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Abstract 9 

Structural response of the sacrificial cladding with Square Dome-shape Kirigami (SDK) 10 

structure as core under blast loads is investigated in this study. A sample of SDK core folded 11 

from a pre-cut aluminium sheet is crushed under quasi-static loading condition. A numerical 12 

model is then developed and calibrated using experimental data. The calibrated model of SDK 13 

foldcore cladding is then placed on to a rigid block as a sacrificial layer to resist blast loading 14 

for structure protection. To evaluate the blast mitigation capacities, the parameters such as peak 15 

load transmitted to the protected structure, energy absorption, center crushed distance and 16 

loading duration are compared among the claddings with different cores. Compared to square 17 

honeycomb, superior performance of blast mitigation is demonstrated for the proposed SDK 18 

foldcore sacrificial cladding by yielding a uniform collapsing similar to aluminium foam. 19 

Significant increase in energy absorption of the core is observed for the sacrificial cladding 20 

with SDK foldcore. It also yields a higher plateau stress than aluminium foam of the same 21 

density and is applicable to a wider range of blast loadings. The peak transmitted load to the 22 

protected structure is reduced by more than 70% comparing with the case without cladding. 23 

SDOF analysis of the sacrificial cladding systems is carried out and validated using numerical 24 

results. Based on the SDOF analysis, complete solution is derived and then used to obtain 25 

simplified design charts to show the suitable range of blast load scenarios where the sacrificial 26 

claddings are effective. 27 

1. Introduction28 

Sandwich structures are widely used in many applications, such as vehicle, aircraft, ship, 29 

packaging and structural protections owing to the characteristics of light weight and high 30 

Citation
Li, Z. and Chen, W. and Hao, H. 2018. Blast mitigation performance of cladding using square dome-shape kirigami folded structure as core. International 
Journal of Mechanical Sciences. 145: pp. 83-95. http://doi.org/10.1016/j.ijmecsci.2018.06.035

http://doi.org/10.1016/j.ijmecsci.2018.06.035


2 
 

energy absorption capacities [1]. Recently, sandwich structures have also been used as energy 31 

absorber in different impact or blast protective applications. Sacrificial cladding, in particular, 32 

has been investigated extensively both numerically and experimentally. Sacrificial cladding 33 

usually consists of a crushable core sandwiched by two skins and is fixed onto the protected 34 

structure. By allowing large deformation of the core under a constant low stress, it absorbs 35 

large amount of energy and reduces the load transmitted to the protected structure in the event 36 

of blast [2]. Many topologies of the core were developed, including lattices [3], polymeric 37 

foams [4], aluminium honeycomb [5, 6], metallic foams [2, 7], auxetic core [8, 9] and load-38 

self-canceling core [10-13]. 39 

Folded structure was originally proposed by Miura in 1972 [14]. Miura-type origami core is 40 

folded from an un-broken sheet material along the creases without stretching or twisting of the 41 

faces. It was initially used as packaged solar panel for space deployment [15]. Miura-type 42 

origami folded structure was recently used as core of sandwich structure for its advantages such 43 

as continuous manufacturing and open channel design to reduce heat and humidity inside the 44 

core [16, 17]. However, its crushing resistance and energy absorption capacities were not as 45 

comparable as honeycomb with similar density [18-20]. Kirigami foldcore was developed to 46 

allow the sheet material to be cut or stamped prior to folding, therefore, achieving more 47 

complex geometries and higher crushing resistance capacity. Up to 74% increase in average 48 

crushing stress is shown for cube strip kirigami foldcore than the standard Miura-type origami 49 

foldcore and comparable crushing resistance with square honeycomb is demonstrated [19]. 50 

 51 

Figure 1. Examples of existing kirigami structure, black shades are the cut out of sheet material 52 

[21] 53 
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In most of the existing kirigami foldcore designs, the adjacent vertical faces are not connected, 54 

as shown in Figure 1. Higher crushing resistance and energy absorption are expected for the 55 

foldcore with connected adjacent vertical faces, as more constraints can be provided during the 56 

out-of-plane crushing of the foldcore. A Square Dome Kirigami (SDK) foldcore with adjacent 57 

vertical faces connected is therefore proposed and crushing behavior of this new foldcore is 58 

investigated under quasi-static and dynamic out-of-plane crushing [22, 23]. Uniform crushing 59 

resistance with low ratio of peak to average crushing stress is demonstrated for the proposed 60 

SDK foldcore. Furthermore, consistent crushing behavior is also observed under various 61 

crushing speeds, as compared with the honeycomb and cube strip kirigami structure. These 62 

aluminium foam-like characteristics of SDK foldcore indicate its potential applications in 63 

structures for energy absorption, such as core for sacrificial cladding against blast loading [24, 64 

25].  65 

In this study, the performance of cladding with SDK foldcore subjected to blast loading is 66 

investigated through intensive numerical simulations. For comparison, the responses of square 67 

honeycomb and aluminium foam of the same density subjected to the same loading conditions 68 

are also simulated. The numerical model is firstly calibrated using the quasi-static crushing 69 

testing data of SDK foldcore. The model is then used to simulate structural response of 70 

claddings under blast loading. Different blast intensities are considered. Criteria including 71 

energy absorption by cladding core and the peak load transmitted to the protected structure are 72 

used to evaluate the performance among these claddings. In addition, Single Degree of 73 

Freedom (SDOF) analysis is applied to develop a simplified design procedure and guideline 74 

for estimating the required height of SDK foldcore sacrificial cladding under specific blast 75 

loading scenarios.  76 

2. Model validation 77 

Folding configurations and dimensions of the SDK foldcore are shown in Figure 2. As 78 

mentioned previously, the inclined sidewalls are connected with adjacent faces in both sides 79 

via triangular connections as shown in Figure 2. Small folding gaps of 0.5 mm near the corners 80 

of the unit cell are considered in numerical models. Because of the existence of the 81 

interconnections between sidewalls, the geometry of the foldcore is determined by three 82 

parameters only, i.e. the length of bottom and top edges, a, b and the height of the core H (the 83 

parameters are illustrated in Figure 2). Other parameters can be expressed by a, b, H as follows: 84 
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The total surface area for each SDK unit cell is 85 
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where T is the thickness of the sheet. 87 

 88 

Figure 2. (a) Front view of a SDK foldcore unit cell; (b) isometric view of folding configuration; 89 

(c) hand folded single unit prototype; (d) pre-cut aluminium sheet for four-unit sample folding; 90 

(e) crease patterns and geometry parameters 91 
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2.1 Quasi-static compression test 92 

Hand-fold samples of SDK with four unit cells are crushed under quasi-static compression test 93 

with a constant loading rate of 1 mm/min. Due to the availability of the aluminium sheet 94 

material, the aluminium sheet with the thickness of 0.26mm is used for the folding the test 95 

specimens, which gives a 2.7% relative density for the core. The hand folded sample has a 96 

dimension of 83 x 82 x 22 mm, slightly over the designed size of 80 x 80 x 20 mm. This 97 

inevitable fabrication inaccuracy is caused by hand folding in preparing these preliminary 98 

specimens. As presented in Figure 3 (b), sidewalls of the sample are slightly bent and minor 99 

gap can be observed near the bottom edges. These imperfections induced by hand folding are 100 

unlikely to be avoided in this early research stage, machine stamping could be developed to 101 

eliminate the inaccuracy and reduce the production time. The folded sample is placed onto a 102 

steel plate with a 2 mm high boundary strip to constrain the outer edges of foldcore under out-103 

of-plane crushing. No glue or other fixing is applied between the foldcore and the supporting 104 

plate. 105 

 106 

Figure 3. (a) Supporting plate with a 2 mm high boundary strip to constrain in-plane movement 107 

of sample; (b) folded SDK sample; (c) quasi-static flatwise crushing test; (d) deformation of 108 

the sample after the test 109 
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Quasi-static tensile test of the 0.26 mm-thick Aluminium sheet material used for sample folding 110 

is also carried out as per the standard ASTM E8M-04 [26] to define the material properties. A 111 

loading rate of 0.5 mm/min is applied on the testing specimen. Digital image correlation (2D-112 

DIC) techniques are used in this test to measure the fields of displacements and strains of the 113 

specimens. The typical true stress-strain curve of Aluminium strip specimen is shown in Figure 114 

4 (a) and the DIC strain field at the maximum strain is shown in Figure 4 (b). The material 115 

testing data is obtained and used in the subsequent numerical simulations. 116 

 117 

Figure 4. (a) True stress-strain curve of Aluminium 1060 used for folding; (b) DIC image of 118 

the Aluminium strip tested at the maximum strain 119 

2.2 Numerical modelling 120 

Finite element software LS-DYNA 971 is used for numerical simulation in this study. The 121 

SDK foldcore is constructed by using Belytschko-Tsay type shell element. It is placed between 122 

two rigid solid blocks. The top rigid block moves with 0.05 m/s constant crushing speed till 123 

around 80% strain. This is because that 1 mm/min quasi-static loading rate used in test is too 124 

time consuming for explicit numerical simulation, and 0.05 m/s is found sufficient to simulate 125 

accurate quasi-static loading condition in the simulation [19]. Similar to the base plate used in 126 
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the experiments, bottom plate in the numerical model is also modelled in detail as shown in 127 

Figure 5.  128 

 129 

Figure 5. Numerical model of SDK foldcore and the base plate with outer boundary strips 130 

As shown in Figure 4, material properties and true stress-stain data for the sample sheet material 131 

Aluminium 1060 are listed in Table 1 and Table 2. Material model *MAT024 PIECEWISE 132 

LINEAR PLASTICITY is used. Strain rate effect of aluminium is insignificant [27] and it is 133 

therefore not considered in this study. The self-contact of the foldcore during the crushing 134 

process is described using keyword * CONTACT AUTOMATIC SINGLE SURFACE, and the 135 

contacts between foldcore and top crushing plate/bottom supporting plate are set by using 136 

*CONTACT AUTOMATIC NODES TO SURFACE with friction taken into consideration. 137 

Table 1. Material properties of Aluminium 1060  138 

Parameter 
Young’s Modulus 

(GPa) 
Poisson’s 

ratio 
Yield stress 

(MPa) 
Density  
(kg/m3) 

Value 69 0.33 67.7 2710 

 139 

Table 2. True stress-stain data of Aluminium 1060 140 

Strain 0 0.002 0.005 0.013 0.063 0.121 
Stress (MPa) 0 67.7 112.3 120.1 125.8 130.6 

 141 
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2.3 Model calibration 142 

 143 

Figure 6. Stress-strain curves of SDK folded sample from both experiment and numerical 144 

simulation 145 

As shown in Figure 6, the key criteria including plateau stress and densification strain are 146 

similar for the two curves from experiment and numerical simulation. A larger discrepancy of 147 

peak crushing stress can be observed between the numerical simulation and experiments. This 148 

is caused by the inevitable imperfection of the sample from hand folding process. As mentioned 149 

previously, the overall dimension including the height of the sample is slightly larger than the 150 

model used in the numerical simulation. Slight gaps and uneven level of adjacent unit cell can 151 

be observed in Figure 3 (b) as well. The uneven height of the tested sample resulted in the 152 

imperfect contact. In the test, the higher core/edge was in contact with the loading plate before 153 

the lower part of the core, and buckled first. This led to the smaller initial stiffness of the core 154 

and also smaller crushing stress. Once the entire core was in contact with the loading plate and 155 

resisting the load, i.e., in the plateau phase, the numerical result matches the test data well. 156 

Similar discrepancy of peak crushing stress between numerical simulation and experiments 157 

were also observed in other studies of folded structures such as cube and eggbox kirigami 158 

foldcore [19]. Alternative folding method such as stamping could be used in future to improve 159 

the folding quality of the core. Similar deformation mode can be also observed in the test and 160 

numerical simulation as shown in Figure 3 (d) and Figure 7, respectively. Some sidewalls bend 161 

toward the centre. The corners of the foldcore outer sides lift up slightly and the buckling 162 

appears along the interconnections in-between sidewalls. However, the deformation in 163 
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experiment is less symmetric between the unit cells, again because of imperfect folding of the 164 

test sample.  165 

 166 

Figure 7. Top view of the deformed SDK foldcore sample at around 0.8 strain 167 

The aim of this study is to exam the potential application of SDK foldcore in sacrificial cladding. 168 

Key criteria including initial peak stress, plateau stress and densification strain are used to 169 

describe and evaluate the performance. The plateau stress and densification strain between 170 

experiment and numerical simulation are in good agreement, indicating similar energy 171 

absorption capability. The overestimated peak stress in numerical simulation caused by the 172 

perfect geometry of the foldcore will lead to a higher load transmitted to the protected structure 173 

than the actual scenario. Therefore, the numerical model slightly overestimates the peak load 174 

transmitted to the protected structure with SDK foldcore as sacrificial cladding under blast 175 

loading, which indicates conservative prediction from numerical simulation. 176 

3. Performance under various blast loads 177 

3.1 Sacrificial cladding set up 178 

The performance of sacrificial cladding with SDK foldcore as core is evaluated and compared 179 

with square honeycomb and aluminium foam in this section. The dimension of unit cell of SDK 180 

foldcore is scaled up twice as compared to the tested specimen to have a more reasonable 181 

configuration with a 40 mm-thick sacrificial cladding core as shown in Figure 8. The unit cell 182 

size of SDK foldcore increases from 40 x 40 x 20 mm used in compression test to 80 x 80 x 40 183 

mm for cladding setup. The square honeycomb is set to have the unit cell dimension of 40 x 40 184 
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x 40 mm so it has the same top-opening dimension as SDK foldcore. The same cladding core 185 

height of 40 mm is set for aluminium foam as well. The 330 x 330 x 5 mm aluminium plate is 186 

used for all three sacrificial claddings as top layer, where the core spaces of these claddings are 187 

kept the same as 320 x 320 x 40 mm.  188 

 189 

Figure 8. (a) Numerical model of cladding with SDK foldcore as core; (b) proposed assembling 190 

of SDK foldcore sandwich structure as sacrificial cladding; (c) square honeycomb core; (d) 191 

cladding with aluminium foam core 192 

In this study, blast mitigation performances of sacrificial claddings with different cores are 193 

compared by using the criteria including the energy absorption by the core and the peak load 194 

transmitted to the protected structure. Therefore, the back skin of the cladding is neglected and 195 

the core is placed directly on top of the rigid block as shown in Figure 8 (d). The rigid block is 196 

set with density of 2400 kg/m^3 and Young’s modulus of 200 GPa [28], modelled by 197 

*MAT020 RIGID in LS-DYNA. Similar boundary conditions as in many current cladding 198 

studies [28-30] are applied in the model, where sacrificial cladding is simply placed on the 199 

surface of structure. For the cladding with aluminium foam core and square honeycomb, the 200 

core and top plate are simply supported. The rigid block is fixed in all degree of freedom. The 201 

top plate is set to be fixed along the in-plane directions at corners and free to move vertically 202 

as shown in Figure 8 (b). No glue or other fixing is applied for all three claddings. For cladding 203 
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with SDK foldcore, similar to the crushing experiment and numerical model calibration, outer 204 

boundary is constructed in the model to constrain the horizontal movements of foldcore outer 205 

edges. It should be noted that the interaction between cladding core and the protected structure 206 

is neglected in this study to save computational effort. This assumption is believed having 207 

insignificant influence on the numerical results because the stiffness of sacrificial cladding is 208 

usually substantially smaller than that of the protected structure.   209 

Due to the limitation of aluminium foam fabrication technology, the lowest relative density for 210 

aluminium foam is 5% from CYMATTM [31]. Therefore, the wall thickness for SDK foldcore 211 

and square honeycomb is calculated to be 0.94 mm and 0.87 mm respectively to make the 212 

relative density of the core the same as 5% aluminium foam for comparison. It is worth noting 213 

that the wall thickness of 0.94 mm is only used to match the light aluminium foam with 5% 214 

relative density. It is likely to be too thick for the folding process and also leads to the increase 215 

of strain rate dependency for cladding structure, which might be a drawback for the application 216 

such as sacrificial cladding due to the thickening of vertical triangular interconnections.  217 

 218 

Figure 9. Stress-strain curve of CYMAT closed cell aluminium foam with 5% relative density 219 

crushed in out-of-plane direction [31] 220 

The same material model is used for SDK foldcore and square honeycomb by adopting the 221 

same material parameters obtained in quasi-static tests and used in numerical simulation. 222 

Aluminium foam is modelled by *MAT063 CRUSHABLE FOAM, with stress-strain data 223 

found in CYMAT manual as shown in Figure 9 [31], where the strain rate effect for the plateau 224 

stress of aluminium foam is not obvious [32] and not included in this numerical study. The 225 

Belytschko-Tsay type shell element with material properties given in Table 1 and Table 2 is 226 

used for SDK foldcore, square honeycomb and their flat top plates. The same contacts as in the 227 
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numerical model calibration are used with friction taken into consideration. As shown in Figure 228 

10, mesh convergence test is carried out for aluminium foam cladding model under 1 kg of 229 

TNT explosion with 1.5 m stand-off distance. Good agreement can be observed for mesh size 230 

of 1 and 2 mm in terms of peak transmitted force and average transmitted force exerted on the 231 

protected structure. Therefore 2 mm mesh, which leads to more than half a million elements 232 

for the aluminium foam cladding core, is sufficient for the following numerical studies. Mesh 233 

size of 2 mm is used for all three models.  234 

 235 

Figure 10. Mesh convergence test for numerical model under 1 kg TNT explosion with stand-236 

off distance 1.5 m 237 

3.2 Structural response comparison 238 

Different blast intensities are simulated with 1, 2, 4 and 6 kg of TNT placed at 1500 mm above 239 

the center of the front plate of claddings, in accordance with some previous experiments on the 240 

claddings with the stand-off distance of 1 to 2 m [28, 33]. The keyword * LOAD BLAST 241 

ENHANCED is used in LS-DYNA. The structure without cladding is also simulated to obtain 242 

the force time history for comparison. The stand-off distance for this unprotected structure is 243 

1540 mm, since the cladding has a height of 40 mm. 244 
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Table 3. Peak transmitted load, duration, crushed distance at cladding center and energy 245 
absorption by core of different cladding configurations under various TNT blast loads 246 

Cladding types 
Ppeak

 

(kN) 
Paverage

 

(kN) 
Duration 

(ms) 

Peak crushed 
distance at 

centre δ (mm) 

Energy 
absorption 
by core (J) 

1 kg TNT 
1.5 

m/kg^(1/3) 

Without 
cladding 146 - 0.78 - - 

Square 
honeycomb 281 44.7 0.78 0.1 2 

Aluminium foam 50 27.9 1.30 9.6 278 

SDK foldcore 120 45.4 0.78 0.6 43 

2 kg 
TNT 
1.19 

m/kg^(1/3) 

Without 
cladding 285 - 0.79 - - 

Square 
honeycomb 456 74.1 0.78 0.3 15 

Aluminium foam 75 49.4 1.28 19.9 965 

SDK foldcore 160 83.1 0.75 2.7 318 

4 kg  TNT 
0.95 

m/kg^(1/3) 

Without 
cladding 562 - 0.80 - - 

Square 
honeycomb 652 130 0.78 0.4 167 

Aluminium foam 414 121 0.95 33.3 3070 

SDK foldcore 236 131 0.82 10.9 1910 

6 kg  TNT 
0.83 

m/kg^(1/3) 

Without 
cladding 831 - 0.79 - - 

Square 
honeycomb 676 191 0.74 10.2 1260 

Aluminium foam 1750 247 0.70 36.7 5530 

SDK foldcore 272 170 0.88 17.9 3860 

 247 

The time history curves of transmitted force to the protected structure with different claddings 248 

under various blast loads are shown in Figure 11. When subjected to the blast load of 1 kg TNT, 249 

the peak force exerted on structure is around 146 kN for the case without cladding. Force 250 

reduction is observed for the aluminium foam and SDK foldcore claddings, whereas the square 251 

honeycomb cladding configuration experiences higher peak transmitted load than the case 252 

without any protective cladding. Force reduction for cladding with SDK foldcore is not as 253 

significant as that with the aluminium foam core for this loading scenario. Similar observations 254 

for the case with the blast load of 2 kg TNT can be drawn, i.e., the aluminium foam core results 255 

in the largest force reduction, followed by the SDK foldcore claddings, while the protected 256 

structure experiences a larger peak load if the square honeycomb cladding is used than 257 

unprotected structure. For the scenarios with blast loads of 4 kg and 6 kg, large reduction in 258 

transmitted peak force is observed for SDK foldcore. The peak transmitted force to the 259 
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protected structure with aluminium foam cladding becomes higher than the other two cladding 260 

configurations and even higher than the structure without cladding under 6 kg of TNT 261 

explosion.  262 

 263 

Figure 11. Comparison of transmitted force-time history curves under different blast loads; (a) 264 

1kg TNT; (b) 2kg TNT; (c) 4kg TNT; (d) 6kg TNT; note y-scales are different for each graph 265 

The above observations indicate that the aluminium foam cladding and the square honeycomb 266 

cladding have mixed performances, while the performance of SDK foldcore is consistent, i.e., 267 

it always leads to a reduction on the peak transmitted force to the protected structure in the 268 

blast loading range considered in the study. The mixed performance of the aluminium foam 269 

cladding and the square honeycomb cladding is related to their stiffness and strength. The 270 

deformation of the cladding includes three states i.e. (1) elastic state, (2) plastic state and (3) 271 

fully densified state and all of which are demonstrated in Figure 11. For the structure with SDK 272 
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foldcore under 1 kg and square honeycomb cladding under 1 kg, 2 kg and 4 kg blast loading, 273 

transmitted forces fluctuate multiple times, representing elastic state of the deformation as 274 

shown in Figure 11 (a-c). This is because the applied load is relatively small and no significant 275 

buckling damage and plastic deformation of the core occur. The core is still primarily in elastic 276 

state. This is confirmed by the very small center panel crushed deflections of these two cores 277 

as listed in Table 3. Because the core structure remains primarily in elastic stage, it acts like a 278 

conduit to transmit the blast load instead of reducing blast load. On the other hand, the 279 

aluminium foam cladding is relatively weak and experienced significant crushing failure, 280 

which absorbs significant amount of blast energy. Therefore the transmitted load to the 281 

protected structure is largely reduced. The second state is the plastic deformation where the 282 

impulse from blast wave is fully absorbed by the deformation of the cladding core before it 283 

reaches densification, as shown in Figure 12 (a-c). This phenomenon can be observed for the 284 

square honeycomb cladding under 6 kg TNT blast loading, the Aluminium foam cladding 285 

under 1 and 2 kg TNT explosion and the SDK foldcore cladding under 2, 4 and 6 kg TNT 286 

explosions. The third state of core deformation is the full densification of cladding before the 287 

end of blast loading, as shown in Figure 12 (d). Full densifications are presented for the 288 

aluminium foam cladding under 4 and 6 kg TNT blast loading. Once a cellular core reaches its 289 

densification, the stress required for further deformation increases drastically. In some cases, 290 

the transmitted load can exceed the blast loading due to the impact of the accelerated fully 291 

compacted material onto the protected structure. Similar analysis has been carried out in the 292 

study [30] and deteriorating effect of protective cladding has been observed in the experiment 293 

[4] as well. 294 

The second state i.e. plastic state is the most effective in energy absorption for the cladding, 295 

where the cladding core undergoes plastic deformation and not yet fully compacted during an 296 

event of blast. Large amount of energy is dissipated through core deformation and significantly 297 

reduces force to be transmitted to the protected structure. Other two states (i.e., elastic state and 298 

fully densified state) are caused by too strong or too weak of the cladding core comparing to 299 

the reflected blast pressure. The core with lower plateau stress leads to a lower average 300 

transmitted load to the protected structure before densification, but it is easier to reach the fully 301 

densified state and possibly causes more damage to the protected structure as shown for 302 

cladding with aluminium foam under 6 kg TNT blast loading in Figure 11 (c, d) and Figure 12 303 

(d). For the other case (elastic state), it is caused by high crushing resistance of the cladding 304 

core or the low value of blast peak pressure, and both of these two causes lead to less 305 
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effectiveness of the cladding. This can be observed for the cladding with square honeycomb 306 

core under 1, 2 and 4 kg TNT blast loading, as shown in Figure 11 (a-c). 307 

 308 

Figure 12. Damage modes of cladding core of (a) SDK foldcore under 4kg TNT blast load; (b) 309 

SDK foldcore under 6 kg TNT blast load; (c) square honeycomb under 6 kg TNT blast load; 310 

(d) side view of aluminium foam cladding under 6 kg TNT blast load 311 

Overall, the SDK foldcore outperforms the other two cladding configurations by producing a 312 

consistent and moderate plateau stress during the whole process of deformation. As shown in 313 

Figure 11, SDK foldcore yields much more consistent transmitted load than square honeycomb 314 

cladding and a higher plateau stress than the most commonly used cladding material i.e. 315 

aluminium foam with the same relative density, which leads to a wider range of applicability 316 

of the cladding. However, it is worth noting that the initial peak stress of SDK foldcore is 317 

greater than that of aluminium foam with the same density due to the vertical triangular 318 

interconnections of SDK foldcore. It was previously studied that the initial peak stress of square 319 

honeycomb is in a power relationship with cell wall thickness and it was strain rate dependent 320 

due to inertia effect and inertia stabilization effect of the vertical cell walls [34-36]. As 321 

mentioned previously, the thickness of SDK cell wall used in this study might be too thick for 322 

the folding process and it is only used to match the aluminium foam with the lowest density of 323 

5% available on the market. Therefore, the initial peak stress of SDK foldcore can be greatly 324 

reduced by reducing the cell thickness as demonstrated in the previous work where 2.7% 325 
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relative density of SDK foldcore was studied [24, 25], and providing similar plateau stress to 326 

5% aluminium foam (Figure 9).  327 

 328 

Figure 13. Energy absorption by the core with different cladding configurations and blast loads 329 

Comparisons of energy absorption by the core of the claddings are shown in Figure 13. Energy 330 

absorption of each cladding configuration increases with the rising blast load. The low value 331 

of square honeycomb foldcore under 1 and 2 kg TNT explosion indicates the elastic state of 332 

the core. The aluminium foam cladding has the highest energy absorption capability by the 333 

core among these three. The SDK foldcore has lower energy absorption capability than 334 

aluminium foam under the same level of blast load. However, as discussed previously, the SDK 335 

foldcore has a higher plateau stress and a wider range of applicability of the cladding against 336 

different blast loadings comparing with aluminium foam of the same density. It also has a much 337 

lower initial peak stress and a more uniform collapsing resistance than the square honeycomb 338 

cladding, which demonstrates the superiority of SDK foldcore. 339 
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4. Single Degree Of Freedom (SDOF) model   340 

4.1 Analytical model  341 

 342 

Figure 14. Idealized Rigid-Perfectly Plastic-Locking model for (a) aluminium foam material 343 

[37]; (b) SDK foldcore 344 

The SDOF analysis of aluminium foam cladding and the protected main structure was carried 345 

out based on shock wave propagation theory in the previous studies [7, 29, 30, 38]. Blast load 346 

is simplified as a triangular pulse which follows the form: 347 
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where P(t) is the blast pressure at time t, Pr is the initial reflected peak pressure of the blast 348 

load and t0 is the duration of the blast load. As shown in Figure 14 (a), idealized rigid-perfectly-349 

plastic-locking (RPPL) material  with a plateau stress of 𝜎଴ [37] is used for aluminium foam 350 

cladding in SDOF analysis. Stress-strain curve and idealized RPPL model for SDK foldcore 351 

are presented in Figure 14 (b) for comparison. Non-dimensional parameters of foam cladding 352 

were then introduced based on cladding properties and blast parameters to evaluate the 353 

effectiveness of the foam cladding [30]. It was suggested that the foam cladding should be 354 

selected carefully. It is only effective when the impulse from blast load is fully absorbed prior 355 

to or at the full densification of the foam cladding. Regions of the effectiveness of foam 356 

cladding are divided based on cladding system mechanical parameters and blast loads [30]. In 357 

some cases, the foam-protected structure may experience an even larger transmitted load, if the 358 
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foam is fully densified before the end of the blast impulse. This phenomenon has been recorded 359 

in blast test using lightweight polymeric foam as sacrificial claddings [4].  360 

 361 

Figure 15. Free body diagrams of aluminium foam cladding system under uniform blast 362 

loading at the beginning, time t and t+dt [38] 363 

Free body diagrams of the foam cladding system at t and t+dt  are shown in Figure 15, based 364 

on the deformation modes observed in the previous experimental study [38]. It is assumed that 365 

the foam behind shock front is fully compacted with the same density as base material 0f . 366 

The compacted zone x and the front-panel displacement u have the following relationship based 367 
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on the conservation of mass, where both sides of equation equal to the original length of 368 

compacted zone before deforming. 369 

1D D

u x

 



 

 

(8)

where D  is the densification strain of the foam material ranging between 0 and 1. 370 

The following equation can be obtained by the conservation of momentum of the small 371 

compacted foam dx at time t+dt as shown in Figure 15: 372 

   0 0f DAdx u du Adt                                     (9) 

where 0f  is the density of foam base material; A is the cross-section area of the cladding, D373 

and 0  are the foam stress immediately behind shock front and foam plateau stress respectively. 374 

Similarly, based on the force balance of the front plate and compacted region of foam on the 375 

left of element dx: 376 

  1 0
1

f
D

D

A
M x u P t A





 

     
                         

(10)

where M1 is the mass of front plate; f is the foam density; P(t) is the blast pressure. Complete 377 

solution can be solved from the above equations and a minimum height H required to fully 378 

absorb blast loading is given as    379 
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4
; 2

2 3
r r

r D
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H

M M P A  
 

     
 (11)

where I is the total blast impulse and M0 is the mass of foam cladding.  380 

The crushed distance of the cladding can be expressed as  381 

 
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4
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2 3
r r
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

 
 
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 (12)
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4.2 Displacement comparison with numerical results 382 

Since the SDK foldcore has a similar crushing resistance as aluminium foam, the RPPL 383 

material can be assumed for the SDK foldcore as shown in Figure 14, then the SDOF analysis 384 

can be applied for simplified calculation of core displacement. The cladding crushed distances 385 

are calculated based on the equation (12) and given in Table 4. Since the assumption of the 386 

material model in SDOF of cladding system analysis is RPPL, only the responses with 387 

aluminium foam and SDK foldcore are calculated due to the relatively low initial peak stress. 388 

Furthermore, the equation is derived under the condition that the fully densified state of 389 

cladding core is not reached. Aluminium foam becomes fully densified under 4 and 6 kg TNT 390 

explosion. Therefore, these two cases are not included in the analysis. The blast parameters Pr 391 

and I are taken from numerical simulations of the scenarios without cladding. Other parameters 392 

used in equation (12) are calculated by using the dimensions of the foam, plate and their 393 

densities.  394 

Table 4. Comparison of centre displacements of numerical (δ1) and analytical (δ2) results 395 

 Pr 
(MPa) 

I (Ns) 

Aluminium foam SDK foldcore 

0  

(MPa) 

δ1 

(mm) 
δ2 

(mm) 
Difference 0  

(MPa) 

δ1 

(mm) 

δ2 

(mm) 
Difference 

1 kg 
TNT  

1.34 34.7 0.256 9.6 9.1 -5% - - - - 

2 kg 
TNT 

2.62 57.4 0.457 19.9 14.7 -26% 0.763 2.7 6.5 141% 

4 kg 
TNT 

5.16 98.3 - - - - 1.203 10.9 14.0 28% 

6 kg 
TNT 

7.63 131.7 - - - - 1.561 17.9 21.2 18% 

 396 

The results of numerical (δ1) and analytical (δ2) predictions are matched well, indicating that 397 

the SDOF analysis can be used as a simplified tool to quickly design the cladding configuration. 398 

The only large discrepancy (141%) in centre deformation observed between numerical and 399 

analytical predictions appear in the cladding with SDK foldcore under 2 kg TNT explosion. 400 

This overestimation of the deformation in analytical prediction is caused by the idealized RPPL 401 

model, where initial peak of the crushing is not considered and only plastic stage is modelled, 402 

as shown in Figure 14. Therefore, under low blast intensities when the deformation of cladding 403 

core just reaches the plastic stage, the analytical prediction obtained using SDOF analysis based 404 

on perfect plastic deformation assumptions could be overestimated. Furthermore, the 405 

deformation and energy absorption of front plate of the cladding system is not considered in 406 
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this SDOF approach. Thin layer of front plate or cladding with unevenly supported core 407 

structure could lead to slight overestimation in this SDOF approach as well. Overall the central 408 

displacements analytically predicted by using the above derived formula are in good agreement 409 

with the numerical results, indicating the derived formula can be used as a simplified tool to 410 

estimate the thickness required for cladding subjected to certain blast loading.  411 

5. Simplified design charts for folded square dome core  412 

As per the equation (11) derived by Hanssen et al [38], the minimum core height H, of foam 413 

sacrificial cladding is defined by the blast peak reflected pressure Pr, blast impulse I, plateau 414 

stress of foam 0 , densification strain εD, mass of the front plate M1 and mass of the foam 415 

(cladding core) M0. However, the mass of the core M0 is not an independent parameter of the 416 

height of the core, H. Therefore, Equation (11) for the required core thickness (H), previously 417 

derived by Hanssen et al [38] is not the complete solution for the designing of the sacrificial 418 

cladding. Mass of the core, M0, and front plate, M1, are further defined by the density and the 419 

size of the core, as given below: 420 

0 fM HA  ; (13)

1 f plateM n T A  ; (14)

where n is the ratio between plate density and foam (cladding core) density 𝜌௙, and Tplate is the 421 

thickness of the front plate. Substitute equation (13) & (14) into equation (11), it has 422 
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Since all parameters are positive numbers, 423 

2
2

2
0 0

4
2 ; 2

3plate
f D

r r

r

P PI
H n T H

P A   
 

     
 

 (16)

 424 

2
2 2

2
0 0

4
; 2

3
r r

plate pl
r

ate
f D

P PI
H n T n T

P A   
 

      
 




 (17)

where blast impulse I and blast peak reflected pressure Pr can be obtained from UFC [39]. 425 

These two curves are fitted using Matlab as shown in Figure 17. Z is the scaled distance, R is 426 

the stand-off distance and W is the equivalent TNT mass in imperial units and to be converted 427 

to metric units before submitted into equation (17). Alternatively, fitted curves of reflected 428 
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pressure (Pr) and impulse (I) in metric units can be found in [40], with the scaled distance 429 

ranged from 0.2 to 50 m/kg^1/3. 430 

The fitted equation of the peak reflected blast pressure Pr is given as: 431 

     

   

5 4 3

2

0.0084 ln 0.0482 ln 0.0743 ln
; :

0.5382 ln 2.1322ln 8.8924
r

Z Z Z
P exp unit psi

Z Z

                 
      

   (18)

The fitted equation of reflected blast impulse I (i.e. Ir in Figure 17) is given as : 432 

   

   

4 3

1/3
1 2
3

0.00011 ln 0.01126 ln
exp ; : /

0.129 ln 1.51731ln 5.4197

Z ZI
unit psi ms lb

Z ZW

             
     

;     (19) 

 433 

Figure 17. Peak reflected pressure and reflected impulse for a spherical TNT explosion in 434 

free air [39] and fitted curves; note: values are read in imperial unit from graph and converted 435 

to metric units  436 

These fitted curves have the value of R2=0.9999 and 1.0000. Good fitting can also be seen from 437 

Figure 17. It is noted that all parameters in Figure 17 are in imperial units. The minimum 438 
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required height of cladding core can then be predicted by equation (17) with any given blast 439 

load parameters. These blast loading parameters will be obtained from fitted curves (equation 440 

18&19) in imperial units and converted to metric units for required cladding height calculation. 441 

Other parameters of the cladding, such as material, relative density, plateau stress and unit cell 442 

size of the SDK folded core are set the same as used in the previous sections.  443 

 444 

Figure 18. Minimum height of cladding core required at various stand-off distances and blast 445 

loads; (L) 3D plot; (R) 2D plot with regions marked out based on performance 446 

A total of around 1,000 calculations of required thickness with different stand-off distances 447 

and explosive weights are shown in Figure 18. The front plate thickness is set to be 5 mm made 448 

of aluminium with the density of 2700 kg/m^3, cladding core is set to be 5% density of SDK 449 

foldcore with a densification strain of 0.7 and a plateau stress of 1.2 MPa which is calculated 450 

from average force of SDK foldcore under 2 kg TNT explosion in section 3.2. Such cladding 451 

with similar plateau stress has been used for blast protection for RC slab and demonstrated the 452 

effectiveness of its blast mitigation capacity [28]. The scaled distance of these blast loading 453 

cases, Z, is ranged between 0.5 and 3.7 ft/lb^(1/3) (0.2 to 1.46 m/kg^(1/3)), the stand-off 454 

distance, R, varied from 0.1 m to 30 m, and the equivalent TNT charge weight, W, is calculated 455 

accordingly. Since this proposed SDK foldcore is a layered structure, the foldcores can be 456 

stacked by layers to achieve a larger height. The two blast parameters are manually selected so 457 

that the required height of cladding core is within practical range, varying from 10 to 200 mm 458 

(equivalent to up to five layers of this SDK foldcore) as shown in the legend in Figure 18. As 459 
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previously investigated [24], the multi-layered SDK foldcore performs similarly or superior 460 

than single layered SDK foldcore under the same blast loading condition, if the interlayer is 461 

thick enough and harder to deform than the core.  462 

As expected, the higher blast load or the smaller stand-off distance is, the thicker cladding core 463 

is required. The height of cladding core is determined by both blast impulse and peak blast 464 

pressure. It is worth noting that the two lines marked out Region II in Figure 18 (R) is roughly 465 

the boundary where this type of SDK foldcore would be effective and the region III marked in 466 

Figure 18 represents the area of unnecessity of the cladding with this type of SDK foldcore. In 467 

other words, under any explosion scenario with the equivalent TNT weight and stand-off 468 

distance falls in between the marked two lines (Region II), the structure behind the cladding 469 

can be effectively protected by using less than five layers of SDK foldcore. Under such scenario, 470 

the pressure transmitted to the protected structure will be greatly reduced to around the plateau 471 

stress of the cladding core as compare to the reflected peak blast pressure. For the blast scenario 472 

falling in Region III in Figure 18 (R), this cladding will have slight or even no deformation at 473 

all, due to the low blast pressure or low impulse. However, this current cladding configuration 474 

will not be effective and may cause more damage to the structure behind the cladding for the 475 

explosion scenario falling in the region I shown in Figure 18 (R).  476 

This study is based on the proposed geometries of the SDK foldcore with the relative density 477 

of 5%. Various geometries, relative density and material configurations including foam infill 478 

can be further investigated and their mechanical properties such as plateau stress and 479 

densification strain can be obtained. These material and mechanical parameters will affect the 480 

performance and the effectiveness of the cladding. They can be used as inputs in this SDOF 481 

approach for estimating the required height of core based on the maximum allowable force 482 

transmission to the protected structure and the blast load rating during the design phase.  483 

6. Conclusions 484 

The blast mitigation performance of sacrificial cladding with SDK foldcore as core is evaluated 485 

and compared with square honeycomb and aluminium foam of the same density. The SDK 486 

foldcore demonstrates a rather uniform crushing resistance and a lower initial peak crushing 487 

stress under blast loading compared with square honeycomb. This results in an easier initiating 488 

of the core deformation and a more efficient blast mitigation capability. Comparing with the 489 

aluminium foam, the SDK foldcore of the same mass has a higher average crushing force and 490 
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a similar consistent collapsing resistance, therefore applicable to wider range of blast intensities. 491 

It is worth noting that the thickness of SDK foldcore cell wall can be reduced in order to reduce 492 

the initial peak stress during crushing and make it more feasible to fold while maintaining 493 

similar plateau stress as aluminium foam of higher density. The cladding performance in 494 

general is strongly blast load dependent, sacrificial cladding configurations are required to be 495 

selected based on blast loading parameters. Minimum required height of sacrificial cladding 496 

core is calculated by using the SDOF analysis of the sacrificial cladding system and the 497 

parameters of free air blast from UFC [39]. The height of sacrificial cladding core can be 498 

estimated based on the basic cladding material and blast parameters, which could be useful for 499 

sacrificial cladding design.  500 
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