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Abstract 7 

A new form of bi-directional Load-Self-Cancelling (LSC) sandwich panel is proposed in this 8 

paper. An array of square dome shaped steel sheet as core of the proposed sandwich panel is 9 

designed to cancel a certain amount of load during blast event owing to its arching geometry. 10 

The blast resistance and energy absorption capabilities of the sandwich panel are investigated 11 

numerically by using finite element analysis software LS-DYNA. The peak deflection of centre 12 

point on back face sheet, internal energy and peak boundary reaction forces are compared 13 

among monolithic plate, multi-arch uni-directional LSC structure, sphere dome structure and 14 

the proposed bi-directional LSC square dome sandwich panel. It is found that using the 15 

proposed bi-directional LSC square dome leads to 69%, 48% and 56% reduction in the out-of-16 

plane boundary reaction force as compared to the other three structures, respectively. In 17 

addition, parametric studies of the influences of dome number, height, and layer material on 18 

the performances of the proposed bi-directional LSC sandwich panel subjected blast loads of 19 

different intensities are carried out to investigate the panel configuration on the effectiveness 20 

of its blast resistance and load-self-cancelling capability. The results demonstrate the 21 

superiority of the sandwich panel with the proposed bi-directional LSC core.   22 
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1. Introduction 25 

Accidental explosion and terrorism activities have been increasing around the globe in recent 26 

years, and more than half of which were related to bombing attacks [1-3]. As a protection of 27 

life and infrastructure from bomb attack, blast resistant panels have been widely used across 28 

military, commercial and industrial applications [4-6]. Blast-resistant doors as an example of 29 

such panels are used at entrances of shelters and ammunition storage magazines. The traditional 30 

blast resistant doors are often designed as a solid panel of great weight which leads to poor 31 

operational performance and high costs [7]. The ideal characteristics of a blast resistant panel 32 

should be lightweight while capable of resisting blast loads.  33 

Various blast resistant panels have been developed. Due to the lightweight and high energy 34 

absorption capability, different sandwich structures which consist of a relatively thick and 35 

lightweight core sandwiched by two thin skin layers, have been proposed to absorb energy in 36 

recent years [8]. The performances of sandwich structures with different forms, materials and 37 

topologies have been comprehensively reviewed [9-11]. Forms of sandwich structure core 38 

usually include honeycomb, corrugate, metallic foam, lattice and functionally graded core. 39 

Superior performance of sandwich structures under dynamic loading has been demonstrated 40 

via both numerical simulations and experimental tests [12-19]. Other forms of structures such 41 

as egg-box, negative Poisson’s ratio, and continuously graded lattice structure were 42 

investigated for their energy absorption performance under dynamic loading [20-24]. Curved 43 

sandwich panel with aluminium foam as core also demonstrated superior performance over 44 

equivalent flat sandwich panel and solid plate against blast loading [25-28]. Most of the 45 

previous studies focused on the energy absorption and the deformation of the panel after blast, 46 
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the investigations on blast load transferred to the supports were limited. In practice, supports 47 

of the structural panel also need be properly designed and protected because damage to the 48 

support may lead to the complete failure of the panel structure. In this regard, a uni-directional 49 

multi-arch panel was proposed [7, 29]. This innovative design makes use of the unique property 50 

of arch structure form that transfers a certain amount of load applying onto the arch to the 51 

supports. In this case loads in the opposite directions at the intersections of adjacent arches 52 

would cancel each other, leading to reductions of the net loads to the supports of the structural 53 

panel. Both numerical simulations and experimental tests verified the effectiveness of the uni-54 

directional multi-arch panel in resisting blast and impact loads [7, 29]. However, some 55 

limitations of using this uni-directional panel were also identified. It cancels loads only in one 56 

direction therefore its effectiveness in load-cancellation is effective in one direction only. 57 

Detailed discussions on the designs and performances of uni-directional multi-arch panels 58 

subjected to blast and impact loads can be found in the references [7, 29, 30].     59 

To overcome the shortcomings of the uni-directional multi-arched panel, a bi-directional LSC 60 

sandwich structure is proposed in this study, the core consists of an array of two-axis-61 

symmetric square domes as shown in Figure 1. This new structural form is believed having 62 

capability of cancelling load in both in-plane directions of the panel and therefore further 63 

reducing forces that would be transferred to the panel boundaries as compared to the uni-64 

directional multi-arch panel. With the geometry similar to the proposed bi-directional LSC 65 

square dome structure, a modified structure named as “grid dome” is also numerically 66 

simulated in this study for comparison. It was originally proposed in [31], where the textile 67 

composite material and half sphere shape made it easy to deform and absorb energy. The grid 68 

of half spheres are placed with gaps between each other in the panel [31]. The array of grid 69 

sphere is modified and placed next to each other in this study to make it similar to the bi-70 

directional LSC structure proposed in this study, since the load can be cancelled at the 71 
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intersection points of the adjacent sphere domes as well. However, the adjacent grids of sphere 72 

domes are only point connected while the proposed square dome structure are connected with 73 

intersection lines, which allow more forces to be self-cancelled. Therefore, a superior LSC 74 

capacity is expected for the proposed square dome structure. 75 

 76 

Figure 1. Proposed square dome as core of bi-directional load-self-cancelling structure 77 

In this study, the effectiveness of this new form of LSC structure is numerically investigated 78 

and compared with an equivalent monolithic plate, and a uni-directional multi-arch structure 79 

[7] and  a modified grid sphere dome structure [31]. Finite element software LS-DYNA 971 is 80 

employed in this study to calculate and analyse energy absorption, back plate centre deflection 81 

and boundary reaction forces of these structures under blast loading. The existing blast test data 82 

of a flat plate from other researchers is used to calibrate the numerical model. To validate the 83 

numerical model, the numerical results of dynamic response of the flat plate are compared with 84 

the existing experimental data. The calibrated numerical model is then used to perform 85 

numerical simulations of the proposed structure to evaluate its energy absorption capacity, blast 86 

load resistance capacity and boundary reaction forces. A series of parametric studies are also 87 

conducted to investigate the effectiveness of sandwich panels with different core configurations 88 

on their blast loading resistance capacities. 89 



5 
 

2. Numerical Model Calibration 90 

 91 

Figure 2. Experimental setup of a steel plate subjected to blast load 92 

Finite element software LS-DYNA 971 is used for numerical simulation in this study. As a 93 

widely applied FEA tool based on explicit numerical methods, LS-DYNA is dedicated to 94 

highly nonlinear, dynamic finite element analysis subjected to impact and blast loads. To 95 

calibrate the accuracy and reliability of the numerical model, a steel plate which was tested and 96 

numerically modelled by DSTO (Defence Science and Technology Organization) of Australia 97 

is adopted [32]. In year 2000, a series of blast tests were carried out to study structural response 98 

of a 5 mm thick mild steel plate. The charges of 250 g Pentolite (260 g TNT equivalent [7]) 99 

were applied with the alternating stand-off distance of 250 mm, 400 mm, 500 mm directly 100 

above the centre of the steel plate with dimension of 1200 mm by 1200 mm. The steel plates 101 

were bolted on to a 1000 mm by 1000 mm rigid steel frame with 24 equally spaced high-102 

strength bolts. The steel frame was simply supported by concrete stands on four sides with 103 

some openings. The schematic diagram of experimental setup of the steel plate is shown in 104 

Figure 2. Two accelerometers, pressure gauges and a LVDT displacement gauge were attached 105 
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on the steel plate to record relevant data of the plate during and after the explosion. The test 106 

results are used to calibrate the numerical model in this study.  107 

2.1 Element, mesh convergence test and boundary condition 108 

The numerical model is constructed in Solidworks and LS-Prepost. The steel plate is modelled 109 

by using the fully integrated shell element to minimize hourglass energy in following 110 

simulations [33]. As an important factor for determining both the computational time and 111 

simulation accuracy, mesh size convergence tests are carried out with the element sizes of 20 112 

mm, 10 mm, 5 mm, and 2.5 mm. Mesh convergence test results are shown and discussed in 113 

section 2.4. 114 

 115 

Figure 3. Boundary condition for finite element model of bolted steel plate subjected to blast 116 

loading 117 

Boundary condition can be another critical factor for numerical simulation. In the model 118 

calibration and mesh convergence test, a simplified boundary condition for this steel plate 119 

subjected to blast loading is used to reduce computational time while representing the test 120 

conditions as closely as possible. In the simplified boundary condition, as shown in Figure 3, 121 

24 nodes are modelled as fully fixed to represent the 24 bolts that connected the steel plate and 122 
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steel frame in the test, other nodes along the plate edges are constrained in three degrees of 123 

freedom, UZ, Rot X and Rot Y by using *BOUNDARY SPC SET. This simplified approach 124 

was also adopted in Chen and Hao [7], and showed relatively good agreement with the test 125 

data. 126 

2.2 Material model used in LS-DYNA 127 

Table 1. Material properties of steel plate in Cowper and Symonds model [32] 128 

Property 
Young’s 
modulus 

(GPa) 

Poisson’s 
ratio 

Yield 
stress 
(MPa) 

Tangent 
modulus
(MPa) 

Density 
(kg/m3) 

Hardening 
parameter, β 

C 
(s-1) 

P 

Value 203 0.3 270 470 7850 1 40 6

 129 

The elastic-plastic material model *MAT 003 PLASTIC KINEMATIC is adopted for 130 

modelling the steel plate. This material model is commonly used for modelling metals with bi-131 

linear elastic-plastic constitutive relationship and isotropic or kinematic hardening plasticity 132 

which is defined by a hardening parameter β. Here β equals to 1, representing isotropic 133 

hardening, is used. Material strain rate effect is also considered by applying Cowper-Symonds 134 

model in LS-DYNA which is defined by Eq. (1)  [33] . 135 

𝜎ௗ

𝜎௦
ൌ 1 ൅ ൬

𝜀ሶ
𝐶

൰

ଵ
௣

   (1)

where 𝜎ௗ is the dynamic yield stress at plastic strain rate 𝜀ሶ, 𝜎௦ is the static yield stress. Strain 136 

rate parameters C and P are Cowper and Symonds constants, respectively. Material properties 137 

of steel used in this study are shown in Table 1. Failure strain of steel material is taken as 0.3 138 

throughout this study. 139 
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2.3 Blast load modelling  140 

*LOAD BLAST ENHANCED via the CONWEP feature in LS-DYNA is used to simulate blast 141 

load in numerical simulation [34]. The enhancement of reflected waves in blast event is 142 

demonstrated in the blast model. Pressures on the plate are determined by the amount of TNT, 143 

standoff distance and incident angle as given in the equation (2) below:  144 

𝑃ሺ𝜏ሻ ൌ 𝑃௥𝑐𝑜𝑠ଶ𝜃 ൅ 𝑃௜ሺ1 ൅ 𝑐𝑜𝑠ଶ𝜃 െ 2𝑐𝑜𝑠𝜃ሻ  (2)

where Pr is the reflected pressure, Pi is the incident pressure and θ is the angle of incidence. 145 

The keyword *LOAD BLAST SEGMENT in LS-DYNA is applied to define the loading face 146 

of the structure and the keyword *DATABASE BINARY BLSTFOR is used to export the blast 147 

pressure data. The scaled distance is defined by equation: 148 

𝑍 ൌ
𝑅

𝑊
ଵ
ଷ

 
           (3)

where R is the standoff distance in meter and W is the equivalent amount of TNT in kg. 149 

2.4 Results and discussions of numerical model validation and mesh convergence test 150 

Table 2. Experimental and numerical results of peak reflected pressure and peak displacement 151 

The calculated reflected pressure-time histories from explosion at stand-off distances of 250 152 

mm, 400 mm and 500 mm are shown in Figure 4. Numerical simulation results obtained using 153 

the model with mesh size of 5 mm and the experimental data under the same loading conditions 154 

are compared as listed in Table 2. The centre point peak displacement (δmax) and the peak blast 155 

Event 
TNT 
equivalent (g) 

Standoff 
(mm) 

Experiment data 
[32] 

Numerical simulation 

Pr 
(MPa)

δmax 

(mm)
Pr 

(MPa)
Error 

δmax 

(mm) 
Error 

E14 260 500 9.4 -33 9.3 1.0% -31.2 5.4%
E16 260 400 16.4 -36 15.7 4.3% -33.4 7.2%
E17 260 250 40.0 -35 44.5 -11.3% -33.5 4.3%
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reflected pressure (Pr) of the three different stand-off distances are compared and a good 156 

agreement between the test data and numerical results is observed.  157 

 158 

Figure 4. Reflected pressure time histories of steel plates with 250 mm, 400 mm and 500 mm 159 

stand-off distances 160 

The results of mesh convergence test are shown in Figure 5. The discrepancy between the 161 

results corresponding to the mesh size of 20 mm from the rest are obvious while the results for 162 

the mesh size of 10 mm, 5 mm and 2.5 mm are close. It can be concluded that using the mesh 163 

size of 10 mm leads to reasonable numerical simulations as compared to the smaller mesh sizes, 164 

while the calculation on the model with finer mesh takes a substantially longer time. Therefore, 165 

the mesh size of 10 mm is acceptable. However, many structures simulated in this study contain 166 

different curvatures such as square dome, sphere dome, using 10 mm mesh leads to certain loss 167 

of geometry details. Therefore, 5 mm mesh size is employed in the subsequent analysis to 168 

ensure simulation accuracy and a reasonable computational time. 169 
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 170 

Figure 5. Displacement time histories with different mesh sizes and experimental data from 171 

event 14 [32] 172 

3. Numerical Simulations 173 

The calibrated numerical model is used to perform simulations of dynamic response of 174 

monolithic plate, uni-directional LSC multi-arch sandwich panel, sphere dome sandwich 175 

structure and the proposed bi-directional LSC square dome sandwich panel under blast loading. 176 

The structural response quantities, i.e., the peak deflection at the centre of back plate, energy 177 

absorption and peak boundary reaction forces, are calculated and compared to evaluate their 178 

blast resistant performance.  179 

3.1 Panel configuration 180 

A flat plate with the size of 1000 mm by 1000 mm and the thickness of 5 mm is employed for 181 

comparison with the uni-directional and bi-directional LSC sandwich structures. The core of 182 

uni-directional LSC sandwich panel (A5) consists of five arches with the same length, width 183 

and arch height of 50 mm (H50) as shown in Figure 6. The proposed bi-directional LSC 184 

structure consists of five square domes along each horizontal direction (D5), with 25 domes in 185 



11 
 

total. Each dome is 200 mm in length and width, 50 mm in arch height (H50). The whole panel 186 

has the size of 1000 mm by 1000 mm. As shown in Figure 7 the modified grid dome panel 187 

configuration is similar to that of the square dome panel, consisting of five sphere domes along 188 

each in-plane direction. Each dome has a 200 mm diameter and 50 mm height. Uni-directional 189 

LSC multi-arch, grid sphere dome and bi-directional LSC square dome sandwich structures 190 

have a 2 mm-thick top plate and a flat sheet attached at back with a thickness of 1.5 mm. The 191 

thickness of the core varies for each example in order to keep the overall mass of the panel the 192 

same. The schematic diagram of bi-directional LSC panel is shown in Figure 8. The interfaces 193 

between the core and the skins are treated as welded.  194 

 195 

Figure 6. Five-arch uni-directional LSC sandwich panel with half of top plate removed for 196 

illustration. 197 

 198 

Figure 7. Grid sphere dome sandwich structure with top plate partially removed for 199 

illustration. 200 
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Four panels i.e. flat plate (F1), uni-directional LSC multi-arch panel (A5-H50), grid sphere 201 

dome panel (S5-H50) and bi-directional LSC square dome panel (D5-H50) are analysed and 202 

the results are compared in the subsequent sections. Parametric simulations are presented in 203 

Section 4 to investigate the influences of size, geometry, material and loading condition of the 204 

square dome panel on its blast resistance capacity.   205 

 206 

Figure 8. Schematic diagram of bi-directional LSC sandwich structure with five square 207 

domes in each direction 208 

3.2 Finite element modelling 209 

The fully integrated shell element with mesh size of 5 mm is used for numerical simulations. 210 

Boundaries of back plate of the panels are assumed to be fully fixed by constraining the nodes 211 

on four edges of the back flat plate in six degrees of freedom. The top face sheet and core are 212 

not constrained. Welded connection is applied for all the interfaces between layers using tied 213 

contact. The blast load applying onto the front flat sheet is simulated using *LOAD BLAST 214 
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ENHENCED keyword, assuming 260 g TNT detonates directly above the centre of the panel 215 

at a 650 mm standoff distance measured from the back flat sheet centre point. The material 216 

model incorporating strain rate effect, i.e. Cowper-Symonds model is used. The material 217 

properties are the same as the ones in the model calibration given in Table 1. The peak reaction 218 

forces at the panel boundaries are calculated as the peak value of the sum of the nodal forces 219 

on each edge by defining the keywords *SET NODE OPTION and *DATABASE NODAL 220 

FORCE GROUP.  221 

3.3 Results and Discussions 222 

Table 3. Peak displacements, internal energy, boundary reaction forces of four forms of panels 223 

Category 

Layer thickness 
(mm) 

Energy 
absorption by 

Core (kJ) 
 

Peak displacement at 
centre of back plate 

(mm) 

Peak boundary 
reaction force (105 

N) 

Top Core Back Fx Fy Fvertical 

F1 - - 5 - 21.7 6.05 6.07 2.31
A5-H50 2 1.29 1.5 1.47 15.4 2.72 1.51 1.36
S5-H50 2 1.53 1.5 0.24 13.9 1.57 1.65 1.60
D5-H50 2 1.20 1.5 1.02 14.2 1.81 1.81 0.71

 224 

Figure 9. Contour of resultant displacement of D5-H50 square dome panel (a) Top layer and 225 

core, (b) Back layer, Unit: meter 226 

Peak displacement contour plots of both the top and back plates of the D5-H50 panel are shown 227 

in Figure 9. Time history curves of displacement at the centre of back plate are shown in Figure 228 
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10. The structural responses of the panels including peak displacement, internal energy 229 

absorption of the top and back layers and peak boundary reaction forces are calculated and 230 

given in Table 3. To keep the total mass of each panel the same, the thicknesses of layers of 231 

each panel are calculated as given in Table 3 with a constant 2 mm and 1.5 mm thickness for 232 

the top and back layer respectively, and varying thickness for the core. The numerical results 233 

show that the peak displacements at the centre point of load-self-cancelling structures i.e. A5-234 

H50, S5-H50 and D5-H50 are reduced to 15.4 mm, 13.9 mm and 14.2 mm respectively as 235 

compared to the peak displacement of 21.7 mm of the flat plate. As shown, the S5-H50 yields 236 

the smallest peak displacement among these panels, followed by D5-H50. This is because S5 237 

and D5 with two-way symmetry of unit cells results in a stiffer structure to deform comparing 238 

with the uni-directional multi-arch panel A5-H50, as can be seen in Figure 10 (a) where the 239 

vibration periods of S5 and D5 are much smaller than F1 and A5. The arches as shown in 240 

Figure 6 can deform much more easily along the x-axis than the y-axis because of the 241 

configuration of uni-directional arch. This can also been seen from the internal energy 242 

absorption of the core, where the A5-H50 holds a much higher value than the other two types. 243 

Furthermore, S5-H50 has a thicker core than the other two panels, resulting in the smallest peak 244 

displacement at centre of the back plate.  245 

As the numerical models including blast loading, boundary conditions, and geometries are 246 

symmetrical, the reaction forces Fx and Fy are taken as the sum of nodal forces on one edge 247 

only. Fz is the vertical reaction force which is taken as the sum of nodal forces in Z direction 248 

on all of four edges. Figure 11 shows the peak values of boundary reaction forces in three 249 

directions of four panels. Due to the geometrical symmetry of the panel F1, S5 and D5, the 250 

peak reaction forces along X and Y directions are very close in value. As given in Table 3, the 251 

reaction forces of A5-H50 uni-directional LSC structure in X and Y directions are 272 kN and 252 

151 kN, respectively, which are around 55% and 75% less than the baseline F1 flat plate. The 253 
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boundary reaction force in vertical directional is reduced by 41.1% to 160 kN. S5-H50 shows 254 

a similar LSC capacity, with a 72.7% reduction of boundary reaction forces in the in-plane 255 

directions and 30.7% reduction in the out-of-plane direction as compared to the flat plate F1. 256 

D5-H50 shows a more significant reduction with the reaction forces in the out-of-plane 257 

direction reducing to 71 kN, which is around 69.3% less than that of F1. The bi-directional 258 

LSC square dome panel (D5) achieves further 47.8% reduction in the out-of-plane boundary 259 

reaction force of the multi-arch structure (A5) and 55.6% less than that of the grid sphere dome 260 

(S5). These observations indicate the bi-directional square dome panel (D5) performs the best 261 

in cancelling blast loads, since the out-of-plane boundary reaction force of D5 is the smallest. 262 

 263 

 264 

Figure 10. (a) Displacement time histories of centre point on back plate for four panels; (b) 265 

Time histories of vertical boundary reaction forces for four panels  266 
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 267 

Figure 11 Boundary reaction forces in X, Y, Z directions and energy absorption by the core 268 

of four types of panels 269 

 270 

Figure 12. Schematic diagram of a typical blast resistant door panel [35] 271 

It is worth noting that the boundary reaction force in out-of-plane direction is the most critical 272 

among those in three principal directions for many blast resistance applications such as blast 273 

resistant door, shield and sacrificial cladding, where the panels are simply supported at the 274 



17 
 

boundary or placed directly on top of the protected structure. An example of blast resistant door 275 

is shown in Figure 12. Under blast loading, the door panel tends to bend inwards with reaction 276 

force exerting on the door frame mostly in the out-of-plane direction rather than the in-plane 277 

directions. The load-self-cancelling mechanism is shown in Figure 13. The blast loading with 278 

extremely short duration (less than 1 ms in this study) is applied onto the front plate. The 279 

loading is then transmitted along the arch and to the intersections of the arches where partial 280 

of the loading is cancelled out by adjacent arches before it reaches the panel supports. Therefore 281 

it reduces the loading transmitted to the back plate and support in the out-of-plane direction. 282 

All LSC structures (A5, S5 and D5) cancelling out partial blast loading at the intersections of 283 

arches or domes, lead to less blast loads being transmitted to the support. The longer and more 284 

evenly spread out of the intersections between arches or domes can lead to a higher LSC 285 

capacity, therefore the square dome panel (D5) has higher efficiency in reducing vertical 286 

boundary reaction force than the sphere domes (S5), in which the intersections between 287 

adjacent unit cells are points instead of lines. 288 

 289 

Figure 13. Schematic diagram of load-self-cancelling mechanism using arch or dome 290 

structure 291 
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 292 

Figure 14. Front view of three panels’ contour plots at their maximum back plate centre 293 

displacements (a) A5-H50; (b) S5-H50; (c) D5-H50; unit: meter 294 

Figure 14 shows the deformation mode of three LSC panels at their maximum displacement 295 

level. The uni-directional multi-arch panel (A5) has the largest displacement for both the top 296 

plate and the core, obvious bending deformation can be spotted for the individual arch 297 

especially those at the middle of the panel. The bi-directional LSC panels (S5 and D5) show a 298 

different damage mode due to the increase in crushing resistance of individual unit. The peak 299 

displacement at the back face plate is smaller and the individual unit cell is more intact. This 300 

can be also confirmed from the energy absorption by the core listed in Table 3, where the core 301 

of A5 absorbs more energy than the core of the other two panels (S5 and D5), indicating larger 302 
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plastic deformation of the core. With a 25% thicker wall of the core, S5 shows a slightly lower 303 

peak displacement of the back plate and a smaller energy absorption than the square dome 304 

panel D5. However, the square dome panel (D5) has better performance in terms of reducing 305 

vertical boundary reaction force than the sphere domes (S5). 306 

4. Parametric Studies 307 

In this section, performances of the LSC square dome panels with different configurations and 308 

parameters are investigated to evaluate their blast resistance capacities. These parameters 309 

include the number of square dome, dome height, layer material. Unless otherwise noted, the 310 

panel considered is 1 m by 1 m with 50 mm arch height subjected to 260 g of TNT equivalency 311 

detonated at 650 mm directly above the centre point of back flat layer, which is the same as the 312 

previous section. The top and back layer thickness is kept constant while the thickness of the 313 

core is varied in order to maintain the same overall mass of the panels. To examine the 314 

performances, the peak displacement, internal energy absorption and peak boundary reaction 315 

forces are extracted and compared.  316 

4.1 Effect of dome number 317 

The panels with different numbers of square domes are discussed in this section. D3, D4, D5, 318 

D6 and D7 represent the number of domes along one horizontal direction, therefore the total 319 

numbers of domes for these panels are 9, 16, 25, 36 and 49, respectively, as listed in Table 4. 320 

The results indicate that in general the peak deflection at the centre of the back layer decreases 321 

with the increase in the number of domes, except the panel D4 and D6. This is because more 322 

dome numbers lead to more connections between the layers. The panel thus becomes stiffer to 323 

bend, even though the thickness of the core decreases slightly with the increasing dome number. 324 

The displacement time histories of the panels are shown in Figure 15. 325 
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Table 4. Peak displacements, internal energy, boundary reaction forces of square dome panels 326 

with varying dome numbers 327 

Category 

Layer thickness 
(mm) 

Energy 
absorption 

by core (kJ) 
 

Peak displacement 
at centre of back 

plate (mm) 

Peak boundary 
reaction force (105 N)

Top Core Back Fx Fy Fz 

D3-H50 2 1.38 1.5 1.22 21.3 1.39 1.4 0.88
D4-H50 2 1.29 1.5 1.12 12.2 2.13 2.13 0.75
D5-H50 2 1.20 1.5 1.02 14.2 1.81 1.81 0.71
D6-H50 2 1.10 1.5 1.16 9.6 2.10 2.10 0.70
D7-H50 2 1.01 1.5 1.29 10.1 2.10 2.11 0.71

 328 

Figure 15.  Displacement time histories of centre point of the back plate (a) for the panels 329 

with different dome numbers; (b) zoomed in for D4-H50 and D5-H50 330 

 331 

Figure 16. Illustration of the centre point location relative to the dome core connections (a) 332 

even and (b) odd number of square domes 333 
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The panels with an even number of dome core, i.e., D4 and D6, show smaller deformation at 334 

the centre point of the back layer as compared to those with odd number of dome core, because 335 

the centre point locates at the interactions between the adjacent domes as shown in Figure 16. 336 

Because four adjacent domes intersects at the centre point, which makes the local stiffness of 337 

the point high, therefore leads to relatively smaller deformation of the point. Whereas the centre 338 

point of the panel with odd number of dome core locates at the centre of a dome, hence there 339 

is no local stiffening effect at the point. Moreover, after short duration of blast loading (less 340 

than 1ms in this study), free vibration occurs. As shown in Figure 15, only global vibration of 341 

the back plate contributes to the centre point displacement response when the core has an even 342 

number of domes, but both the global response and local response modes, i.e., vibration modes 343 

between intersection points, contribute to the displacement responses of the centre point when 344 

the core has an odd number of domes. These are the reasons why the centre point of panels 345 

with odd number of domes experiences relatively smaller deformations. Nonetheless 346 

increasing the number of domes makes the panel stiffer and hence reduces the global panel 347 

deformations.  348 

 349 

Figure 17. Middle plane cross-section views of square dome panels at their peak back plate 350 

centre deflection, (a) D3-H50; (b) D4-H50; (c) D5-H50; (d) D6-H50; (e) D7-H50; units: meter, 351 
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note domes are not cut through for (b) and (d) where the centre planes are located at the 352 

intersection of domes, only top and back plates are shown 353 

The cross-section view of deformation modes of the panels are shown in Figure 17. The peak 354 

boundary reaction forces for D4 to D7 along the both in-plane directions are similar in value, 355 

as given in Table 4 and Figure 18. D3 square dome panel has the lowest peak boundary reaction 356 

forces in the in-plane directions among these panels. This might be caused by the large 357 

deformation and energy absorption of the top plate and the core as shown in Figure 17 (a). 358 

Since the peak reaction force in the out-of-plane direction is more critical in the design as 359 

discussed above, it is of more interests in this study. As shown, the peak out-of-plane reaction 360 

force decreases around 20.5% to 70 kN with the increasing number of domes from D3 to D6, 361 

but increases slightly to 71 kN from D6 to D7. As explained in the previous sections regarding 362 

the mechanism of using arch for load-self-cancelling, the more uniformly distributed loads on 363 

the adjacent domes increase the effectiveness of cancellation and decrease the peak reaction 364 

forces at the boundaries of panels. With the increasing number of square domes, the load can 365 

be distributed more evenly onto the adjacent domes, resulting in a better LSC performance. 366 

However, further increasing the number of domes cannot lead to more effective load-self-367 

cancelling of the panel. As the dome height is set to be fixed, with the increasing number of 368 

domes, the arches of domes are becoming closer to a half circle shape as shown in Figure 17. 369 

The loads transferred to the intersections of the arches decreases, which leads to a reduction in 370 

load cancellation. Another reason is that increasing the number of domes increases the surface 371 

area of core, and its thickness has to be thinned to maintain the same overall mass, which might 372 

decrease the bending stiffness of the whole panel. It can be concluded that increasing the 373 

number of square domes lowers the boundary reaction forces in the out-of-plane direction. 374 

However, this trend is no longer true when the dome base dimension approaches to the dome 375 

height, i.e., the dome shape approaches to a semi sphere. Among the configurations considered 376 
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in the present study, D6-H50 has the best performance, with the smallest peak displacement at 377 

the back face and the smallest out-of-plane peak reaction force. 378 

 379 

Figure 18. Boundary reaction forces in X, Y, Z directions and energy absorption by core of 380 

panels with varying numbers of square domes 381 

4.2 Effect of dome height 382 

In this section, the effect of dome height is investigated. The dome height varies from 30 mm 383 

to 70 mm with 10 mm interval. The peak responses of the panels are given in Table 5, and 384 

illustrated in Figure 19. It is found that the peak displacement at the back decreases with the 385 

increasing height of the domes even though the blast load acting on the panel increases owing 386 

to the reduced stand-off distance from the explosion centre to the panel. The panel D5-H30 has 387 

a similar peak displacement as the baseline F1 flat plate (i.e. 21.9 mm). A relatively limited 388 

load-self-cancelling effect can be observed when comparing with other square dome structures. 389 

As compared with F1, the peak displacement of square dome panel reduces by 25%, 32%, 35%, 390 

37% and 39% for the panels with different dome heights varying from 30 mm to 70 mm, 391 
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respectively. This is because the bending stiffness of the panel increases with the height of the 392 

domes.  393 

Table 5. Peak displacements, internal energy, boundary reaction forces of square dome panels 394 

with varying heights 395 

Category 

Layer thickness 
(mm) 

Energy 
absorption by 

core (kJ) 

Peak displacement 
at centre of back 

plate (mm) 

Peak boundary 
reaction force (105 N)

Top Core Back Fx Fy Fz 

D5-H30 2 1.41 1.5 0.83 16.2 2.36 2.36 0.73
D5-H40 2 1.34 1.5 0.91 14.7 1.88 1.88 0.73
D5-H50 2 1.20 1.5 1.02 14.2 1.81 1.81 0.71
D5-H60 2 1.10 1.5 1.12 13.6 1.40 1.40 0.66
D5-H70 2 1.01 1.5 1.43 13.3 1.12 1.11 0.69

The peak values of boundary reaction forces also decrease with the increase in the dome height 396 

from 30 mm to 60 mm. However further increase the dome height to 70 mm leads to a slight 397 

increase in the boundary reaction forces in the out-of-plane direction as compared with D5-398 

H60. This again can be explained by the dome geometries. The angle of dome at intersection 399 

edge can be calculated as 53 degree, 62 degree and 70 degree for the panel D5-H50, D5-H60 400 

and D5-H70, respectively. The highest dome H70 has the largest angle at the intersection, 401 

which leads to less effective load cancelling performance. Similar to the results presented in 402 

Section 4.1, the more critical vertical component of boundary reaction force first decreases and 403 

then increases slightly with the increasing number of domes, which is also associated with the 404 

change of the angle at dome intersections. Moreover, the LSC panels with higher domes 405 

experience higher overpressure due to the reduction of the distance from the front plate to the 406 

detonation. Furthermore, the panels with higher domes have a larger surface area of the dome 407 

shaped layer, which leads to a reduction on the thickness of the core. These combined factors 408 

affect the LSC capacity of the structure. Similarly, the energy absorption by the core increases 409 

with the rising height of the core as shown in Figure 19. With higher cores, the bending stiffness 410 

of the panel is higher, but the crushing of each individual dome becomes easier due to thinner 411 

dome wall thickness and larger crushing distance. Therefore, less bending of the panel but more 412 
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deformation of the core is observed for the panels with higher domes.  It is found that D5-H60 413 

performs the best among the panels considered in the present study in terms of the effectiveness 414 

of load-self-cancelling of the structure using the out-of-plane peak reaction force as criteria.  415 

 416 

Figure 19. Boundary reaction forces in X, Y, Z directions and energy absorption by the core of 417 

panels with varying heights of square domes 418 

4.3 Effect of blast intensity 419 

Four levels of blast intensities are considered in this section. Four TNT weights of 260 g, 0.5 420 

kg, 1 kg and 4 kg are set to examine blast resistance capacity of the proposed bi-directional 421 

LSC panel. Scaled distance is calculated based on the equation (3) and listed with structural 422 

responses in  423 

Table 6. Peak reflected pressure and positive phase impulse exerted on the front plate are 424 

calculated based on the centre element of the panel. The peak displacement, boundary reaction 425 

forces on the three axes increase with the increment of blast intensity as expected. Increasing 426 

trend of energy absorption by the core with the increase of blast intensities can be observed as 427 

well. 428 
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Table 6. Peak displacements, internal energy, boundary reaction forces of square dome panels 429 

under different blast intensities 430 

Category 

Scaled 
distance 
(m/kg1/3) 

Peak 
reflected 
pressure 
at centre 

(MPa) 

Positive 
phase 

impulse 
(Ns) 

Energy 
absorption 

by core 
(kJ) 

Peak 
displacement at 
centre of back 

plate (mm) 

Peak boundary 
reaction force 

(105 N)

Fx Fy Fz 

D5-H50-
0.26kg 

0.94 5.8 389 1.02 
14.2 1.81 1.81 0.71 

D5-H50-
0.5kg 

0.76 10.4 646 3.04 
21.8 1.98 1.95 1.35 

D5-H50-1kg 0.60 18.4 1096 8.67 46.1 4.94 4.95 3.23
D5-H50-4kg 0.38 50.7 3448 51.7 146 8.39 8.39 11.7

 431 

 432 

Figure 20. Damage modes of (a) D5-H50-0.26kg; (b) D5-H50-0.5kg; (c) D5-H50-1kg; (d) 433 

D5-H50-4kg at their maximum deflections, top plate removed for illustration 434 

Damage modes of square dome panel under different blast intensities are shown in Figure 20. 435 

Both global damage of the panel and localized damage of individual square dome can be 436 

observed for the cases with higher blast intensities. For D5-H50-0.26kg and D5-H50-0.5kg, 437 

only slight global deformation of the panels can be observed. The panel subjected to the blast 438 

loads from the other two cases experience severe localized damage of individual square domes 439 
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at the centre and corners, as well as global deformation. The localized deformation near the 440 

corner under 4kg detonation (Figure 20 d) is caused by the global deformation of the panel 441 

when the panel bends along the both in-plane directions. All the domes are crushed under blast 442 

load from 4 kg explosion, tearing and breakage of the panel appear near the corners of some 443 

individual domes as shown in Figure 20 (d) marked in red circles. The plastic strain of back 444 

plate under blast loading of 4kg explosion is shown in Figure 21, where high plastic strain of 445 

elements at the outer edges and intersections of domes are captured. The line of elements at the 446 

outer edges are eroded due to stress concentration as circled in red. An increase in the damage 447 

of individual square domes and the whole panel can be observed with the increase of blast 448 

intensity.  449 

 450 

Figure 21. Plastic strain of back flat plate of D5-H50-4kg, eroded edge elements are circled in 451 

red 452 

4.4 Effect of different materials 453 

The layers made of different materials are considered in this section. Aluminium alloy Al-454 

2024-T3 is used to replace the core made of steel. Since aluminium alloy shows less evident 455 
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strain rate effect [13], strain rate effect is not considered in the material model and the rest of 456 

the parameters used in the material model are given in   457 

Table 7.  458 

Table 7. Material properties of Aluminium alloy Al-2024-T3 [13] 459 

Property 
Young’s modulus 

(GPa) 
Poisson’s ratio 

Yield stress 
(MPa) 

Tangent modulus 
(MPa) 

Density 
(kg/m3) 

Value 72 0.33 318 737 2680

Structural responses are summarized in Table 8 and shown in Figure 22 and Figure 23. The 460 

centre point peak deflection of back layer increases from 14.2 mm to 16.5 mm by replacing 461 

steel with aluminium alloy core. Similarly, the internal energy absorption of the core made of 462 

aluminium alloy increases 70.6% and the internal energy absorption of back flat layer increases 463 

as well. It is found that the out-of-plane boundary reaction forces increase 42.3% by using 464 

aluminium alloy core. It is because Aluminium alloy is less stiff than steel and it is easier to 465 

deform under the same load, which reduces the load-self-cancelling capability. 466 

 467 

Figure 22. Displacement history of centre point on back plate for panel with different core 468 

materials 469 

 470 
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Table 8. Peak displacements, internal energy, boundary reaction forces of square dome panels 471 

with different core materials  472 

Category 
Layer thickness (mm) Energy 

absorption 
by core (kJ) 

Peak 
displacement at 
centre of back 

plate (mm) 

Peak boundary 
reaction force (105 

N) 

Top Core Back Fx Fy Fz 

D5-S-S 
2  

(steel) 
1.2 

(steel) 
2.5 

(steel) 
1.02 14.2 1.81 1.81 0.71 

D5-Al-S 
2 

(steel) 
1.2 
(Al) 

2.5 
(steel) 

1.80 16.5 1.39 1.39 1.01 

 473 

Figure 23. Contour plots of resultant displacement of D5-H50 square dome panel (a) with 474 

steel core, (b) with aluminium core, Unit: meter 475 

Energy absorption is usually achieved by plastic deformation [8], fracture and friction of 476 

structure [36] during blast or impact event. In this study, the load-self-cancelling structure is 477 

functioned by the arching geometry of the structure and stress propagation after the loading. 478 

The excessive deformation of the core leads to the change of arch shape, which might 479 

undermine load-self-cancelling capability. As illustrated in Figure 23, the panel with 480 

aluminium core experiences a much more severe deformation than the one with steel core. 481 

Hence, the locations with stress concentration and large deformation are suggested to be 482 

strengthened  to maintain load-self-cancelling function by using stiffer material or stiffened 483 

structure such as stiffened multi-arch double layer panels [30].  484 
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5. Conclusion 485 

A bi-directional load-self-cancelling (LSC) square dome sandwich panel is proposed in this 486 

study and its blast LSC effectiveness is numerically demonstrated in the most critical direction 487 

(i.e. out-of-plane direction), after comparing with the flat plate, uni-directional LSC multi-arch 488 

structure and sphere dome structure of the same mass. Up to around 69% reduction in boundary 489 

reaction force is observed as compared with the flat panel. Parametric studies on the number 490 

of square domes, dome height, blast intensity and material are also carried out. It is found that 491 

the panel with more numbers of domes and stiffer domes has better load-self-cancelling 492 

capability. Blast resistance capacity of the panel also enhances with the increase of dome height. 493 

However, further increasing the number and height of domes may reduce the blast resistance 494 

performance of the panel. This new structural form might find applications to fabrication of 495 

sandwich panels to resist blast loadings.  496 
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