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Abstract  7 

Spalling is a typical tensile fracture phenomenon due to insufficient tensile strength 8 

of concrete. Concrete structure might experience severe spall damage at the rear surface 9 

of the structure owing to reflected tensile stress wave induced by impulsive load. In 10 

recent years, metaconcrete consisting of engineered aggregates has attracted attentions 11 

as metaconcrete exhibits extraordinary wave-filtering characteristics. Metaconcrete can 12 

be used to attenuate stress wave generated by impulsive load and hence possibly 13 

mitigate the spall damage. In this study, engineered aggregate is designed via the 14 

software COMSOL to have the frequency bandgap coincide with the dominant 15 

frequency band of stress wave propagating in the normal concrete (NC) specimen to 16 

reduce the stress wave propagation and hence spall damage. The wave propagation 17 

behaviors in metaconcrete specimen with periodically distributed engineered 18 

aggregates have been investigated in a previous study. This study establishes 3D meso-19 

scale model of metaconcrete including mortar, randomly distributed natural aggregates 20 

and engineered aggregates to simulate spall behaviors of metaconcrete via the software 21 

LS-DYNA. The responses of metaconcrete composed of engineered aggregates with 22 

single bandgap and multiple bandgaps are studied. The results show that stress wave 23 

can be more effectively attenuated by using engineered aggregates with multiple 24 

bandgaps. It is found that although engineered aggregates mitigate stress wave 25 

propagation, the soft coating of the engineered aggregates reduces the concrete material 26 

strength, therefore spall damage of metaconcrete specimen is not necessarily less severe 27 

than the normal concrete, but has different damage mode. In addition, the influences of 28 

loading intensity and duration on stress wave, as well as the spall behaviors of 29 
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metaconcrete specimen are also studied. 30 

Keywords: Metaconcrete; Spall test; Meso-scale model; Impulsive load  31 

 32 

1. Introduction 33 

  Concrete is the most widely used construction material [1, 2]. When impulsive load 34 

with the characteristics of short duration and high intensity is applied on a concrete 35 

structure, compressive stress wave is generated in the structure. When the compressive 36 

stress wave reaches the rear surface of the structure, it reflects at the free surface and 37 

turns into a tensile stress wave. The incident and reflected stress waves superpose at the 38 

rear of the concrete structure. If the net primary stress caused by the superposition of 39 

the stress waves exceeds the tensile strength of concrete, the concrete structure may 40 

experience spall damage with flying fragments [3, 4]. The flying fragments caused by 41 

the spall damage pose great threat to the surrounding personnel and equipment. 42 

Therefore, it is essential to study the dynamic tensile properties of concrete under high 43 

strain rate loads [5]. 44 

Experimental methods to measure dynamic tensile properties of concrete include 45 

spall test [6, 7], direct tensile test [8, 9] and Brazilian splitting test [10]. For the direct 46 

tensile test and the Brazilian splitting test, the strain rate of concrete can reach up to 47 

about 20 s-1. However, concrete material may experience the tensile strain rate higher 48 

than the upper limit of strain rate achievable by the direct tensile test and the Brazilian 49 

splitting test. It should be noted that the direct tensile test and the Brazilian splitting test 50 

require stress equilibrium in the test specimen, which is not easy to achieve under high-51 

rate loading conditions. However, stress equilibrium is not required to obtain valid data 52 

for the spall test, and the spall test can reach the strain rate up to 100 s-1. Therefore, spall 53 

test is often used to study the dynamic tensile properties of concrete at high strain rate 54 

[3, 11, 12]. 55 

Concrete with aggregates is usually assumed to be homogeneous. This assumption 56 

might not reflect the actual dynamic mechanical properties of concrete as concrete is 57 

made of mortar matrix, aggregates and interfacial transition zones (ITZ) between the 58 

aggregates and the mortar matrix [13]. It was found that aggregates in concrete could 59 
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improve the dynamic mechanical properties of concrete because the strength of 60 

aggregate is much higher than that of mortar [3, 9, 12-16]. Therefore, to yield reliable 61 

predication on spall test, the effect of aggregates in the concrete specimen should be 62 

considered. 63 

  Metaconcrete is made by replacing partial or all natural aggregates with engineered 64 

aggregates (heavy core coated with soft coating) [4, 17-21]. When stress wave 65 

propagates in metaconcrete, the heavy core can absorb the energy applied to 66 

metaconcrete through local vibrations, and then attenuate the stress wave in various 67 

directions [4, 22]. The region of frequency for which the stress wave is exponentially 68 

attenuated is called bandgap. Due to local resonance of heavy core, both the effective 69 

mass and effective stiffness of the local resonator made of engineered aggregate could 70 

be negative, which is the reason that frequency bandgap could be formed to stop wave 71 

propagation in a metaconcrete structure. The more detailed derivation and explanations 72 

of achieving effective negative mass and negative stiffness can be found in many 73 

previous publications [4, 17, 18, 23-27], which are induced mainly owing to the out-of-74 

phase vibrations of the heavy meta-core with the stress wave.  75 

The study of using the wave-filtering characteristics of metaconcrete to attenuate 76 

stress wave generated by impulsive load in metaconcrete structure and mitigate 77 

structural damage has been carried out. Jin et al. [17] studied the mechanism of 78 

metaconcrete attenuating blast-induced stress wave through analytical derivation and 79 

numerical simulation. Mitchell et al. [18-20] numerically demonstrated the 80 

effectiveness of metaconcrete in mitigating the effect of blast load on structures. Tan et 81 

al. [28] studied the effect of layer numbers of the heavy core against blast and impact 82 

loads, and the results revealed that heavy core with more layers can cause wave 83 

attenuation in a wider frequency range. Xu et al. [21] investigated the influences of the 84 

shape of engineered aggregate and the material properties of components on the 85 

bandgap characteristics of engineered aggregate. The response of metaconcrete 86 

containing engineered aggregates with various configurations under blast loading was 87 

also studied. Jin et al. [4] studied the dynamic tensile properties of metaconcrete 88 

through 3D meso-scale simulations, and demonstrated the effectiveness of 89 
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metaconcrete in mitigating stress wave propagations. However, in the latter study the 90 

engineered aggregate was not designed for the desired bandgap for more effective wave 91 

propagation mitigations but rather arbitrarily selected. The relationship between the 92 

bandgap characteristics of the engineered aggregate and the response of metaconcrete 93 

was not investigated in that study. The spall strength of metaconcrete was not studied 94 

either. 95 

In this study, engineered aggregate made of heavy core with soft coating is designed 96 

via the software COMSOL, to have the targeted bandgap coincide with the primary 97 

frequencies of dominant waves propagating in normal concrete (NC) specimen in 98 

elastic range to achieve more effective wave propagation mitigations. To demonstrate 99 

the effectiveness of using the designed engineered aggregates, a conventional spall test 100 

of concrete specimen is studied. A 3D meso-scale model of metaconcrete is built in the 101 

software LS-DYNA to simulate the spall test [29]. The metaconcrete is made of mortar, 102 

different volume percentages of natural aggregates and engineered aggregates. The 103 

natural aggregates and the engineered aggregates are of random size and distribution. 104 

The strain rate effect on the strength of mortar and natural aggregate is considered. The 105 

influence of particle size of engineered aggregates on the bandgap is investigated. The 106 

wave-filtering mechanism of engineered aggregate and the response of the 107 

metaconcrete specimen with different bandgap characteristics in spall test are studied. 108 

The influence of impulsive load intensity and duration on the response of metaconcrete 109 

specimen is also investigated. 110 

2. Numerical simulations of normal concrete specimen  111 

Metaconcrete has sound wave-filtering characteristics, which can only be effective 112 

in a specific frequency range (bandgap). When an impulsive load acts on a structure, 113 

stress wave induced by the impulsive load propagates in the structure. Therefore, in 114 

order to achieve the desired metaconcrete bandgap for effective stress wave mitigation, 115 

the frequency distribution of stress wave propagating in specimen NC in the elastic 116 

range should be analyzed first via LS-DYNA to identify the primary frequency band.  117 

2.1. Numerical model of normal concrete specimen 	118 

In the previous numerical studies, [3, 4, 12, 13, 17, 30, 31], aggregates with various 119 



5 
 

shapes simplified as spherical aggregates yield good predications of concrete under 120 

static and high strain rate loads. To simplify the numerical model in this study, the 121 

aggregates in concrete mix are simplified to spherical shape with random size and 122 

distribution. The grading of aggregate particles determined by the Fuller’s curve [32] is 123 

also considered in the present study, expressed as, 124 

max

( ) 100( )nd
p d

d
                           (1) 125 

where p(d) is the cumulative percentage of aggregates passing a sieve with aperture 126 

diameter d; dmax is the maximum size of aggregate particle; n is the shape parameter of 127 

the gradation curve, and varies from 0.45 to 0.7; n is taken as 0.5 in the present study 128 

[3]. 129 

  The specimen NC (Ø74-500 mm) simulated in the present study is based on the NC 130 

spall test reported by Wu et al. [11]. The compressive strength of NC is 33.7 MPa [11]. 131 

The volume fraction of natural aggregates is 35%, the particle size of natural aggregates 132 

is 4-16 mm, and the natural aggregates are divided into three grades (first: 4-8 mm, 133 

second: 8-12 mm, and third: 12-16 mm), and the volume percentage of each grade 134 

accounts for 14.5%, 11.1% and 9.4% of the total volume, respectively [33, 34]. The ITZ 135 

with thickness of 10-50 μm [35-38] is not modelled in the present study. The constant 136 

stress solid element with single integration point is used to simulate mortar and natural 137 

aggregate. The contact between different components is assumed as perfect bonding, 138 

i.e. common nodes to transfer force and displacement. The 3D meso-scale model of 139 

specimen NC is shown in Fig. 1. The material parameters of mortar and natural 140 

aggregate are given in Table 1. 141 



6 
 

        142 

(a)                                     (b) 143 

 144 

(c) 145 

Fig. 1 3D meso-scale model of specimen NC 146 

(a) Normal concrete, (b) Mortar matrix, (c) Natural aggregate 147 

Table 1 Material parameters of different components in specimen NC [3, 39] 148 

 149 

2.2. Material model and strain rate effect	150 

In the simulation, mortar and natural aggregate are simulated by 151 

MAT_CONCRETE_DAMAGE_REL3 (MAT_72R3). This material model is based on 152 

the unconfined compressive strength with the consideration of plasticity, shear damage 153 

and strain rate effect. In addition to the material parameters given in Table 1, the 154 

remaining material parameters can be generated automatically through a built-in 155 

Material 
Density 
(kg/m3) 

Compressive strength 
(MPa) 

Poisson’s ratio 

Mortar 2100 34 0.19 

Natural aggregate 2600 160 0.16 
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algorithm of the material model. Erosion criterion defined by the maximum principal 156 

strain of 0.1 is used for mortar and natural aggregate. Both mortar and natural aggregate 157 

are strain rate dependent material [39-41]. Therefore, the strain rate effect on the 158 

strength of mortar and natural aggregate is considered and described by the dynamic 159 

increase factor (DIF).  160 

For compressive strength DIF of mortar [39], 161 

dCDIF=0.0419(logε )+1.2165 , 1
dε 30s                 (2) 162 

2
d dCDIF=0.8988(logε ) -2.8255(logε )+3.4907  , 1 1

d30s ε 1000s         (3) 163 

For tensile strength DIF of mortar [41], 164 

d tsTDIF=(ε ε )  , 1
dε 1s                        (4) 165 

1 3
d tsTDIF= (ε ε )   , 1

dε 1s                       (5) 166 

where cs c0=1 (1 8 )f f   , log =6 2    , 7
c0 1 10 Paf    , 6 1

tsε 10 s   is the quasi-167 

static strain rate, csf is the quasi-static compressive strength. 168 

For compressive strength DIF of natural aggregate [40], 169 

dCDIF=0.0187(logε )+1.2919 , 1 1
d1s ε 220s               (6) 170 

2
d dCDIF=1.8547(logε ) -7.9014(logε )+9.6674  , 1 1

d220s ε 1000s       (7) 171 

For tensile strength DIF of natural aggregate [40], 172 

dTDIF=0.0598(logε )+1.3588 , 6 1 1
d10 s ε 0.1s                (8) 173 

2
d dTDIF=0.5605(logε ) +1.381(logε )+2.1256  , 1 1

d0.1s ε 50s         (9) 174 

The tensile strength DIF of natural aggregate is assumed as constant when strain rate 175 

exceeds 50 s-1 [3]. 176 

2.3. Calibration of numerical model for normal concrete	177 

  Mesh convergence test is conducted by using three mesh sizes of 1 mm, 0.5 mm and 178 

0.1 mm. The impulsive load with 40 MPa amplitude as shown in Fig. 2 is applied [11]. 179 

Fig. 3 shows the average stress time histories at the section 150 mm from the incident 180 

end of specimen with different mesh sizes. The incident end refers to the position where 181 
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the impulsive load is applied. As shown, the results obtained from the numerical models 182 

with mesh size 0.5 mm and 0.1 mm are almost identical whereas the numerical model 183 

with 1 mm mesh size gives different result. Therefore, the mesh size of 0.5 mm is used 184 

in the subsequent study. Fig. 4 compares the recorded and numerical simulated strain 185 

time histories at the section 150 mm from the incident end of specimen NC. Fig. 5 (a) 186 

and (b) compare the failure patterns of specimen NC subjected to the impulsive load as 187 

given in Fig. 2. The predicted strain time history and failure pattern agree well with 188 

those in the reference [11], which proves the validity of the numerical model.  189 

 190 

 191 

Fig. 2 Impulsive load with 40 MPa amplitude [11]  192 

 193 
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 Fig. 3 Average stress at the section 150 mm from the incident end  194 

 195 

Fig. 4 Strain at the section 150 mm from the incident end 196 

 197 

(a) 198 

 199 

(b) 200 

Fig. 5 Comparison of failure patterns  201 

(a) Numerical simulation, (b) Experimental result [11]  202 

2.4. Response of normal concrete specimen under impulsive load	203 

To study the response of specimen NC in elastic range, three impulsive loads with 204 

lower amplitude (i.e. 8 MPa) and different duration shown in Fig. 6 are applied to 205 

specimen NC, respectively [3, 12]. The amplitudes of the applied impulsive loads are 206 

less than the yield strength of mortar and natural aggregate used in specimen NC. 207 

Therefore, all materials in specimen NC are expected to respond in elastic range before 208 

the wave reflection at the end of the specimen. These simulations are carried out to 209 
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determine the predominant wave frequencies in the specimen for designing the 210 

engineered aggregates to have the bandgaps coincide with these predominant wave 211 

frequencies. In the present study, four sections CS1-CS4 and a mortar element E1 212 

shown in Fig. 7 are selected to study the stress wave propagation. The sections CS1-213 

CS4 are located at the distance of 5 mm, 250 mm, 495 mm and 400 mm from the loading 214 

end, respectively. The element E1 is selected from the rod surface at the section CS4. 215 

  216 

Fig. 6 Impulsive loads with 8 MPa amplitude and different duration [3, 12]   217 

CS1 CS2 CS3CS4

E1

 218 

Fig. 7 Schematic diagram of CS1-CS4 and mortar element E1  219 

  Without losing generality, the response of specimen NC under impulsive load with 8 220 

MPa amplitude and 0.1 ms duration shown in Fig. 6 is studied first. Fig. 8 shows the 221 

time histories of sectional average stress at CS1-CS3. The average stress at the selected 222 

section is calculated via dividing the sectional force by the section area. As shown in 223 

Fig. 8, when the impulsive load is applied to specimen NC, compressive stress wave 224 

generates and propagates in the specimen. The compressive stress wave changes to 225 



11 
 

tensile stress when it is reflected from the free rear surface of the specimen as shown in 226 

Fig. 9. The net primary stress at the rear of the specimen is determined by the 227 

superposition of the incident stress wave and the reflected stress wave, and is affected 228 

by the shape and the duration of the incident stress wave. If the selected section is closer 229 

to the free rear end, the net primary stress value is smaller. Therefore, the peak value of 230 

the average stress at CS3 shown in Fig. 8 is smaller than that at CS2. When the reflected 231 

tensile stress wave reflects again from the loading end, it converts to compressive stress. 232 

The superposition of stress wave around the loading end reduces the peak value of the 233 

average stress at CS1.  234 

 235 

Fig. 8 Average stress time history at CS1-CS3 236 

 237 

Fig. 9 Reflection of incident stress wave at the rear surface of specimen NC 238 

 239 
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  240 

(a)                                 (b) 241 

Fig. 10 Stress time history of the specimen NC 242 

(a) Time domain, (b) Frequency domain 243 

  Fig. 10 (a) - (b) show the stress time histories at CS2, CS4 and E1 of specimen NC 244 

in the time domain and frequency domain, respectively. As shown in Fig. 10 (a), the 245 

first peak of the compressive stress at CS2 appears 0.02 ms earlier than that at CS4 as 246 

highlighted in red, which is the time required for stress wave to propagate from CS2 to 247 

CS4. The peak values of stress at CS2, CS4 and E1 are similar. The frequency spectra 248 

of stress at CS2, CS4 and E1 shown in Fig. 10 (b) are obtained through the Fast Fourier 249 

Transform (FFT). The amplitude of stress at CS2, CS4 and E1 peaks at 3.92 kHz, 7.84 250 

kHz and 11.80 kHz as shown in Fig. 10 (b). The amplitudes of wave spectrum at CS4 251 

and E1 are higher than that at CS2 at 7.84 kHz and 11.80 kHz, while the amplitudes at 252 

3.92 kHz at CS4 and E1 are lower than that of CS2, which indicates that high-frequency 253 

components of the stress wave become more prominent at CS4, leading to different 254 

slopes of stress time history as highlighted in green in Fig. 10 (a). In addition, the 255 

spectral peak at 7.84 kHz is higher than that at 3.92 kHz for CS4 and E1. This might be 256 

attributed to the boundary reflection effect. In this study, CS4 and E1 are located closer 257 

to the end than CS2, the composition of the stress waves becomes more complex near 258 

the ends due to the superposition of the incident and reflected stress waves near the 259 

ends. 260 

Fig. 11 (a) and (b) show the stress at E1 in specimen NC under three impulsive loads 261 

of different duration (i.e. 0.025 ms, 0.05 ms and 0.1 ms) given in Fig. 6 in the time 262 
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domain and frequency domain, respectively. As shown in Fig. 11 (a), the peak value of 263 

stress wave decreases with the reduced impulsive load duration because of the reduced 264 

loading impulse imparted into the structure. Under the action of impulsive loads of 265 

different duration, the period of stress wave propagating in the specimen is similar since 266 

the specimen geometric size and the propagation speed of stress wave in the specimen 267 

are the same. The frequency spectrum shown in Fig. 11 (b) is obtained from Fig. 11 (a) 268 

by performing Fast Fourier transform (FFT). Fig. 11 (a) shows the stress wave with 269 

short period is generated under the impulsive load with shorter duration, which leads to 270 

more energy at higher frequencies. This is understandable because the predominant 271 

wave frequency is inversely proportional to the wave period. In addition, the geometric 272 

dispersion in spall test and the heterogeneity due to the existence of aggregates lead to 273 

more stress fluctuations under the impulsive load with shorter duration [3]. As shown 274 

in Fig. 11 (b), the amplitudes at 3.92 kHz, 7.84 kHz and 11.80 kHz are higher than those 275 

at other frequencies for impulsive loads of different duration, especially when the 276 

loading duration is 0.1 ms. When the loading duration is 0.025 ms, more wave energy 277 

distributes to higher frequencies, leading to the spectrum peaks at higher frequencies, 278 

e.g., the fourth mode at about 16 Hz and the fifth mode at about 23 Hz comparable to 279 

those at the first three modes. These results indicate that the stress wave energy 280 

concentrates at the wave propagation modes of the specimen, and the energy 281 

distributions at different wave modes are dependent on the loading duration or the 282 

dominant loading energy distribution over the frequency. 283 

The frequencies of stress waves propagating in a rod can be theoretically predicted 284 

by Eq. (10) as  285 

0

2n

C n
f

L
 , 1,2,3,n                       (10) 286 

where fn is the primary wave frequencies, L is the length of specimen, C0 is the velocity 287 

of one-dimensional wave propagation in monolithic material, which can be calculated 288 

by E  , in which E and ρ are the elastic modulus and density of the monolithic 289 

material. In this study, the propagation velocity of stress wave in the concrete specimen 290 
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can also be calculated by, 291 

0 2C L t                             (11) 292 

where ∆t is the time difference between two adjacent stress peaks as shown in Fig. 11.  293 

  The theoretically calculated first three frequencies of the stress wave propagating in 294 

the specimen are given in Table 2. As can be noticed, the theoretically calculated wave 295 

frequencies are very close to those obtained in numerical simulations. These results 296 

indicate that the primary wave frequencies can be theoretically calculated for designing 297 

the desired bandgaps of engineered aggregates. However, the distribution of wave 298 

energy at wave propagation modes depends on the loading frequency. The higher is the 299 

loading frequency, the more wave energy propagates with higher frequencies. Therefore 300 

to determine the target frequency bandgaps for designing the engineered aggregates, 301 

proper analysis of wave propagations in structures subjected to the expected load is 302 

needed.   303 

Table 2 The theoretically calculated first three wave frequencies in specimen NC 304 

 305 

 306 

                  (a)                                (b) 307 

Fig. 11 Stress time history at E1 of specimen NC under impulsive loads of different 308 

duration, (a) Time domain, (b) Frequency domain 309 

3. Design of metaconcrete engineered aggregate  310 

  Based on the above results, without loss of generality, in this study three types of 311 
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engineered aggregates are designed with the central frequency respectively 312 

corresponding to the first three wave frequencies at 3.92 kHz, 7.84 kHz and 11.80 kHz 313 

to dissipate the energy at these three frequencies. The central frequency of a bandgap is 314 

calculated by averaging the upper and lower bound frequencies of an engineered 315 

aggregate bandgap. In the present study, the software COMSOL is used to design 316 

engineered aggregate with the desired bandgap characteristics. All materials, i.e., soft 317 

coating and hard core for the engineered aggregate are assumed as linear elastic, 318 

isotropic, continuous, and the material damping is neglected in the numerical model. 319 

The size of engineered aggregate designed for metaconcrete in the present study is 12-320 

16 mm, consistent with the third grade of natural aggregates described above in the 321 

example specimen considered in this study. The thickness of soft coating is 2 mm, heavy 322 

core diameter varies from 8 mm to 12 mm, and the other parameters are unchanged. 323 

Fig. 12 shows the schematic diagram of the engineered aggregate designed for 324 

metaconcrete in this study. 325 

 326 

Fig. 12 Schematic diagram of engineered aggregate for metaconcrete 327 

  According to the previous studies [4, 21], changing the engineered aggregate size 328 

alters its bandgap range even other parameters of the engineered aggregate, e.g. material 329 

parameters of heavy core, thickness and material parameters of soft coating are 330 

unchanged. In order to achieve the desired central frequency of bandgap for stress wave 331 

mitigation, it is necessary to design soft coating with different material parameters via 332 

COMSOL. Since the waves in this study propagate only along the axial direction of the 333 

specimen, the eigen-frequencies of the engineered aggregate are calculated in the first 334 

irreducible Brillouin zone as shown in Fig. 13 [42]. Г and X are the control point of the 335 

first irreducible Brillouin zone, and Г = 0, X = 2π/a, a is the size of engineered aggregate 336 

in the numerical model established via COMSOL. The relation between the eigen-337 

frequency and the wave vector is the dispersion relation. 338 
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 339 

Fig. 13 First irreducible Brillouin zone of metaconcrete unit cell 340 

Table 3 Material parameters of magnetite [43] 341 

 342 

Table 4 Bandgap characteristics of engineered aggregates with average diameter 14 343 

mm 344 

Engineered 
aggregate 

EA-A*-3.92 EA-A*-7.84 EA-A*-11.80 

Material Polyurethane Polyurethane Polyurethane 
Density (kg/m3) 900 900 900 
Elastic modulus 

(MPa) 
7.0 27.8 65.0 

Poisson’s ratio 0.39 0.41 0.42 
Lower bound 

frequency 
(kHz) 

3.67 7.43 11.13 

Upper bound 
frequency 

(kHz) 
4.17 8.25 12.47 

Bandgap width 
(kHz) 

0.50 0.82 1.34 

 345 

To simplify the design process in this study, engineered aggregate with 14 mm diameter 346 

(EA-A*, A* represents average, i.e. 14 mm is the average diameter of all engineered 347 

aggregates) is first selected for the design of engineered aggregate. For EA-A*, the 348 

average diameter of the heavy core and the thickness of the soft coating are 10 mm and 349 

2 mm, respectively. In this study, magnetite material is selected as the material for heavy 350 

core. The material parameters of magnetite are given in Table 3. Polyurethane is 351 

selected as the soft coating material [4, 17-20], and the material properties of 352 

polyurethane for engineered aggregate with different desired bandgap characteristics 353 

are designed in its feasible range via COMSOL [44]. The material parameters of 354 

polyurethane coating corresponding to EA-A*-3.92, EA-A*-7.84 and EA-A*-11.80 are 355 

Material Density (kg/m3) 
Elastic modulus 

(MPa)
Poisson’s ratio 

Magnetite 5200 6.8×104 0.17 
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given in  356 

Table 4. The bandgap characteristics of these engineered aggregates are also given in  357 

Table 4. Fig. 14 (a)-(c) show the dispersion relation of these three types of engineered 358 

aggregates corresponding to eigen-frequencies of different orders. As shown in Fig. 14, 359 

the bandgaps are found in the region (3.67, 4.17) kHz, (7.43, 8.25) kHz and (11.13, 360 

12.47) kHz, indicating that waves with the frequencies within these regions stop 361 

propagating.  362 

  363 

(a)                                (b) 364 

 365 

                    (c) 366 

Fig. 14 Dispersion relation of engineered aggregates, (a) EA-A*-3.92, (b) EA-A*-367 

7.84, (c) EA-A*-11.80; Note: wave vector refers to Fig. 13 368 

  It should be noted that the diameter of engineered aggregate used to design EA-A* 369 

is 14 mm (the average diameter of all the engineered aggregates) with the heavy core 370 

diameter 10 mm. It is known that altering the engineered aggregate size changes its 371 

frequency bandgap. Keeping the 2 mm thickness of soft coating and the above three 372 
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polyurethane materials unchanged, varying the heavy core diameter from 8 mm to 12 373 

mm, the bandgaps of these engineered aggregates are calculated via COMSOL. The 374 

results indicate that the 12 mm-diameter engineered aggregate with heavy core diameter 375 

8 mm generates the lower bound frequency of bandgap and the 16 mm-diameter 376 

engineered aggregate generates the upper bound frequency of bandgap. Combining the 377 

bandgaps of these engineered aggregates together, which vary continuously if the heavy 378 

core size also varies continuously in the range of 8 mm to 12 mm, the bandgaps of these 379 

combined engineered aggregates are calculated and given in Table 5. As can be noticed, 380 

both the central frequency and the bandgap width change as compared to those given 381 

in  382 

Table 4. The central frequencies do not exactly coincide with the three primary wave 383 

frequencies, but are slightly shifted to 3.88 kHz, 7.64 kHz, and 11.79 kHz, however, the 384 

width of bandgaps increased. For instance, the bandgap width of Magnetite-11.79 is 385 

2.56 times that of EA-A*-11.80. These bandgaps well cover the primary frequencies of 386 

wave propagation. 387 

Table 5 Bandgap characteristics of combined engineered aggregates with magnetite 388 

core diameter varying from 8 mm to 12 mm 389 

Engineered aggregate 
Magnetite-

3.88 
Magnetite-

7.64 
Magnetite-

11.79 
Diameter range (mm) 12-16 12-16 12-16 

Material Polyurethane Polyurethane Polyurethane 
Density (kg/m3) 900 900 900 

Elastic modulus (MPa) 7.0 27.8 65.0 
Poisson’s ratio 0.39 0.41 0.42 

Bandgap frequency region 
(kHz) 

3.32-4.44 6.60-8.67 10.07-13.50 

Bandgap width (kHz) 1.12 2.07 3.43 

4. Numerical simulation of metaconcrete specimen 390 

  In order to study the response of metaconcrete in spall test, numerical model of 391 

metaconcrete specimen consisting of the designed engineered aggregates is built in LS-392 

DYNA. The geometric size of the metaconcrete specimen is the same as that of 393 

specimen NC. By randomly replacing 30% of the third-grade natural aggregate (i.e. 12-394 

16 mm diameter) in specimen NC with engineered aggregates, i.e., the volume 395 
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percentage of the engineered aggregates is about 2.8% (Peat = Pa×Pea,  where Peat is 396 

the volume percentage of engineered aggregate in metaconcrete specimen, Pa = 9.4% 397 

is the volume percentage of the third-grade natural aggregate in NC and Pea =30% is 398 

the volume percentage of engineered aggregates used to replace the third-grade natural 399 

aggregate) of the total specimen volume, the numerical model of metaconcrete 400 

specimen is established. The size and distribution of aggregates in metaconcrete 401 

specimen are the same as those in specimen NC. The constant stress solid element with 402 

single integration point is used to simulate magnetite core and polyurethane coating. 403 

The contact between polyurethane coating and mortar matrix is assumed as perfectly 404 

bonded. The magnetite core and polyurethane coating are modelled as linear elastic.  405 

5. Response of metaconcrete specimen in spall test under impulsive load 406 

5.1. Response of metaconcrete composed of only one kind of engineered aggregate 407 

  In order to analyze the attenuation effect of designed engineered aggregate on the 408 

stress wave generated by impulsive load in metaconcrete, the response of metaconcrete 409 

specimen (M-11.79) composed of only one kind of engineered aggregates (Magnetite-410 

11.79) is also studied. The impulsive load with 8 MPa amplitude and 0.1 ms duration 411 

shown in Fig. 6 is applied to specimen M-11.79. Two elements shown in Fig. 15, E2 412 

(mortar matrix element) and E3 (magnetite core element), at the section CS4 shown in 413 

Fig. 7 are selected to study the response of specimen M-11.79. 414 

E1

E3

E2

 415 

Fig. 15 Schematic diagram of E1-E3 416 

Fig. 16 (a) shows the displacement time histories of E2 and E3 of specimen M-11.79. 417 

For comparison, the displacements of these elements in specimen NC are also 418 

illustrated in Fig. 16 (b). As shown, relative movement between the magnetite core and 419 

the mortar matrix is observed in specimen M-11.79 because of the low deformation 420 
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resistance of the polyurethane coating, and no relative movement occurs in specimen 421 

NC. Fig. 17 shows the time histories of kinetic energy and internal energy absorbed by 422 

different components in specimen M-11.79. As shown, the energy absorbed by the 423 

mortar matrix and the natural aggregate varies between 1.02 J and 1.14 J and the input 424 

energy is partially absorbed by the designed engineered aggregates owing to local 425 

vibrations of the magnetite cores. 426 

  427 
                 (a)                                 (b)  428 

Fig. 16 Displacement time histories of E2 and E3 429 

(a) Specimen M-11.79, (b) Specimen NC 430 
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Fig. 17 Time history of energy absorption of specimen M-11.79 432 

Fig. 18 (a) and (b) show the stress time histories at E1 of specimen M-11.79 and 433 

specimen NC in the time domain and frequency domain, respectively. As compared to 434 

specimen NC, the second tensile stress peak at E1 is delayed by 3×10-2 ms. It is because 435 

the existence of Magnetite-11.79 engineered aggregate in specimen M-11.79 reduces 436 
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the propagation velocity of stress wave. The first compressive stress peak at E1 in 437 

specimen M-11.79 is reduced by 17.3% as compared to that of specimen NC (as 438 

highlighted in green at t = 0.15 ms). The compressive stress wave induced by the 439 

impulsive load changes to a tensile stress wave when it is reflected from the rear surface 440 

of the specimen. As shown in Fig. 18 (a), the first tensile stress peak at E1 in specimen 441 

M-11.79 is reduced by 21.6% as compared to that of specimen NC (as highlighted in 442 

orange at t = 0.21 ms). The attenuation percentage of the first tensile stress peak is 443 

higher than that of the first compressive stress peak in specimen M-11.79 because the 444 

stress wave propagated through more numbers of engineered aggregates. When the first 445 

compressive stress peak and the first tensile stress peak appear at E1 of specimen M-446 

11.79, the energy absorbed by engineered aggregates is 0.08 J and 0.13 J, respectively. 447 

Fig. 18 (b) shows the stress at E1 in specimen M-11.79 and specimen NC in the 448 

frequency domain. The amplitude corresponding to 11.79 kHz in the response of 449 

specimen M-11.79 is effectively reduced. In addition, due to the reduced propagation 450 

velocity of stress wave in metaconcrete, the period of stress wave propagating in 451 

specimen M-11.79 slightly increases as shown in Fig. 18 (a). Therefore, more energy 452 

in specimen M-11.79 shifts to the lower frequency, as shown in Fig. 18 (b).  453 

 454 

 455 
                 (a)                                 (b)   456 

Fig. 18 Stress time histories at E1 in specimen M-11.79 and specimen NC 457 

(a) Time domain, (b) Frequency domain 458 
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amplitude at 3.92 kHz, 7.84 kHz and 11.80 kHz in frequency domain. To mitigate stress 461 

wave propagations, the combined engineered aggregates (Magnetite-3.88, Magnetite-462 

7.64 and Magnetite-11.79) as described above are used to compose metaconcrete to 463 

investigate the effect of using engineered aggregates with multiple bandgaps on the 464 

metaconcrete dispersion relation and the stress wave attenuation. The same impulsive 465 

load with 8 MPa amplitude and 0.1 ms duration shown in Fig. 6 is applied to specimen 466 

MG.  467 

  Fig. 19 shows the energy absorption time histories of different components in 468 

specimen MG. Due to local resonance of the magnetite core as shown in Fig. 16 (a), 469 

part of the stress wave energy converts to kinetic energy of the cores of the engineered 470 

aggregates, therefore the energy absorbed by engineered aggregates increases gradually 471 

with the propagation of stress wave inside specimen MG with the vibrations of more 472 

number of cores being activated. It is also found that the energy absorbed by the 473 

engineered aggregates significantly increases and the energy absorbed by the mortar 474 

and natural aggregates decreases as compared with specimen M-11.79 as shown in Fig. 475 

17. 476 
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Fig. 19 Energy absorption time history of specimen MG 478 

  Fig. 20 (a) and (b) show the stress at E1 in specimen M-11.79, specimen MG and 479 

specimen NC in the time domain and frequency domain, respectively. As shown in Fig. 480 

20 (a), the first compressive stress peak at E1 of specimen MG is reduced by 15.6% as 481 

compared to that of specimen NC as highlighted in green. The first tensile stress peak 482 

at E1 of specimen MG is reduced by 29.8% as compared to that of specimen NC, which 483 
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is higher than that (21.6%) of specimen M-11.79 (as highlighted in orange). With the 484 

increase of the reflection number of stress wave within specimen MG, the energy 485 

absorbed by the engineered aggregates increases, and the peak values of compressive 486 

stress and tensile stress at E1 of specimen MG attenuate more significantly than those 487 

of specimen M-11.79. As shown in Fig. 20 (b), the amplitudes of stress wave in 488 

specimen MG are reduced at 3.88 kHz, 7.64 kHz and 11.79 kHz, which fall in the 489 

bandgaps given in Table 5. Therefore, stress wave can be further attenuated by using 490 

engineered aggregates with multiple bandgaps as compared to that when only one type 491 

of engineered aggregate is used.  492 

 493 

 494 

                  (a)                                (b)           495 

Fig. 20 Stress at E1 of three structures (M-11.79, MG, NC) 496 

(a) Time domain, (b) Frequency domain 497 

5.3. Effect of impulsive load duration on the response of metaconcrete 498 

In order to study the influence of impulsive load duration or frequency contents on 499 

the response of metaconcrete in spall test, impulsive loads with three duration (i.e., 500 

0.025 ms, 0.05ms and 0.1 ms) shown in Fig. 6 are applied to specimen MG. Fig. 21 (a) 501 

- (c) show the comparison of stress time histories at E1 for specimen NC and specimen 502 

MG under impulsive loads of three different duration, respectively. As shown in Fig. 503 

21, the first compressive stress wave peaks of specimen MG corresponding to the 504 

impulsive loads with duration 0.025 ms, 0.05 ms and 0.1 ms are reduced by 0.2%, 15% 505 

and 15.6% as compared to that of specimen NC, respectively (as highlighted in green). 506 
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The corresponding first tensile stress wave peaks of specimen MG are reduced by 507 

0.19%, 24.7% and 29.8% as compared to that of specimen NC, respectively (as 508 

highlighted in blue). These results indicate the engineered aggregates are ineffective in 509 

mitigating the first stress wave peaks when loading duration is 0.025 ms. This is because 510 

the three bandgaps of the designed engineered aggregates for specimen MG only cover 511 

the first three wave propagation frequencies. As discussed above and shown in Fig. 11 512 

(b), the responses of specimen NC have more peaks at higher frequencies outside these 513 

three bandgaps under the impulsive loads with the duration of 0.025 ms. Therefore, the 514 

engineered aggregates in specimen MG are ineffective in mitigating the wave energies 515 

corresponding to these high frequency modes. However, the metaconcrete with 516 

engineered aggregates is still effective in mitigating stress wave propagations at 517 

frequencies fall in the three bandgaps. As shown in Fig. 21 (a), with the propagation of 518 

stress wave in the specimen, the wave amplitudes are reduced substantially as compared 519 

to those in NC. 520 

  521 

                 (a)                                 (b)        522 
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(c) 524 

Fig. 21 Stress time histories at E1 in specimen MG and specimen NC corresponding 525 

to impulsive loading with different duration, (a) 0.025 ms, (b) 0.05ms, (c) 0.1 ms 526 

5.4. Response of metaconcrete under high amplitude impulsive load 	527 

The engineered aggregates used to compose metaconcrete in this study are designed 528 

based on the frequency band of stress wave in specimen NC in elastic range and in the 529 

above simulations the concrete material damage is not considered. To study the coupled 530 

influences of nonlinear inelastic response and material damage with the local vibrations 531 

of engineered aggregates on wave propagation, the impulsive loads with 20 MPa and 532 

60 MPa amplitudes, and 0.1 ms duration shown in Fig. 22 are applied to specimen MG 533 

and specimen NC, respectively. It should be noted that nonlinear response and damage 534 

of concrete material absorb wave energy, therefore attenuate stress wave amplitude; 535 

however, on the other hand, they also change the predominant frequency of stress wave 536 

propagating in the concrete specimen, making the predominant wave frequency outside 537 

the bandgaps of the designed metaconcrete, hence resulting in the metaconcrete less 538 

effective in attenuating stress wave propagation. This section studies these combined 539 

effect, namely the plastic deformation of concrete material and engineered aggregates 540 

on wave propagation mitigations.   541 
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Fig. 22 Impulsive loads with 20 MPa and 60 MPa amplitudes and 0.1 ms duration 543 

  Fig. 23 (a) and (b) show the spall damage patterns of specimen NC and specimen 544 

MG under the impulsive load with 20 MPa amplitude, respectively. As shown in Fig. 545 
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23, these two specimens experience tensile fracture damage at different locations under 546 

the same impulsive load, the damage of specimen MG is more serious than that of 547 

specimen NC. Based on the previous studies [3, 12], the spall strength can be predicted 548 

based on  549 

0 pb

2

C V



                            (12) 550 

where ρ is the material density, ∆Vpb is the pullback velocity recorded at the rear surface 551 

of specimen. 552 

 553 

(a) 554 

 555 

(b) 556 

Fig. 23 Comparison of spall damage patterns of different specimens under impulsive 557 

load of 20 MPa, (a) Specimen NC, (b) Specimen MG 558 
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Fig. 24 Pullback velocity of specimen NC and specimen MG 560 

  561 

 Fig. 24 shows the pullback velocity time histories of specimen NC and specimen MG 562 
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under the action of impulsive load with 20 MPa amplitude. Table 6 gives the parameters 563 

used for calculating the spall strength of NC and MG. According to Eq. 12, the spall 564 

strength of MG is reduced by 22.3% as compared to that of NC. Fig. 25 shows the 565 

maximum principal strain contours of specimen NC and specimen MG before the 566 

specimens experience spall damage under the impulsive load with 20 MPa amplitude. 567 

Specimen NC experiences spall damage owing to the net primary stress caused by the 568 

superposition of the reflected tensile stress and the incident compressive stress. For 569 

specimen MG, polyurethane coating is softer than that of magnetite core and mortar 570 

matrix. Since soft coating is prone to deform while the surrounding mortar is brittle, the 571 

soft coating makes the mortar vulnerable to be damaged, which reduces the concrete 572 

strength. Local damage of mortar matrix around the engineered aggregates leads to 573 

tensile fracture of the metaconcrete specimen. In other words, existing of soft coating 574 

in metaconcrete reduces the concrete strength, and hence the spall strength.  575 

 576 

Table 6 Parameters used for calculating the spall strength of specimen materials 577 

 

 578 

(a) 579 

 

 580 

(b) 581 

Fig. 25 Maximum principal strain contours of mortar matrix of different specimens 582 

Material 
Density 
(kg/m3) 

Wave velocity 
(m/s) 

Pullback 
velocity 

(m/s) 

Spall 
strength 
(MPa) 

NC 2237.80 3846.20 3.70 15.92 

MG 2234.80 3571.43 3.10 12.37 
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under impulsive load of 20 MPa at t = 0.2 ms, (a) Specimen NC, (b) Specimen MG 583 

The above observations indicate that although metaconcrete can reduce stress wave 584 

propagation owing to the local vibrations of engineered aggregates that attract and 585 

consume certain amount of wave energy, it also reduces the strength of concrete because 586 

of the soft coating of the engineered aggregates. To further demonstrate that the soft 587 

coating reduces the concrete strength and its effect on impulsive loading resistance, 588 

another impulsive loading with amplitude of 60 MPa is applied to the two specimens. 589 

Fig. 26 shows the damage patterns of specimen NC and specimen MG at t = 1 ms under 590 

the 60 MPa impulsive load. As shown, localized compressive damage as highlighted in 591 

red is found at specimen MG because of the existence of polyurethane coating with 592 

lower stiffness, but no compressive damage occurs at specimen NC because of the strain 593 

rate effect which makes the dynamic compressive strength of concrete higher than 60 594 

MPa. The compressive damage of metaconcrete could dissipate a substantial amount of 595 

input energy [17] and reduce wave propagation. Due to the resultant effect of localized 596 

damage and the wave mitigation mechanism of metaconcrete, the spall damage of 597 

specimen MG is less severe than that of specimen NC, which indicates superior 598 

performance of metaconcrete if it is used in a sacrificial protective structure against 599 

high impact load. Nonetheless, the problem of reducing the concrete strength by the 600 

soft coating of engineered aggregate needs be considered if metaconcrete is used in a 601 

normal structure.  602 

 603 

(a) 604 

 605 

(b) 606 

Fig. 26 Comparison of damage patterns of different specimens under impulsive load 607 
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of 60 MPa, (a) Specimen NC, (b) Specimen MG 608 

6. Conclusion 609 

  This study investigates the stress wave propagation and spall behavior of 610 

metaconcrete with randomly distributed aggregates by using 3D meso-scale modelling. 611 

A 3D meso-scale model of metaconcrete with randomly distributed aggregates is 612 

simulated in the software LS-DYNA. The strain rate effect on the strength of mortar 613 

and natural aggregate is considered in the numerical simulation. The engineered 614 

aggregates with different bandgap characteristics are designed via the software 615 

COMSOL. The effects of single or multiple engineered aggregate bandgaps, the 616 

duration and intensity of impulsive load on the dynamic response of metaconcrete in 617 

spall test are studied. The main conclusions are given below. 618 

1. The response of normal concrete (NC) in elastic stage can be used to identify the 619 

primary wave frequencies for the design of engineered aggregate to achieve the desired 620 

bandgap, which can more effectively attenuate the expected stress wave propagation in 621 

the metaconcrete specimen. 622 

2. Because stress wave energy concentrates at multiple frequencies, using engineered 623 

aggregates with multiple bandgaps is more effective in mitigating wave propagation. 624 

The first tensile peak of the selected element of specimen MG considered in this study 625 

can be reduced by 29.8% as compared to that of specimen NC. 626 

3. Although local vibrations of engineered aggregates mitigate stress wave 627 

propagation, its soft coating reduces the concrete strength and the spall strength. 628 

Therefore, metaconcrete can be used to construct sacrificial structures. The problem of 629 

concrete strength reduction by the soft coating of engineered aggregate needs be 630 

considered if metaconcrete is used for normal structures. 631 
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