td                            Total time duration of impact loads under drop weight testing   

ΔtP-R                            Delay which measured between the peak impact load and peak reaction load under 

drop weight testing 

 67 

 68 

 69 

 70 

 71 
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1. Introduction 72 

The available experimental and numerical information clearly shows that existing masonry  73 

infill walls significantly contribute to the redistribution of the internal actions developing 74 

within the structural elements of the frame, resulting a considerable influence on the 75 

performance of framed structures [1-3]. Infill walls can be subjected to the out-of-plane loads 76 

due to various scenarios including wind, hurricanes, earthquakes, impact explosion and blast 77 

impact which are characterised by different forms, loading rates and intensities. It is evident 78 

that the application of the out-of-plane loads against infill walls caused a critical damage 79 

result in a partial or full failure of framed structures [4, 5]. Studying of out-of-plane 80 

performance of masonry infill walls under static and dynamic loads ranging from quasi-static 81 

to blast impact highlighted that the infill wall’s response is mainly characterized by limited 82 

load-carrying capacity and ductility (deformability) [4 - 8]. The field observations recorded 83 

after major seismic events (i.e. Italy [9-11], Spain [12] and USA [13]) report that the 84 

extensive damages sustained by infill walls due to their out-of-plane response usually result 85 

in the production of debris which often cause injuries and fatalities [14]. When infill masonry 86 

walls are subjected to more extreme loading conditions, characterised by high loading rates 87 

and intensities (associated mainly with impact and blast problems) fragments (of different 88 

shapes and sizes) are generated that move at high speeds [15, 16]. The latter is also confirmed 89 

by field observation recorded after explosions [17]. 90 

 91 

In order to safeguard structural integrity and public safety, it is often necessary for masonry 92 

infill walls to be appropriately strengthened so they can undertake the loads applied in the 93 

out-of-plane direction even when characterised by high loading rates and intensities. The 94 

limitations (e.g. increase of building mass, time consuming and expensive to apply, unable to 95 

safeguard against the generations of debris/fragments [26-28]) characterising existing 96 
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methods employed for strengthening infill masonry walls associated with application of 97 

external layers of reinforced concrete/mortar or strips of fibre reinforced polymers (FRP) or 98 

metals onto the surface of the masonry wall [18-25] to form a composite member has led to 99 

the use of engineered cementitious composites. The application of a thin ECC layer onto the 100 

surface of the masonry specimens has been found to enhance their out-of-plane behaviour in 101 

terms of load-carrying capacity, stiffness and ductility under static loading [29-32]. This 102 

enhancement is associated with the ability of the engineered cementitious composites (ECC) 103 

to exhibit a ductile, strain-hardening behaviour under uniaxial tension, typically characterised 104 

by a high strain capacity and toughness [33]. This is mainly attributed to the ability of the 105 

subject material to form multiple fine cracks, with an average crack width of less than 100 106 

microns [34]. The tensile behaviour of ECC is strain-rate dependent [35, 36] because  under 107 

increasing loading rates it exhibits: (a) an increase in tensile strength, (b) a reduction in strain 108 

capacity accompanied by (c) the development of less cracks which are more localised and 109 

wider compared to those observed under static loading [35, 36]. Overall the behaviour of 110 

ECC specimens subjected to impact tests is characterised by higher integrity and energy 111 

absorption, better distribution of the micro-cracks forming in damaged zone, reduction of 112 

fragmentation, less spalling and lower damages due to debris compared to that exhibited by 113 

the same specimens constructed using regular reinforced concrete [37, 38].  114 

 115 

Present work investigates experimentally the behaviour of beam-like masonry specimens, 116 

essentially consisting of a stack of bricks connected with mortar joints, when subjected to 117 

four-point bending tests in which the load is applied via a drop-mass allowed to fall from a 118 

certain height (drop-weight testing). The subject specimens provide a simplistic 119 

representation of a vertical strip of a masonry infill wall which can be subjected to loads with 120 

different characteristics (associated with their distribution, time-history, loading-rate and 121 
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intensity). The experimental investigation aims at assessing the level of enhancement 122 

achieved in the out-of-plane behaviour when the prismatic masonry specimens considered are 123 

strengthened with: (i) a single ECC layer added to their lower face (acting in tension); (ii) two 124 

ECC layers, one applied to their top (acting in compression) and one to lower (acting in 125 

tension) face. During testing measurements are recorded describing certain important aspects 126 

of the dynamic response exhibited by the specimens throughout the loading process. These 127 

measurements include the time history of the contact (impact) and reaction forces generated 128 

as well as the displacement, strain and associated strain-rate exhibited at certain points along 129 

the element span throughout the test. Emphasis is also focused on recording the deformation 130 

and cracking profiles exhibited throughout the loading process up to failure as these provide 131 

an indication of the internal stress-state developing within the specimens. To achieve this, 132 

both, conventional instrumentation (i.e. load cells and LVDT) as well as high speed 133 

photography are employed. Present work forms an extension of previous experimental studies 134 

[34] that demonstrated the ability of the proposed method to enhance the out-of-plane 135 

behaviour of the same specimens (compared to that exhibited by the un-strengthened 136 

specimens) under equivalent static loading. The results obtained from the latter study form a 137 

benchmark against which the results obtained from the drop-weight tests are compared to. 138 

 139 

2. SPECIMEN FABRICATION   140 

A total of eleven prismatic specimens were fabricated and subjected to drop-weight testing. 141 

Each specimen consisted of a stack of 10 bricks with 9 mortar joints in between. Six 142 

specimens (see Table 1) were retrofitted with a 15mm thick layer of ECC fully-bonded to the 143 

bottom face of the beam-like specimens (see Figure 1). Four of these specimens were 144 

subjected to high intensity impact testing (HO-series) and the other two to lower intensity 145 
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impact testing (LO-series). The five remaining specimens were retrofitted with two 15mm 146 

thick ECC layers which were fully-bonded to the top and bottom faces of the prisms. The 147 

dimensions of the masonry prismatic specimen are: 720 (±20) mm in length, 210mm in width 148 

and 117mm in thickness for the case of the specimens with one ECC layer (see Figure 1) and 149 

132mm thick for specimens retrofitted with two layers of ECC. Two of these specimens were 150 

subjected to high intensity impact loading (HT-series) whereas the remaining three were 151 

subjected to lower intensity impact loads (LT-series).  152 

 153 

Table 1. Summary of experimental schedule 

Number of ECC layer Impact load ID Test number 

One layer 
H-series HO 4 

L-series LO 2 

Two layers 
H-series HT 2 

L-series LT 3 

 154 

Material: class B Engineering solid clay bricks were used in accordance to BS EN 771-1 155 

[39] with dimensions of 210×102×65 mm (CB series). The mortar used to form the joints 156 

comprised of one part of CEM I 52.5N Portland cement in accordance to BS EN197-1 [40] 157 

and three parts (by mass) of fine dry silica sand (with an average particle size of 120 µm). 158 

The water-to-cement ratio adopted was 0.85 (by mass). The ECC binder comprised of CEM I 159 

52.5N Portland cement in accordance with BS EN197-1 [40] and fine fly-ash. These two 160 

components were mixed at fly-ash-to-cement ratio of 1.8 (by mass), with water-to-binder 161 

ratio of 0.28. Fine silica sand with an average particle size of 120 μm was used as filler at a 162 

sand-to-cement ratio of 0.6 (by mass), together with a polycarboxylate high-range water-163 

reducing admixture (at a dosage rate of 1% by the cement weight) and 12mm long polyvinyl 164 

alcohol (PVA) fibres (at a dosage of 2% by volume). The PVA fibres had a length of 12mm, 165 

an average diameter of 39μm and a tensile strength of 1600MPa.  166 

 167 
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(a) 

 

(b) 

Figure 1.  Masonry prismatic specimens subjected to static 4-point bending tests (dimensions 168 
in mm) 169 

 170 

Fabrication: the bricks were initially immersed in water for a period of 24 hours. The bricks 171 

were then stacked vertically using cement mortar to form 5-10 mm thick joints in between 172 

(see Figure 1 and 2). After curing for 15 days the specimens were laid on a flat floor and a 173 

timber frame was constructed around the perimeter top surface of the specimens, forming a 174 

mould with internal dimensions of 740mm × 210mm × 15mm into which the ECC layer was 175 

cast. Prior to casting the ECC, the surface of the masonry was moisturised in order to 176 

minimize the absorption of paste from the fresh ECC by the masonry and consequently 177 

minimize any influence this could potentially have on the material properties of the ECC 178 

layer. Finally, after casting the top surface of the ECC layer was covered with a plastic sheet 179 
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(see Figure 2). The timber formwork was removed after a day and the ECC was then cured 180 

under damp hessian and plastic sheeting for 28 days. Specimens requiring a second layer of 181 

ECC were turned over after three days in order to cast the second layer of ECC on the other 182 

face of masonry beam. After casting the second ECC layer, the samples were covered with 183 

damp hessian and plastic sheeting and left to cure for 21 days leading to testing. 184 

 185 

    

Figure 2:  Process adopted for the fabrication of the masonry specimens and the formation of 186 
the ECC layer. 187 

 188 

3. Experimental setup and instrumentation 189 

Prior to conducting the impact tests, the behaviour of the masonry prismatic specimens was 190 

established under static loading. The latter results form a benchmark in relation to which the 191 

behaviour observed under impact loading is compared to. 192 

Static testing: A series of specimens were subjected to static four-point bending tests with 193 

the applied load being imposed monotonically to failure in the form of displacement 194 

increments (displacement control) at a constant rate of 1 mm/min (quasi-static loading) [34]. 195 

The load was imposed monotonically at two locations along the specimen span through a 196 

rigid steel spreader beam (see figure 1). Two masonry specimens were un-strengthened (N-197 

series) whereas the remaining three specimens were strengthened with a 15mm think ECC 198 

layer (S-series) which was fully bonded to the bottom face of the beam (acting in tension).  199 

The experimental setup employed to conduct the stutic tests is shown in Figure 1. Each 200 
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specimen was supported on a roller resting on a rigid steel base. The level of loading applied 201 

was measured from a load-cell attached to the actuator applying the static load (forming part 202 

of the Instron testing machine employed) whereas the mid-span vertical deflection was 203 

measured using two LVDTs on either side of the specimens’ cross-section (see Figure 1a). 204 

Drop-weight testing setup: The drop-weight testing rig presented in Figure 3 is capable of 205 

delivering a steel drop-mass of 47kg onto the mid-span region of a rigid steel spreader beam 206 

used for transferring the impact load to two points along the specimen span (similar to that 207 

used in the case of the static four-point bending tests). The spreader beam consisted of a solid 208 

steel prism with dimensions of 260mm x 60mm x 60mm welded on top of a plate 240mm x 209 

200mm x 20 mm. This is used in order to transfer the imposed load and apply it in the form 210 

of two concentrated loads (uniformly distributed along the width of the specimen) at two 211 

locations symmetrical in respect to the specimen mid-span (as was the case for the specimens 212 

tested under static loading - see Figure 1). The distance between the two concentrated loads 213 

was 210mm (see Figure 1).  214 

All specimens were tested as simply supported beams and were subjected to multiple drop-215 

tests in an effort to study the behaviour exhibited during every impact. Steel pads were placed 216 

at the supports of the beams to avoid the development of high stress concentrations that could 217 

lead to excessive localised cracking in these regions. Plywood or steel pads were also used in 218 

the impact regions (at the interface between the impactor and the beam) to moderate the level 219 

of damage sustained at the top surface of the specimen during each collision and – to some 220 

extent – control the loading rate and intensity of the generated impact load during each drop 221 

test. Steel pads were used to achieve impact loads characterised by high values of loading rate 222 

(�̇�) and intensity (maxPd) (high intensity impact testing) whereas plywood pads (or thin steel 223 
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pads) were used in an attempt to reduce the loading rate and intensity characterising the 224 

contact force developing in the impact region (moderate/low intensity impact testing).  225 

During testing the displacements, strains and strain rates at specific locations along the 226 

element span as well as the impact and reaction forces generated were measured throughout 227 

the loading process. Furthermore, the deformation and cracking profiles exhibited along the 228 

specimen at different stages of loading process were also recorded. Figure 3 shows the 229 

position of the instruments used along the span of the specimens. One Linear Variable 230 

Differential Transducers (LVDT) was connected to the mid-span of the element and 231 

supported on the laboratory floor (see Figure 3) in order to measure the vertical displacement 232 

exhibited at that location. Two dynamic load cells (see Figure 3) were placed underneath 233 

right support to measure the variation of the reaction forces generated with time. Another 234 

dynamic load-cell was attached to the bottom of the drop weight and was used to measure the 235 

impact (contact) force generated during the collision of the drop-mass onto the specimen. A 236 

high speed digital camera was also used, which was set to record at a rate of 4000 frames per 237 

second (fps). The use of this camera aimed at confirming the measurements obtained from the 238 

instrumentation described above and compensating for the occasional loss of data. The 239 

photographic evidence was successful in providing a more detailed description of the 240 

specimen behaviour in the impact region by tracking the movement of a number of points 241 

marked in the form of a grid on the side surface of the specimen (see Figure 4), the pad and 242 

the impactor. To achieve this, the videos recorded where digitised through the use of 243 

appropriate tracking software (Tracker [41]). The high speed digital (HSD) camera was also 244 

used to record in detail the development and the propagation of cracking in the impact region 245 

throughout the loading process.  246 

 247 
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 248 

 249 

 

(a) 

 

(b) 

 

 

 

(c) 

 

 

 250 
Figure 3 (a) Drop-weight testing setup employed to investigate the behaviour of the masonry 251 

prismatic specimens under impact loading accompanied by close-ups of the (b) 252 
right and (c) left supports  253 

 254 
 255 
 256 
 257 
 258 
 259 

Specimens support 
Load cells measuring 
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 260 
 261 

 

 

(a) 

 

(b) 

Figure 4.  Points, formed onto the surface of the specimen, the movement of which is tracked 262 
through the analysis of high speed photography. 263 

 264 

4. Summary of specimens’ behavior subjected to static testing 265 

The load-deflection curves, recorded during testing, which describe the behavior exhibited by 266 

of the un-strengthened and strengthened specimens, are presented in Figure 5a. The latter 267 

curves reveal that the un-strengthened specimens (N-series) exhibited low deformability and 268 

load-carrying capacities as well as fully brittle behavior. The ECC-strengthened specimens 269 

(F-series) exhibited enhanced out-of-plane behaviour in terms of load-carrying capacity, 270 

deformability and ductility compared to the un-strengthened specimens mentioned earlier. 271 

More specifically the strengthened specimens initially exhibited elastic behaviour. After 272 

25 mm 

45 mm 

25 mm 

25 mm 

20 mm 

32.5 mm 

32.5 mm 

25 mm 
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formation of the first crack, a well-defined yielding point followed by a plateau is observed in 273 

the load-deflection curves essentially denoting elasto-plastic behaviour. The N-series 274 

specimens exhibited a abrupt loss of load-carrying capacity after the formation of cracking in 275 

the brick/mortar interface within the central region of specimens (see Figure 5b). The cracks 276 

in the ECC-retrofitted specimens are presented in Figure 5c. It is interesting to notice that the 277 

cracks in the ECC layer are mainly concentrated just below the mortar joint regions.  278 

Table 2: Summary of test data obtained from the static four-point tests [31]. 279 

ID 
Ps,cr 

(kN) 

�̅�𝑠,𝑐𝑟  

(kN) 

maxPs 

(kN) 

𝑚𝑎𝑥�̅�𝑠 

 (kN) 

maxd s 

(m) 

𝑚𝑎𝑥�̅�𝑠 

(m) 

N 
1. 

1.2 
NA* 

NA* 
0.05 

0.06 
1.3 NA* 0.07 

F 

13.5 

12.9 

13.9 

12.9 

3.02 

3.89 12.8 12.6 5.21 

12.5 12.2 3.43 

* Not applicable 

 280 

 281 
(a) 282 
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 284 
 285 

(b) 286 

 287 

(C) 288 

Figure 5. (a) Load deflection curves recorded when testing the specimens accompanied by the 289 

crack patterns forming at their bottom face after failure for the case of the (a) un-strengthened 290 

specimen (N-series) and (c) the strengthened specimens (F-series). 291 

5. Behaviour established during drop weight testing 292 

During drop-weight testing attention is focused on establishing the variation of important 293 

behavioural characteristics of the specimens throughout the loading process. These 294 

characteristics include the impact and reaction forces generated, the movement of the drop-295 

weight and the displacement at specific points marked along the element span (see Figure 3) 296 

as well as the associated strains and strain rates. The cracking and deformation profiles 297 

exhibited by the specimens at different stages of the loading process as well as the mode of 298 

failure are also monitored as they provide an indication of the internal state of stress 299 

developing within the specimen. Depending on the type of pad (steel or ply) used in the 300 

impact region the impact tests performed can be categorised into two main groups; those 301 
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generating high and lower (moderate) values of impact load intensity (maxPd) as shown in 302 

Table 5.  303 

5.1 Impact and reaction force time-histories 304 

Figures 6 and 7 presents the time histories of the impact load and reaction forces generated 305 

during testing of the specimens retrofitted with one and two layers of ECC respectively. The 306 

test data obtained are summarised in Tables 3 and 4. For the case of the specimens 307 

strengthened with one ECC layer and subjected to high intensity impact loading (HO-series) 308 

the impact force (see Figure 6) increases rapidly to a peak value of approximately 120kN. It 309 

is interesting to notice that the form of the curves describing the time-history of the impact 310 

force is characterised by multiple (namely three) peaks, possibly associated with multiple 311 

secondary impacts being exhibited throughout the loading process. The maximum load 312 

sustained is usually associated with the middle peak. The time history of the reaction forces is 313 

characterised by multiple (three) peaks, the intensity of which decreases with time. For the 314 

case of the specimens strengthened with one ECC layer and subjected to lower intensity 315 

impact loading (LO-series) the curves describing the time history of the impact force 316 

generated during testing (see Figure 6) is characterised by three major waves with multiple 317 

distinct peaks characterised by a maximum value of about 80 kN. The curves describing the 318 

variation of the reaction loads with time for the specimens included in the LO-series is also 319 

characterised by multiple waves, the intensity of which reduces with time.  320 

In the case of the masonry specimens retrofitted with two fully bonded ECC layers subjected 321 

to high intensity impact loads (HT-series) the impact force (Figures 7) increases rapidly to a 322 

maximum value of approximately 100kN. The maximum load generated by the specimens in 323 

the HT-series is about 20% less than that generated by the specimens included in the HO-324 

series. This change in the form of the impact loads and reaction forces can be attributed to the 325 
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ECC layer in the upper face of specimens which results in a more flexible (soft) impact 326 

region (as the modulus of elasticity of ECC is lower than that of the bricks used). The curves 327 

describing the time-history of the impact force is characterised by two major waves with 328 

multiple (two to five) peaks. The maximum load sustained is usually associated with the first 329 

peak of the first wave. It is worth noticing that the form of the curve describing the time 330 

history of the reaction forces is different to that of their counterparts established for the 331 

specimens included in the HO-series. A more gradual reduction in the intensity of reaction 332 

forces with time is observed compared to that observed in the case of the specimens included 333 

in HO-series (specimens retrofitted with one layer of ECC subjected to high intensity drop-334 

weight testing). The results obtained from the specimens included in the LT-series (see 335 

Figures 7) presented in the form of curves describing the variation of the impact force 336 

generated with time, is characterised by three major waves. Each wave has several distinct 337 

peaks (two or three) with a maximum value of 90 kN, usually associated in the first peak of 338 

the first wave. The peak contact load of the specimens is 10 % more than that established for 339 

the specimens included in the LO-series (specimens retrofitted with one layer of ECC 340 

subjected to lower intensity drop-weight testing). The form of the curves describing the time-341 

history of the reaction forces developing at the supports of the specimens included in the LT-342 

series are characterised by a single wave with multiple peaks. The intensity of each peak 343 

reduces with time. It is interesting to notice that the reduction of the intensity of the reaction 344 

force is more gradual compared to that observed for the case of the LO-series. 345 

When considering the response (reaction) of the specimens under consecutive drop tests it is 346 

observed that the form and the intensity of the impact load (contact force) generated during 347 

each impact is similar, while the intensity of the reaction forces changes as its peak load 348 

gradually reduces with every consecutive drop-test. On the basis of the information presented 349 

in Figures 6 and 7, a number of key parameters are established; these include the peak values 350 
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(intensities) of the impact (maxPd) and reaction (maxRd) forces generated during testing and 351 

the corresponding time at which these values are attained (tP and tR respectively), the average 352 

loading rate (�̇� = maxPd / tP) and the time interval (delay) between the peak impact and peak 353 

reaction forces (ΔtP-R = tR- tP). These values are provided in Tables 3 and 4.  It is interesting to 354 

note that the impact force (Pd) generated during drop-weight testing appears to be primarily 355 

associated with the velocity with which the drop-mass collides with the specimen and the 356 

pads used in the impact region, and not so much with the actual physical state of the 357 

specimen and the level of damage sustained along its span. On the other hand, the values of 358 

the reaction forces (Rd) generated appear to be significantly affected by the level of damage 359 

sustained by the specimen. Based on the above it can be suggested that the peak value of the 360 

reaction force (maxRd) in relation to the maximum impact force generated (maxPd) – 361 

expressed by maxRd / maxPd – and the delay between the time at which maxPd and maxRd are 362 

attained (ΔtP-R = tR- tP) can potentially serve as practical indicators of the physical state and 363 

the level of damage sustained by the masonry specimens during each drop test. At this stage 364 

it is also important to notice the variability characterising the behaviour exhibited by the 365 

specimens based on the number of consecutive drop-tests that each specimens is able to 366 

undertake prior to collapsing. Some specimens are able to tolerate 3 drop-tests whereas other 367 

specimens collapse after a single drop test. 368 

(a) (b) 
 HO4  
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a) HO7 b) 

 
 

a) LO8 b) 

  
a) LO11 b) 

Figure 6.  Time histories of (a) Impact and (b) Reaction forces generated when subjecting specimens 369 
with one fully bonded layer of ECC subjected to high or low intensity impact loading 370 

  
a) HT14 b) 
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a) HT12 b) 

  
a) LT16 b) 

  

a) LT21 b) 

  
a) LT19 b) 

Figure 7.  Time histories of (a) Impact and (b) Reaction forces generated when subjecting specimens 371 
with two fully bonded layers of ECC subjected to high or low intensity impact loading 372 

 373 

5.3 Displacement time history obtained from HSD camera 374 

The vertical displacement exhibited at the mid-span of the specimen throughout the loading 375 

process is recorded through the use of the HSD camera. This is achieved by tracking the 376 

movement of the points on the surface of the specimen by digitising the photographic 377 
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evidence. On the basis of the curves describing the variation of displacement with time 378 

attention is focused on determining the maximum and residual values of displacement. 379 

Figures 8 shows the displacement time histories measured when testing the specimens 380 

included in the HO-series (strengthened with a single layer and subjected to high intensity 381 

impact loading) and the LO-series (strengthened with a single layer and subjected to lower 382 

intensity impact loading). It is observed that during each drop-test deflection attains a 383 

maximum value (maxdd) and then reduces to obtain its residual value (resdd). Similar results 384 

(see Figure 9) are also obtained for the case of the specimens retrofitted with two layers of 385 

ECC (HT-series and LT-series). Both the peak and residual values of the mid-span 386 

displacement are similar to the corresponding values obtained from the specimens with one 387 

layer of ECC. In the case of drop tests resulting in the collapse of the displacement 388 

continuously increases and therefore the maximum and residual values of the deflection are 389 

not established. It is interesting to observe that in the case of the specimens subjected to 390 

consecutive drop-tests the peak and residual values of displacement increase, due to the 391 

additional damage sustained by the specimen with each consecutive impact.  392 

  
HO4 HO2 
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HO6 HO1 

  
LO8 LO11 

Figure 8.  Displacement time histories established for the case of specimens strengthened with a fully-393 
bonded layer of ECC under high or low intensity impact loading 394 

 395 

 
 

HT14 HT12 

  

LT16 LT21 

 

 

LT19  

 396 
Figure 9.  Displacement time histories obtained from specimens strengthened with fully bonded layers of 397 

ECC subjected to high or low intensity impact loading 398 
 399 
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5.4  Strain and strain rate history obtained from the high speed digital camera  400 

The variation of strain with time, exhibited at specific locations along the specimen span, is 401 

established through the use of the displacement data obtained from the HSD camera. Strain is 402 

calculated based on the horizontal displacement exhibited between the neighbouring points 403 

marked on the surface of the specimen (see Figure 10). Attention is focussed on calculating 404 

the strain at 3 regions within the lower ECC layer (acting in tension): (i) beneath the joint 405 

forming between the bricks at the mid-span region of the specimen (Region 1:); (ii) beneath 406 

one of the bricks located within the middle portion of the span of the specimen (between the 407 

two loading points - Region 2) and (iii) at the point at which failure occurs (Region 3). For 408 

each case considered the relative horizontal displacement of two consecutive points in these 409 

regions is studied.  410 

Figures 11 and 13 present the curves describing the variation with time of the strain (ε) and 411 

the associated strain rate (𝜀̇) for the specimens included in the HO-series and HT-series. The 412 

maximum values of strain and strain rate for the three regions considered are summarised in 413 

Tables 3 and 4; it is noted that in the case of drop-weight tests resulting in the collapse of the 414 

specimens the maximum values of strain in region 3 cannot be calculated. For the case of the 415 

specimens included in the HO-series the strain in region 1 increases rapidly to a maximum 416 

value of approximately 2% whereas in the case of the HT-series this value appears to be 417 

lower. The corresponding strain rate exhibited by the specimens included the HO-series and 418 

HT-series reached a maximum value of approximately 20s-1. The maximum value of strain 419 

corresponding to region 3 (area within the ECC layer at which failure/fracture occurred) is 420 

characterised by higher values compared to those exhibited in region 1. With every 421 

consecutive impact, the maximum value of strain increased (by up to 8%) before the 422 

specimen finally collapsing. The strain rate in region 3 reached a peak value of 120s-1 during 423 
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testing. However, it is important to note that the high values of strain rate are associated with 424 

cracking in this region. It is also interesting to note that in region 2 (beneath the brick along 425 

the middle portion of the specimen) the calculated values of strain and strain rate were very 426 

small. This is consistent with the observation that no cracking developed in this region of the 427 

specimens.  428 

Figures 12 and 14 present the curves describing the variation with time of the strain (ε) and 429 

the associated strain rate (𝜀̇) for the specimens included in the LO-series and LT-series. The 430 

maximum values of strain and strain rate for the three regions considered are summarised in 431 

Tables 3 and 4. For the case of the specimens included in the LO-series the maximum strain 432 

value achieved in region 1 was approximately 1% (half of that exhibited by the specimens 433 

included in the HO-series and the peak value of the corresponding strain rate was 20s-1. In the 434 

case of the specimens included in the LT-series these values appear to be reduced. The peak 435 

value of strain in region 3 increased with every consecutive impact attaining a peak value of 436 

approximately 3.5% prior to the occurrence of failure in the ECC layer. The strain rate in 437 

region 3 attained a peak value of 120s-1 during testing. It is interesting to notice that the strain 438 

and strain rate exhibited by the ECC in region 2 were again very small (as in the case of the 439 

HO-series and HT-series).  440 

 441 

Figure 10. Region at which strain and strain-rate were calculated 442 

 443 

Region 1  

Region 2 Region 3 
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HFO4 – 1st impact test 

  

HFO4 – 2nd impact test 

  
HFO4 – 3rd impact test 

  
HFO2 – 1st impact test 

  
HFO2 – 2nd impact test 

  
HFO7 – 1st impact test 

Figure 11.  Strain and strain rate time histories exhibited by regions 1 to 3 of specimens included in the 444 
HO-series  445 
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LFO8-1st impact test 

2   

LFO11- 1st impact test  

 

 

LFO11- 2nd drop test 

Figure 12.  Strain and strain rate time histories exhibited by regions 1 to 3 of specimens included in the 447 
LO-series  448 

 449 

 450 

 451 

  
HFT14 – 1st impact test 
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HFT14 – 2nd impact test 

  
HFT14 – 3rd impact test 

  

HFT14 – 4th impact test 

 
 

HFT12 – 1st impact test 

 
 

HFT12 – 2nd impact test 

Figure 13.  Strain and strain rate time histories exhibited by regions 1 to 3 of specimens included 452 
in the HT-series 453 

 454 

  
LFT16 – 1st impact test 
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LFT16 – 2nd impact test 

 
 

LFT16 – 3rd impact test 

  
LFT21 – 1st impact test 

 
 

LFT21 – 2nd impact test 

  
LFT21- 3rd impact test 

 

 
LFT19 – 1st impact test 
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LFT19 – 2nd impact test 

 455 
Figure 14.  Strain and strain rate time histories exhibited by regions 1 to 3 of specimens included in the 456 

LT-series 457 

5.5 Crack patterns exhibited throughout the loading process 458 

In order to study the cracking process that the specimens underwent during testing to identify 459 

the critical regions at which high stress concentrations developed and the failure mode 460 

ultimately exhibited by each specimen, the developing crack patterns were recorded using 461 

three methods. Initially a HSD camera was used to record the cracks developing on the side 462 

of every specimen during each drop-test it was subjected to. After each drop-test the crack 463 

patterns were marked on the front face of the specimens; crack patterns developing after the 464 

first, second, third and fourth consecutive drop tests were marked with red, green, blue and 465 

black lines respectively. Finally, after the collapse of specimens, the crack patterns developed 466 

on the upper and lower ECC layers were marked and documented  467 

Figure 15 presents the crack patterns developing by the specimens included in the HO-series 468 

and LO-series after each consecutive drop test. Both types of specimens exhibited essentially 469 

the same cracking process. Cracks initially developed along the joints forming between the 470 

bricks (fourth, fifth and sixth joints) in the middle portion of the specimens, between the two 471 

loading points, and extended into the lower ECC layer below the joints mentioned above. The 472 

location of the joints was marked with red lines on the ECC layer attached to the bottom of 473 

the specimens (see Figure 15). Some specimens included in the HO-series exhibited 474 

distributed cracks along the length of the brick below the loading point possibly due to the 475 
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de-bonding of the ECC from the masonry in this region. It is interesting to observe that 476 

failure was not associated with de-bonding between the ECC layer and the masonry but with 477 

the ECC layer failing in tension. This demonstrated the ability of the ECC layer to bond with 478 

the masonry in order to form a composite member characterised by enhanced structural 479 

performance. It is interesting to observe that the cracks forming on the bottom ECC layer 480 

were concentrated in the region below the critical joints mentioned earlier. Furthermore, the 481 

ECC layer below the bricks (spanning between two consecutive joints) remained essentially 482 

intact, free of cracking. These observations are in agreement with the strain data presented in 483 

Figures 11 to 14 which show that higher high-strain values are exhibited within the ECC 484 

layer in regions 1 and 3 (located below joints forming between consecutive bricks) whereas 485 

the strains exhibited region 2 (located below a brick in the middle span of the specimen) were 486 

essentially negligible. It is interesting to note that when the specimens were subjected to 487 

consecutive impacts the form of the crack patterns developing within the ECC layer remained 488 

essentially the same while the number and width of the cracks forming close to the joint 489 

regions increased.  490 

The specimens included in the HT-series and LT-series exhibit a very similar cracking 491 

process to that exhibited by the specimens included in the HO-series and LO-series (see 492 

Figure 16). It is interesting to note that the development of cracking in the lower ECC layer 493 

(acting in tension) is accompanied by the development of cracking in the top ECC layer 494 

(acting in compression) characterised by the same distribution. Furthermore, it is observed 495 

that the top ECC layer was able to absorb the impact energy introduced during each drop-496 

weight test preventing the formation of cracks in the lower ECC layer below the brick upon 497 

which the load is applied thus safeguarding more effectively the composite action forming 498 

between the ECC layer and the masonry specimen. Failure was once again associated with 499 
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the bottom ECC layer failing in tension and not due to the de-bonding of the ECC layers and 500 

the masonry specimen. 501 

 

       
HFO4 

 

 
HO-7 

 

 
LF-01 

 

 
LF-11 

Figure 15.  Crack patterns developing on the side and bottom surface of the specimens strengthened with 502 
one ECC layer and subjected to high or low intensity impact loading (HO-series, LO-series). 503 
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HFT14 LFT16 

  

 
 

  
HFT12 LFT19 
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HT14 LT19 
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LT16 HT12 

Figure 16.  Crack patterns developing on the top, side and bottom surface of the specimens strengthened 507 
with two ECC layer and subjected to high or low intensity impact loading (HT-series, LT-508 
series). 509 

 510 

6. Discussion 511 

When specimens strengthened with one layer of ECC (HO-series) where subjected to high 512 

intensity impact loading the contact (impact) force generated was characterised by a short 513 

duration of approximately 2ms, initial (�̇�𝑖𝑛) and average (�̇�𝑎𝑣 =maxPd/td) loading rates of 400 514 

kN/ms and 200kN/ms respectively (see Table 3) as well as peak load (maxPd) of 120 kN. 515 

However, for the case of lower intensity impact loading (LO-series) the contact force 516 

generated was characterised by a duration of 4 ms, initial (�̇�𝑖𝑛) and average (�̇�𝑎𝑣 =maxPd/td) 517 

loading rates of approximately 450 kN/ms as well as a peak load (maxPd ) of 100kN.  Though 518 

the loading rates established during lower intensity drop-weight test is similar to that 519 

recorded in the case of high intensity impact testing, the duration of the impact force and the 520 

peak load were about 200% and 20% lower respectively.  521 
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In the case of the specimens strengthened with two layers of ECC which were subjected to 522 

high intensity drop-weight testing, the impact load generated was characterised a short 523 

duration of approximately 2ms, initial (�̇�𝑖𝑛) and average (�̇�𝑎𝑣 =maxPd/td) loading rates of 524 

400kN/ms and 300 kN/ms respectively and a maximum load of maxPd = 80 kN (see Table 3). 525 

In the case of lower intensity drop-weight testing the impact load was characterised a 526 

duration of 4 ms, an initial (�̇�𝑖𝑛) and average (�̇�𝑎𝑣 =maxPd/td) loading rates of of 400kN/ms 527 

and a maximum impact load (maxPd) of 80 kN (see Table 4). It is interesting to note that the 528 

impact load time history generated during each consecutive drop test were similar. This 529 

suggests that the impact load generated is associated with the inertia forces developing during 530 

the collision of the drop-weight on the specimens rather than the structural resistance offered 531 

by the specimen itself.  532 

The main characteristics of the reaction load generated are summarised in Tables 3 and 4. 533 

The value of maxRd / maxPd  (ratio between peak reaction force and peak impact load) 534 

reduces with every consecutive drop test. This parameter is associated with the resistance 535 

provided by the specimens against the applied impact load and its value reduces as the level 536 

of damage sustained by the specimen increases with every consecutive impact. On the other 537 

hand, the delay between the time at which maxPd and maxRd are attained (ΔtP-R = tR- tP) 538 

increases with every consecutive drop test. This parameter is associated with the time 539 

required for the stress wave generated at the impact region to reach the supports of the 540 

specimens and its value increases as the level of damage (cracking) sustained by the 541 

specimens also increases. In the case of the specimens strengthened with an ECC layer the 542 

average rate at which maxRd / maxPd reduces and ΔtP-R = tR- tP increases with every 543 

consecutive drop-test. It is interesting to notice that specimens strengthened with two layers 544 

of ECC are characterised by higher levels of structural integrity compared to those 545 

strengthened with one layer of ECC as the level of damage sustained is lower the bottom 546 
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ECC layer compared to specimens strengthen by one layer ECC. This can be attributed to the 547 

top layer ECC (under compression) which can redistribute the impact load through the 548 

masonry beam result in a more uniform performance.  549 

The deflection measured for different points along the element span provides information 550 

concerning the ability of the specimen to undertake the loads applied and absorb the impact 551 

energy during drop weight testing. The maximum mid-span deflections recorded in the case 552 

of specimens with one layer ECC (for the case of the HO-series and LO-series)  is 553 

considerably higher than their counterparts established for the case of specimens with two 554 

layer ECC (included in for HT-series and LT-series). This demonstrates the ability of the 555 

specimens included in the HT-series and LT-series to more effectively resist the application 556 

of impact loading compared to specimens included in the HO-series and LO-series 557 

The values of strain and associated strain-rate exhibited in region 2 of the bottom ECC layer 558 

(below a brick located in the middle portion of the span of the specimen) were very small 559 

compared to those exhibited in regions 1 and 3. In fact when the specimens are subjected to 560 

consecutive drop-tests this difference becomes more pronounced as the level of damage 561 

(cracking) exhibited locally in regions 1 and 3  (below the joints forming between 562 

consecutive bricks located in the middle portion of the specimen span) increases. 563 

Consequently it can be ascertained that the localised cracking exhibited does not allowing 564 

ECC to achieve its full strain capacity.  565 

In the case of the specimens retrofitted with one layer of ECC it was observed under impact 566 

loading localised cracking developed in the bricks below the point of loading under high 567 

intensity loading. However, this problem was rectified when using the second layer ECC at 568 

the top of the specimens. Specimens with a second layer of ECC exhibited a more consistent 569 
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response while being able to undertake a larger number of consecutive impact loads (blows) 570 

before collapsing (see Table 5). This reveals that using the second layer of ECC on the top of 571 

specimens (compression zone) can improve the load distribution through the surface of 572 

compression zone of masonry walls and avoid the sudden localised failure of this region.  573 

Table 5. summary of impact tests results 

Specimens 

name  

Impacts 

number 

Number 

of ECC 

layer 

Impact 

load  

Average 

Impact per 

group 

HO4 3 

One layer 

H-series 1.75 
HO2* 2 

H07 1 
HO1* 1 
LO8† 2 

L-Series 2 
LO11 2 

HT14 4 

Two layers 

H-series 3 
HT12 2 

LT16 3 

L-series 2.67 LT21 3 

LT19 2 

* Data Logger results are missing 

† HSD camera results are missing 

No debris were generated when subjecting the ECC strengthened masonry specimens to drop-574 

weight testing. This reveals that the ECC layer can effectively act as a net catching any debris 575 

produced when subjected to extreme loading conditions such as impact.   576 

The results obtained from tests conducted on specimens strengthened with one layer of ECC 577 

under static loading (see Table 2) revealed a load-bearing capacity of 13 kN and a maximum 578 

mid-span deflection of ECC layer of 4 mm . During drop-weight testing the peak value of the 579 

impact force generated by the specimens included in the HO-series and the LO-series were 580 

120 and 80 kN respectively. Furthermore, an average of two consecutive drop tests were 581 

conducted before the specimens collapsing. Based on the above it is interesting to notice that 582 

the load carrying capacity of the ECC retrofitted specimens increased by about 6 to 9 times 583 
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under impact loading compared to that established under equivalent static loading. The 584 

impact force of both HT-series and the LT-series were 80 kN with an average of about three 585 

consecutive drop tests before failure of the specimens. It is interesting to notice that the load 586 

carrying capacity of the ECC retrofitted specimens increased by about 6 times under impact 587 

loading compared to that established under equivalent static loading. However all specimens 588 

retrofitted by two layers of ECC exhibited a better deflection compare to HO-series and LO-589 

series.  590 

Considering that ECC is a strain rate dependent material (its properties are dependent on the 591 

strain rate) very limited information is presently available in the literature about the 592 

behaviour of ECC under high loading rates [35,36]. Published test data suggests that at strain 593 

rates of 10s-1 the ductility characterising the behaviour of ECC in tension reduces by 70% 594 

compared to that established under static testing while the tensile strength of ECC increases 595 

by about 200%. At strain rates of 50s-1 the ductility characterising the behaviour of ECC in 596 

tension is still 70% lower than that exhibited under static loading however the load bearing 597 

capacity of ECC increases by about 300%. The loading rate measured in the ECC layer 598 

during the impact tests was between 10 s-1 to 100 s-1 for specimens at the bottom ECC layer. 599 

The ECC retrofitted specimens’ behaviour ( HO, LO, HT, LT series) under impact loading 600 

presented the same trend as reported in the literature which suggests the load bearing capacity 601 

of specimens increases while the ductility is close to static counterpart. 602 

 It is interesting to observe that the strain time histories and crack pattern exhibited under 603 

impact load are similar to those exhibited under static loading.  Both the HT and LT 604 

specimens exhibited values of strain and crack profiles in the bottom ECC layer below the 605 

joint region similar to those established during equivalent static loading (see Figure 5c).  606 
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7. Conclusions  607 

Following are the conclusions which are developed based on the experiments conducted in 608 

this paper: 609 

• The use of ECC layer(s) resulted in an increase of the specimen’s strength, ductility 610 

and deformability while prohibiting the generation of debris. The ECC layer 611 

essentially acts as a net that stops the production of debris due to impact load. 612 

• It is observed that under high and low intensity impact loading the form of the curve 613 

describing the time history of the contact force generated in the impact region is 614 

characterised by certain differences depending on the properties of the interface 615 

between the impactor and the specimens, the method adopted for applying the ECC 616 

layers and the speed with which the impactor strikes the specimen. High intense 617 

impact loads are characterised by a maximum value of 120KN and 80kN for 618 

specimens retrofitted with one and two layers of ECC respectively as well as very 619 

short duration of 2 ms. Low intensity impact loads are characterised by a maximum 620 

value of 100kN and 80kN for specimens retrofitted with one layer and two layers of 621 

ECC respectively as well as very short duration of 4 ms. .  622 

• It is interesting to notice that under consecutive drop-tests the impact load generated 623 

is largely associated with the impact energy and inertia force and was less affected by 624 

the specimens’ ability to resist the impact load. On the other hand the reaction forces 625 

generated is associated with the level of damage sustained by the specimen during 626 

testing and a reduction was observed during the consecutive impact loads.  627 
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• When strengthening the specimens with a second layer of ECC the performance of 628 

specimens significantly enhanced. The failure of bricks below the points of loading 629 

was not observed. On average 3 impacts were sustained by the specimen before the 630 

specimen with 2 layers of ECC collapsed unlike the specimens strengthened with one 631 

layer of ECC which were able to undertake on average 2 impacts. Also, the variability 632 

observed in the specimens behaviour during impact testing reduced and specimens 633 

exhibited more consistent performance when the second layer of ECC was applied in 634 

top of specimens.  635 

• The cracks in the ECC-strengthened specimens subjected to high and low intense 636 

impact developed near the brick-mortar interface regions (joints) over the centre span 637 

of the specimens.  In the case of specimens subject3ed to quasi-static loading rate the 638 

same crack pattern was observed, indicating that the full strain hardening and ductility 639 

of ECC layer under tension could not be employed by this retrofitting approach. 640 

• Strengthening the masonry specimens with one layer of ECC enabled them to 641 

undertake levels of applied loading significantly higher than the load-carrying 642 

capacity established under equivalent static loading. A comparison between behaviour 643 

of specimens exhibited under impact loading and equivalent static loading reveals that 644 

the load carrying capacity of the specimens increased by about 4 times while their 645 

response exhibits more ductility characteristics. It also allowed the specimens in some 646 

cases to undertake more than one drop-tests (blows) before collapsing.  647 
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Table 3. summary of test results for specimens with one layer ECC  
 

R
es
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o

b
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in
ed

 f
ro

m
 d

a
ta

 l
o

g
g

er
 

  specimen   HO4 HO2 HO7 HO1 LO8 LO11  

  
Number of 

impacts 
Unit 1st  2nd  3rd  1st  2nd  1st 1st 1st 2nd 1st 2nd 

 

Impactor 

  
P

ea
k

 

p
o

in
t 

maxPd kN 123 108 111 - - 116 - 64.1 74.3 82.1 79.9  

tp  ms 0.86 0.68 0.22 - - 0.73 - 0.17 0.16 0.17 0.16  

�̇� av kN/ms 143 159 503  -  - 159  - 377 464 483 499  

�̇�𝒊𝒏 kN/ms 338 486 435 -  - 469  - 377 464 483 499  

Reaction 
maxRd  kN 68.77 49.3 12 - - 45.9 - 46.7 24.7 37 11.58  

 tp ms 2.1 2.2 3.7 - - 2 - 2.3 2.5 1.91 2.41  

 Impact load 

& reaction 

relation 

maxRd/maxPd   0.56 0.46 0.11 - - 0.39 - 0.72 0.33 0.45 0.14  

tr - tp ms 1.24 1.52 3.48     1.27   2.13 2.34 1.74 2.25  

R
es

u
lt

s 
o

b
ta

in
ed

 f
ro

m
 H

S
D

 c
a

m
er

a
 

Strain in 

tension 

ε1 % 0.011 0.01 0.01 0.017 0.01 0.01 0.012   0.11 0.03 0.01  

ε2 % 1.33 1.49 0.86 1.7 1.9 0.73 0.85 - 1.1 0.68 0.31  

ε3 % 1.92 8.79 - 3.26 - 1.74 -   - 3.6 -  

Strain rate in 

tension 

�̇�1 s-1 0.11 0.12 0.11 0.04 0.03 0.04 0.12   0.6 1 0.4  

�̇�𝟐 s-1 15.2 28 16.7 14 13.5 16.2 32 - 10.7 9.1 5.3  

�̇�𝟑 s-1 16.2 58 84 18 33.2 23.5 105   124 10.5 67.3  

Deflection 

maxdd mm 2.69 7.19 - 3.58 - - -   - 2.51 -  

resdd mm 2.03 4.59 - 3.52 - - - - - 2.39 - 
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Table 4.  summary of test results for specimens with two layers ECC 
R

es
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lt
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o
b
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 d
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  specimen   HFT14 HFT12 LFT16 LFT21 LFT19 

  
Number of 

impacts 
 1st  2nd  3rd  4th  1st  2nd  1st  2nd  3rd  1st  2nd  3rd  1st  2nd  

Impactor 

  

P
ea

k
 p

o
in

t maxPd kN 55.6 56.3 81 84 103.5 76.1 85.3 66.9 94.6 101.4 92.2 66.9 101.2  

tp  ms 0.39 0.4 0.2 0.28 0.22 
0.16

8 
0.22 0.224 0.168 0.19 0.16 0.25 0.16 

 

�̇� av kN/ms 142 140.7 405 312 472 452 386 304 563 531 576 398 6.31  

�̇�𝒊𝒏    286 450 405 312 472 350 452 386 304 563 531 576 398 6.31 

Reaction 
maxRd  kN 50 47.3 44 12 57.7 7.7 35 31 9.4 31 27.2 13.1 32.3 26.4 

 tp ms 2.29 2.3 2.77 2.3 2.57 2.74 2.54 2.38 2.01 2.12 3.3 1.93 2.49 2.85 

 Impact load 

& reaction 

relation  

maxRd/maxPd   0.62 0.49 0.54 0.14 0.56 0.08 0.35 0.34 0.09 0.32 0.26 0.14 0.4 0.26 

tr - tp ms 1.9 1.9 2.57 2.02 2.35 2.46 2.37 2.16 1.79 1.95 3.11 1.77 2.24 2.69 

R
es

u
lt

s 
o

b
ta

in
ed

 f
ro

m
 H

S
D

 c
a

m
er

a
 

Strain in 

tension 

ε1 % 0.05 0.037 0.036 0.098 0.02 0.12 0.013 0.083 0.054 0.08 0.05 0.06 0.06 0.02 

ε2 % 0.5 0.46 0.28 0.5 1.21 0.1 1.06 0.69 0.43 0.23 2.83 0.77 0.15 0.91 

ε3 % 0.68 0.49 7.8 - 1.32 - 0.28 2.61 - 0.21 3.42 - 0.6 - 

Strain rate 

in tension 

�̇�1  (s-1) 4 3.2 3.8 2.7 4.9 2 0.27 0.8 1.5 1.01 68 11.9 3.7 23 

�̇�𝟐  (s-1) 12.3 4 7.3 11.1 5.9 1.8 9.2 7.1 8.6 1.54 3.2 4.3 1.2 10.6 

�̇�𝟑  (s-1) 11.6 13.6 18.7 - 7.5 - 1.97 2.2 - 2 3.1 - 10.5 - 

Deflection 

maxdd mm 1.68 1.87 3.08 - 2.89 - 1.36 2.04 - 1.38 4.53 - 1.55 - 

resdd mm 1.37 1.38 2.83 - 2.81 - 1.35 1.36 - 1.37 4.18 - 1.42 - 
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