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Abstract43

In this study, the performance of light-weight concrete foam is evaluated. Physical large-44

scale pendulum impact tests were conducted to study the performance of concrete foam,45

which was used to shield a reinforced concrete barrier from boulder impact with an46

energy level of up to 70 kJ. Six successive boulder impacts were carried out. Two47

different concrete foam thicknesses, 0.4 m and 0.6 m, were investigated. Increasing the48

cushioning thickness from 0.4 m to 0.6 m can reduce the maximum transmitted load by49

48% and 71% for the first and sixth impacts at an impact energy of 70 kJ, respectively.50

The larger thickness enhances load spreading on the wall and reduces stress concentration.51

Furthermore, the maximum penetration depth on the 0.4-m thick concrete foam is 0.29 m52

for the sixth impact, which reaches the 72% of cushion layer thickness of 0.4 m. Based53

on the existing design guidelines (ASTRA 2010) and the Gibson and Ashby model, the54

required minimum thickness for up to six successive impacts at an impact energy of 70 kJ55

is 0.58 m.56

Keywords: Boulder impact; cushioning material; concrete foam; rigid barrier; debris57

flow58
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Introduction59

Flow-type landslides (Hungr et al. 2014; Valagussa et al. 2014), such as debris flow,60

are one of the most dangerous geo-hazards in the world. Particle-size segregation enables61

large boulders to migrate to the head of a flow (Iverson 2007; Chen et al. 2014). These62

boulders often result in high impact forces and pose the greatest threat to downstream63

facilities (Hu et al. 2019; Lee and Winter 2019; Zhang et al. 2018). To mitigate flow-64

entrained boulders, reinforced concrete barriers (Armanini and Scotton 1993; Lo 2000;65

Canelli et al. 2012; Takahashi 2014) are installed along flow paths. Cushioning layers are66

commonly installed in front of these barriers to shield them from boulder impact and to67

prevent structural damage (Yoshida 1999; Lambert et al. 2009; Heymann et al. 2010;68

Gao et al. 2017; Shen et al. 2018; 2019).69

Rock-filled gabions are the most commonly adopted cushioning layer used by70

engineers. They are constructed by filling wire baskets with rock fragments. Rock-filled71

gabions rely on shearing among fragments and crushing of these fragments to dissipate72

impact energy. However, because of weight and time-consuming mining of rock73

fragments, it is hard to construct rock-filled gabions cushioning layers in mountain areas.74

Furthermore, the mechanical response of rock-filled gabions may be variable (Bertrand et75

al. 2008; Breugnot et al. 2015) and could depend on the size, angularity, and bulk density76

of the fragments involved (Lambert et al. 2013; 2014; Ng et al. 2016; Su et al. 2019).77

Ng et al. (2016) investigated the dynamic response of rock-filled gabions subjected78

to successive boulder impacts with a series of physical pendulum impact tests. Nine cubic79

rock-filled gabion cells with a nominal length of 1 m were used to form a cushioning80
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layer in front of the reinforced concrete barrier. The bulk density of each gabion cell was81

1500 kg/m3. Experimental data showed that rock-filled gabions can reduce the boulder82

impact load with an impact energy of 70 kJ by up to 50% compared to the design impact83

load on a bare reinforced concrete barrier (Kwan 2012). Moreover, Lambert et al. (2007)84

carried out a series physical experiments and reported at least 15% difference in the85

measured maximum boulder impact force for rock-filled gabions under the same loading86

conditions. These findings suggest the variability of cushioning response of rock-filled87

gabions in reducing boulder impact force. Therefore, a cushioning material with a more88

consistent and predictable cushioning response in reducing boulder impact force is89

explored.90

In light of the variability in the dynamic response of rock-filled gabions,91

Schellenberg et al. (2006) and Ng et al. (2018) investigated the dynamic response of an92

alternative cushioning material called cellular glass. This type of glass is formed by93

baking crushed glass with chemical additives. Schellenberg et al. (2006) compared the94

cushioning performances of cellular glass and gravel-filled gabions with a maximum95

gravel diameter of 32 mm using drop tests with an impact energy of up to 15 kJ. Their96

experimental data showed that cellular glass can reduce the maximum boulder impact97

force and transmitted load to a reinforced concrete wall by up to 40% and 50%,98

respectively, more than gravel-filled gabions. The improved cushioning performance of99

cellular glass is attributed to its low crushing strength. During impact, cellular glass100

exhibits large localised and irreversible deformation, which is ideal for extending the101

contact time of impact, thereby reducing the impact load. Although crushing is ideal for102

load attenuation, it can lead to excessive deformation, rendering a cushioning layer103
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ineffective for resisting successive boulder impacts. Ng et al. (2018) conducted pendulum104

impact tests on cellular glass. They reported that after two successive impacts at an105

energy level of 70 kJ, a penetration depth of more than 80% of the cushioning layer’s106

initial thickness was measured. The large penetration exceeded the minimum cushioning107

layer thickness recommended in international guidelines (ASTRA 2010). Therefore,108

cellular glass may not be the most suitable cushioning material for resisting boulder109

fronts because it degrades rapidly under successive loading.110

In this study, concrete foam is proposed as a new cushioning material and evaluated111

using physical pendulum tests. Concrete foam is produced by mixing cement with112

chemical additives under high-speed agitation (Ni 2012). This type of foam is easy to113

manufacture, and the final product is lightweight. Such an innovative material has not yet114

been evaluated for resisting concentrated impact forces from boulders and it is115

worthwhile to explore as a new engineering solution.116

117

Hertz contact mechanics118

The impact force P and contact mechanics between a sphere and plane based on119

elastic Hertz contact theory (Johnson 1985) is as follows:120

� = 4�
3

�
1
2(�)

3
2 (1)121

where E is the effective moduli of elasticity, which is given as 1 � = 1−��2 �� +122

1−��2 �� (Er and Eb are the elastic moduli of barrier and concrete boulder,123

respectively ; vr and vb are the Poisson’s ratios of the reinforced concrete barrier (0.3) and124



7

reinforced concrete boulder (0.3), respectively); R is the radii of the boulder; m is the125

mass of concrete boulder; v is the impact velocity and δ is the deformation (δ), which is126

given as follows:127

� = 15��2

16��
1
2

(2)128

Hertz contact theory is normally adopted by engineers to estimate the boulder129

impact force. However, without the consideration of plastic deformation, the estimated130

boulder impact force is over-conservative compared to the measured boulder impact131

force (Hungr et al. 1984; Lo 2000). A load-reduction factor Kc of 0.1 is proposed by132

Kwan (2012) based on the engineering experience in available literature.133

Large-scale pendulum impact tests134

A large-scale pendulum impact facility constructed in Shenzhen, China, was used to135

carry out the impact tests in this study. The site has a plan area that is 15 m in length and136

6 m in width. Figs. 1a and 1b show front and side views of the pendulum impact setup,137

respectively. The steel frame occupies a plan area of 5 m by 3 m and has a height of 6 m.138

A 1.16-m dimeter concrete boulder with a mass of 2000 kg is suspended from the steel139

frame using two steel strand cables. Three steel loops were installed on the concrete140

boulder. Two loops were used to connect two steel strand cables from the boulder to the141

steel frame. The third loop was used to elevate the concrete boulder to the required height.142

The boulder was lifted using a crane lorry and released to enable the boulder to impact143

the cushioning material installed in front of the reinforced concrete rigid barrier. The144

rigid barrier is 3 m in length, 3 m in width and 1.5 m in thickness. The cushioning145

material was confined using a steel frame to reduce lateral displacement during impact.146
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The cushioning material was tied to the rigid barrier to prevent it from collapsing after147

each impact.148

149

Instrumentation150

Eight load cells (THD-50K-Y), each with a maximum range of 220 kN, were151

installed on the rigid barrier to measure the horizontal and vertical loads transferred from152

the cushioning layer to the rigid barrier (Fig. 2). The acceleration of the concrete boulder153

was measured by using an accelerometer with a maximum acceleration of 500 g (where g154

is the acceleration due to earth’s gravity). The impact velocity and penetration depth155

were estimated using a high-speed camera positioned at the side of the pendulum setup156

(Fig. 2). The high-speed camera records images at a frame rate of 200 frames per second157

and a resolution of 1376 × 1226 pixels. In addition to the high-speed camera, a video158

camera with a frame rate of 30 fps and a resolution of 1920×1080 pixels was used to159

capture the overall impact process from the side of the pendulum setup.160

161

Concrete foam162

Concrete foam blocks with a density of 800 kg/m3 were used in this study. The163

porosity of the concrete foam is 67%. Each block has dimensions of 0.6 m in length, 0.2164

in width and 0.1 m in thickness. A cube of concrete foam block with nominal length of165

100 mm was compressed based on the ASTM D1621 (ASTM Standard D1621 2010).166

The measured crushing resistance and Young’s modulus of concrete foam is 2.2 MPa and167

423 MPa, respectively. A summary of the properties of concrete foam is given in Table 1.168
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In this study, the Gibson and Ashby model is used to characterise the mechanical169

responses of concrete foam (Gibson and Ashby 1997).170

Figure 3 shows a comparison between the measured and theoretical (Gibson and171

Ashby 1997) compressive stress-strain behaviour of concrete foam. Normally, the172

theoretical stress-strain behaviour of crushable foam can be characterised by using the173

Gibson and Ashby model, which has three stages.174

In the first stage of the loading process, the mechanical response of concrete foam is175

governed by the elastic deformation of its cell walls. The compressive stress during176

loading is given as follows:177

σ = � × ε = �2( �∗

�s
)2 + (1 − φ) �∗

�s
�s × ε (σ ≤ �c) (3)178

where �s is the solid modulus of C30 concrete (3 × 104 MPa); � is the volumetric strain;179

and �c is the measured foam crushing strength from the lab tests as mentioned above (2.2180

MPa); �∗ is the measured foam density (800 kg/m3); �s is the solid density of C30181

concrete (2400 kg/m3); � is the fraction of solid contained in the cell edges (0.8); 1 − �182

is the fraction of solid contained in the cell faces (0.2); � is the deduced foam elastic183

modulus (4.1 × 103 MPa) based on the Eqn. (3). After initial elastic loading, the stress184

plateaus as the cell walls crush. The crushing stress is given as follows:185

� = �c = 0.2(� �∗

�s
)3/2 + (1 − �)( �∗

�s
) �fs (�c < � < �D) (4)186

where �c is the measured foam crushing strength from the lab tests as mentioned above187

(2.2 MPa); �fs is the back-calculated solid fracture strength (24 MPa) based on Eqn. (4);188

�c is the crushing strain; and �D is the limiting strain.189
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In the final stage, when the cell wall entirely collapses, the opposing cell walls come190

in contact with each other after reaching the limiting strain. Further loading only191

compresses the cell wall material. Thus, the stress increases rapidly and stiffness is equal192

to the Young’s modulus of the cell material. The limiting strain is described as follows:193

�� = 1 − 1.4 �∗

��
= 1 − 1.4�� (5)194

where �∗ is the measured foam density of 800 kg/m3; �s is the solid density of 2400195

kg/m3; and �e is the relative density of 0.33. Compared to the Gibson and Ashby model,196

the measured loading curve exhibited a stress drop between elastic loading and crushing.197

After the stress peaked, it decreased rapidly because of a relatively brittle structural198

failure of the concrete foam block (Fig. 3). Similar observations of rapid softening were199

also reported by Zhou et al. (2010). This rapid reduction in stress was not observed for200

cellular glass or glass foam (Ng et al. 2018). Notwithstanding, by taking the relative201

density of the concrete foam as 0.33 and by using Eqn. (5), the theoretical limiting strain202

of concrete foam is 0.54. Furthermore, based on the Gibson and Ashby model, after the203

limiting strain of 0.54, the cell walls came into contact with each other and the204

compressive stress increases rapidly. This coincides with the observations that after the205

strain of 0.60, the measured compressive stress begins increasing significantly. The206

theoretical limiting strain shows reasonable agreement with measured limiting strain.207

Even though the Gibson and Ashby model cannot capture the peak stress, it still provides208

a reasonable prediction of the overall mechanical behaviour of concrete foam.209

210

211
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Test program212

Two impact energies were studied, specifically 20 kJ and 70 kJ. In addition, two213

concrete foam thicknesses of 0.4-m and 0.6-m were investigated at each energy level. Six214

successive impacts were carried out at the center of each cushioning layer. The test215

programme for concrete foam and rock-filled gabions is summarized in Table 2.216

Test procedure217

The concrete boulder was first suspended by a crane lorry and then the concrete218

boulder was connected to the steel frame using two steel strand cables. The boulder was219

lifted to target heights of 1.0 m and 3.5 m to achieve impact energies of 20 kJ and 70 kJ,220

respectively. Finally, the release mechanism is triggered and the concrete boulder is221

allowed to swing and impact into the cushioning material installed in front of the222

reinforced concrete barrier. The same procedure was repeated for each successive impact.223

224

Cumulative penetration depth225

Fig. 4 shows a comparison of the cumulative penetration depths after the first, fourth226

and sixth impacts on the concrete foam and rock-filled gabion cushioning layers.227

Successive boulder impacts at energy levels of 20 kJ and 70 kJ are shown in Figs. 4a and228

4b, respectively. The ordinate shows the measured penetration depth (P) and the abscissa229

shows the horizontal distance of concrete foam in the centreline from 0 to 3 m.230

For an impact energy of 20 kJ, the maximum penetration depth (Pmax) in the 0.4-m231

thick concrete foam layer after the first impact was 0.04 m. After six successive impacts,232
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the maximum penetration depth increased by 2.4 times to 0.11 m. In contrast, the233

maximum penetration for the 0.6-m concrete foam cushioning layer was 0.04 m and 0.12234

m for the first and sixth impacts, respectively. The large penetration depths are due to cell235

wall crushing under successive impacts. The differences in maximum penetration236

between the 0.4-m thick concrete foam and 0.6-m thick concrete foam after the first and237

the sixth impacts are less than 0.01 m. This implies that the cushioning thickness of238

concrete foam only has negligible influence on the maximum penetration depth. For239

rock-filled gabions (1000-mm thickness), at an impact energy of 20 kJ, the maximum240

penetration depths were 0.29 m, 0.38 m and 0.44 m after the first, fourth and sixth241

impacts, respectively (Ng et al. 2016). The maximum penetration depths in the rock-242

filled gabion cushioning layer for six successive impacts were at least 3.7 times larger243

compared to that of the concrete foam cushioning layer.244

Figs. 5a and 5b show the localised damage on the 0.4-m and 0.6-m thick concrete245

foam cushioning layers after the sixth successive impact, respectively. The permanent246

deformation of the concrete foam is observed to mainly concentrate around the impact247

area. Post-test investigation of the concrete foam reveals a densified crater where the cell248

walls have already been compacted (Gibson and Ashby 1997; Ng et al. 2018). Some249

concrete foam fragments were observed to have spalled off on the ground. The250

horizontal deformation on the 0.4-m thick concrete foam is 0.4 m after the first impact.251

In contrast with concrete foam, the horizontal deformation for rock-filled gabions is252

about 4.5 times larger after the first impact. This means that the cushioning mechanism253

of rock-filled gabions, via shearing among grains and rearrangement of grains, leads to254
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greater transverse deformation compared to that of concrete foam, which relies255

predominantly on the cushioning mechanism of cell wall crushing.256

At an impact energy of 70 kJ (Figs. 4b), the maximum penetration depth after the257

first impact on the 0.4-m thick concrete foam was 0.09 m. After the fourth and sixth258

successive impacts, the maximum penetration depth increased by almost 2.8 times and259

3.2 times to 0.26 m and 0.29 m, which is 64% and 72% of the original cushion layer260

thickness of 0.4-m, respectively. According to international design guidelines (ASTRA261

2008), the recommended cushioning layer thickness should be at least two times greater262

than the maximum penetration depth. This means that a cushioning layer thickness of 400263

mm is insufficient for resisting up to four successive impacts at an energy level of 70 kJ.264

Meanwhile, the back-calculated minimum cushioning layer thickness of at least 0.58 m is265

required based on recommendations by ASTRA (2008). Fig. 6a shows the permanent266

deformation of the 400-mm thick concrete foam cushioning layer after the sixth267

successive impact. Post-impact investigation shows larger concrete foam fragments that268

have spalled off on the ground compared to that for an impact energy of 20 kJ (Fig. 5a).269

Moreover, deep cracks were observed to have propagated radially from the impact area.270

Settlement was also observed at the crest of the concrete foam cushioning layer because271

of the large penetration at the centre of the cushioning layer after the sixth impact.272

Based on the Gibson and Ashby model (Gibson and Ashby 1997), the theoretical273

limiting strain of 0.54 can be calculated by using Eqn. (5). This means that the loading is274

mostly taken by the cell material and the stress increases rapidly after the limiting strain275

is reached (Gibson and Ashby 1997). This also implies that cushion mechanism of276

crushing is less effective in the strain exceeds more than half of the concrete foam277
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thickness. The measured maximum penetration depth for the 0.4-m thick concrete foam278

was 0.29 m after the sixth impact. The minimum concrete foam cushioning thickness was279

back-calculated by dividing the maximum penetration depth of 0.29 m by the limiting280

strain of 0.54. This calculated minimum cushioning thickness of 0.54 m following the281

Gibson and Ashby model, which shows good agreement with the required cushioning282

layer thickness calculated by design recommendations by ASTRA (2008), which283

suggests a thickness of 0.58 m. This implies that concrete foam with a minimum284

thickness of 0.58 m can attenuate up to six successive impacts at an impact energy of 70285

kJ.286

In contrast with the 0.4-m thick concrete foam cushioning layer (Figs. 6a), fewer and287

shallower cracks were observed on the 0.6-m thick concrete foam cushioning layer after288

sixth impact (Figs. 6b). Moreover, the maximum penetration depth on the 0.4-m thick289

concrete foam after the sixth impact was 1.5 times as larger compared to that of the 0.6-m290

thick concrete foam cushioning layer. The differences between the mechanical response291

of the 0.4-m and 0.6-m thick concrete foam layers will be discussed later.292

293

Dynamic response of concrete foam294

Boulder impact forces295

Figure 7 shows the relationship between the measured boulder impact force (F) and296

the deformation (D) measured for each successive impact on the 0.4-m and 0.6-m thick297

concrete foam cushioning layers. The abscissa shows the deformation (D), which is298

calculated from double integration of the measured boulder acceleration. The ordinate299



15

shows the boulder impact force (F), which is the product of the measured acceleration300

and mass of the boulder.301

A maximum boulder impact force (Fmax) of 1177 kN was measured from the 400-302

mm thick concrete foam after the first impact at an impact energy level of 70 kJ. The303

maximum penetration depth was 0.11 m. The unloading modulus represented by slope304

of measured curve is much steeper compared to the loading modulus. This implies that305

the plastic deformation dominated by cell wall crushing resulted in significant energy306

absorption (Ng et al. 2018). The area under each curve represents the energy absorbed by307

the concrete foam. The calculated absorption energy is about 70 kJ, indicating that all of308

the boulder impact energy was transferred from the boulder to the concrete foam309

cushioning layer. A rebound boulder velocity of 0.4 m/s, which was captured by the high-310

speed camera, further confirms that almost all of the impact energy was absorbed by the311

concrete foam. Furthermore, a rebound boulder velocity of 0.8 m/s, also captured by the312

high-speed camera, for the sixth impact is twice as large compared to that for the first313

impact. With an increasing number of successive impacts, the incremental increase in314

rebound velocity was caused by a reduction in cushioning thickness. A thinner cushion,315

0.11 m, between the boulder and rigid barrier for the sixth impact generates higher316

rebound energy. The maximum boulder impact force for the sixth impact on the 0.4-m317

thick concrete foam is 2.4 times larger compared to that for the first impact. This is318

because the contact surface between boulder and concrete foam increases under319

successive impacts. Moreover, the loading modulus caused by densification of the320

concrete foam with an increasing number of successive impacts also contributes an321

increase in boulder impact force.322
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The mechanical response of a 0.6-m thick concrete foam layer for the first, fourth323

and sixth impacts at an impact energy of 70 kJ were compared. After the first impact, the324

measured boulder impact force and the maximum deformation were 1348 kN and 0.102325

m, respectively. Comparisons between the 0.4-m and 0.6-m concrete foam cushioning326

layers for an impact energy of 70 kJ shows less than 20% difference in the impact force327

and penetration depth. This means that the cushioning layer thickness only has minor328

effects on the mechanical responses of concrete foam for the first impact. However, the329

maximum boulder impact force on the 0.4-m thick concrete foam is about 44% larger330

compared to that on the 0.6-m thick concrete foam for the sixth impact, respectively.331

This may be attributed to that the maximum penetration depth already reaches 64% of the332

cushion layer thickness after the fourth impact (Figs. 4b). According to the discussion of333

Gibson and Ashby model above, the plastic deformation for the fourth impact already334

exceeds the limiting strain of concrete foam. It means that the cell wall entirely collapses,335

the opposing cell walls come in contact with each other. This also implies that the336

cushion mechanism of cell wall crushing is less effective in attenuating the concentrated337

boulder impact load after the fourth impact.338

Ng et al. (2016) reported experimental data of the cushioning performance of rock-339

filled gabions subjected to an impact energy level of 70 kJ. To verify the repeatability of340

cushioning performances for rock-filled gabions, new impact tests at an impact energy341

level of 70 kJ were carried out. Figure 8 shows the relationship between the boulder342

impact force and the corresponding penetration depth (Ng et al. 2016). Large fluctuations343

in the impact forces were observed because load transfer depends on the transient344

formation and destruction of force chains of the rock fragments (Heymann et al. 2010a;345
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2010b; 2011; Lambert et al. 2009; 2013; 2014; Su et al. 2019). A comparison of the346

maximum boulder impact force between the rock-filled gabion tests conducted by Ng et347

al. (2016) and those repeated in this study show differences of up to 45% for the first348

impact. This highlights the variability of the cushioning performance of rock-filled349

gabions.350

Fig. 9a shows a comparison of the maximum impact force (Fmax) measured for the351

0.4-m and 0.6-m thick concrete foam layers subjected to successive impacts at energy352

levels of 20 kJ and 70 kJ. The measured Fmax increases with successive impacts because353

of increase in contact surface and loading modulus under successive impacts. However,354

a decrease in measured Fmax is observed for the fourth impact on the 0.4-m thick concrete355

foam at an impact energy of 20 kJ. Similar decreases in measured Fmax are also observed356

on the 0.4-m thick and 0.6-m thick concrete foam layers for the fifth and sixth successive357

impacts at an impact energy of 70 kJ, respectively. This decrease may be attributed to358

difference in the boulder impact point between each successive impact. The maximum359

boulder impact force on the 0.4-m thick concrete foam is 30% larger compared to that on360

the 0.6-m thick concrete foam for the first impact at an impact energy of 20 kJ. This361

may be caused by the gap that formed between the cushioning layer and the rigid barrier362

will prolong the impact duration, thereby reducing the impact force. It is interesting to363

note that the observed differences in the maximum boulder impact force between the 0.4-364

m thick and 0.6-m thick concrete foam layers from the second impact to the sixth impact365

are less than 20%. Furthermore, at an impact energy of 70 kJ, observed differences in the366

maximum boulder impact force up to the fourth impact, were all less than 15%. As367

mentioned above, the maximum penetration depth is less than the limiting strain of368
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concrete foam up to fourth impact at an impact energy of 70 kJ (Figs. 4b). This means369

that the effects of cushioning layer thickness on the mechanical responses of concrete370

foam are small if the plastic deformation is less than the limiting strain.371

However, the difference on maximum boulder impact force between 0.4-m thick and372

0.6-m thick concrete foam increases to 24% and 77% for the fifth and sixth impact,373

respectively. The large differences observed between the two cushioning thickness is374

because the penetration depth of the 0.4-m thick concrete foam for the fourth impact375

reaches the 64% of the cushion thickness, which already exceeds the theoretical limiting376

strain of 0.54 calculated by using Eqn. (5). This implies that the cell wall has entirely377

collapsed and the cushion is no longer effective in attenuating the load. Evidently,378

concrete foam only provides consistent cushion performances as long as the normalized379

penetration depth is less than the theoretical limiting strain.380

Figs. 9b shows the back-calculated load-reduction factors (Kc) after each impact.381

The load-reduction factor Kc increases with successive impacts. This means that the382

cushion efficiency of concrete foam diminishes with successive impacts. It can be found383

that the Kc value of 0.4-m thick concrete at an impact energy 20 kJ are all larger than that384

at 70 kJ except for the fourth impact. Similar findings on load-reduction factors (Kc) are385

also observed on the 0.6-m thick concrete foam. The penetration depth for 70 kJ is much386

larger compared to that for 20 kJ. Larger penetration depths result in smaller load-387

reduction factors. This observation is consistent with that reported by Ng et al. (2018).388

Effects of cushion thickness on transmitted loads389
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Figs. 10a and 10b show the measured maximum transmitted loads (Tmax) along the390

vertical and horizontal centrelines of the reinforced concrete barrier, respectively. In391

Fig.10a, the abscissa shows the measured maximum transmitted load. The mid-height of392

the barrier is at a barrier height of 1.5 m. The measured load distributions behind the 0.4-393

m and 0.6-m thick concrete foam layers and a 1-m thick rock-filled gabion layer are394

compared for the first and sixth impacts.395

For the 0.4-m thick concrete foam, a maximum transmitted force Tmax of 98kN was396

measured after the first impact at the mid-height of the barrier. No load was registered397

near the top or the bottom of the reinforced concrete barrier, implying that the transmitted398

load was concentrated around the centre of the rigid barrier. At the centre of the rigid399

barrier, the maximum transmitted force from the 0.4-m thick concrete foam layer is about400

1.9 times greater than that measured for the 0.6-m thick concrete foam cushioning layer401

for the first impact. Findings show that the transmitted load can be reduced by 71% for402

the sixth impact if the concrete foam thickness is increased from 0.4 m to 0.6 m. The403

difference in transmitted load between different thicknesses is due to a larger load404

spreading area, which induces minimizes stress concentration at the middle of the rigid405

barrier. Furthermore, the residual cushion layer thickness on the 0.6-m thick concrete406

foam is 41% thicker that on the 0.4-m thick concrete foam (Figs. 4b). This also leads407

more energy dissipation with a thicker cushioning layer, which decreases the transmitted408

load on the rigid barrier.409

The transmitted load for the 0.4-m thick concrete foam cushioning layer increases at410

a higher rate compared to the 0.6-m thick concrete foam cushioning layer under411

successive impacts. This is because the residual thickness for the 0.4-m thick concrete412
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foam cushioning layer after the sixth impact is only 27% of the 0.6-m thick concrete413

foam. A smaller thickness leads to reduced load spreading on the wall, thus inducing414

higher stress concentration along the impact axis. A comparison of the maximum415

transmitted loads in the impact axis shows reductions of 91% and 83% when the 0.4-m416

thick and 0.6-m thick concrete foam is replaced with 1-m rock-filled gabion, respectively.417

This may be attributed to the high bulk density of rock-filled gabion, which is almost two418

times that compared with concrete foam. The greater inertia of the rock-filled gabion419

extends the impact duration and further decreases transmitted loads. Furthermore, the420

thicker cushioning layer of rock-filled gabion enhances load spreading on the rigid barrier,421

thereby minimizing stress concentration on the rigid barrier.422

Figs. 10b shows the loads measured by the four load cells installed along the423

horizontal centreline of rigid barrier at an impact energy of 70 kJ. The horizontal424

distances of four load cells from the centre of rigid barrier are 0.0 m, 0.4 m, 0.8 m and 1.2425

m. No load was measured at horizontal distances of 0.8 m and 1.2 m for both the 400-426

mm and 600-mm concrete foam cushioning layers, respectively, after the first impact.427

The maximum extent of load distributed horizontally on the rigid barrier is at the428

horizontal distance of 0.4 m. As illustrated in Fig. 11, the load diffusion angle � of 17°429

can be deduced based on the cushioning layer thickness and the assumed maximum load430

distribution extent minus the boulder radius of 0.58 m. For the rock-filled gabion431

cushioning layers, at horizontal distances of 0.8 m and 1.2 m, transmitted loads of 3.5 kN432

and 1.0 kN were measured, respectively. A larger diffusion angle of 32° was measured for433

rock-filled gabions. This angle is about three times larger than that of concrete foam.434

Moreover, the slope of the curve for concrete foam, which represents the load distribution,435
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is much steeper compared to that of the rock-filled gabion cushioning layers. This436

indicates that the transmitted loads are more uniformly distributed on the 1-m thick rock-437

filled gabion cushioning layers compared to the 0.4-m thick and 0.6-m thick concrete438

foam layers. This is because the collapse and generation of force chains induced by rock439

fragments rearrangements increases load spreading during the impact process440

(Muthuswamy and Todesillas 2006; Su et al. 2019). Furthermore, a thicker rock-filled441

gabion layer will also contribute to more uniformly distributing the load on the rigid442

barrier.443

444

Conclusions445

The dynamics response of a new cushioning material, concrete foam, was evaluated using446

a physical pendulum impact model. Impact energies of up to 70 kJ was investigated for447

up to six successive impacts. Based on the experimental results, some key findings are448

summarized as follows:449

1. If the concrete foam thickness is increased from 0.4 m to 0.6 m the maximum450

transmitted loads in the impact direction can be reduced by 48% and 71% for the first451

and sixth impacts at an impact energy of 70 kJ, respectively. This is because of a452

thicker cushioning layer enhances load spreading, thereby minimizing stress453

concentration along the axis of impact.454

2. The differences in maximum penetration depth and boulder impact force between455

0.4-m thick and 0.6-m concrete foam are all less than 20% at an impact energy of 20456

kJ. Furthermore, at an impact energy of 70 kJ, the differences in maximum457
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penetration depth and boulder impact force are less than 20% from the first impact to458

the third impact. This indicates that the concrete foam only provides consistent459

cushion performances as long as the normalized penetration depth is less than the460

theoretical limiting strain.461

3. Based on the existing design guidelines (ASTRA 2010) and Gibson and Ashby462

model, the required minimum thickness for up to six successive impacts at an impact463

energy of 70 kJ is 0.58 m.464
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