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1. Introduction 

 

In recent years, frequently-occurred accidents such as 

explosion (Hao et al. 2016) and fire (Abid et al. 2019, Hou 

et al. 2019) have been caused serious damage on structures. 

In order to analyze the dynamic response under dynamic 

loads, the strain rate effect of material is also needed to be 

considered. The Split Hopkinson Pressure Bar (SHPB) 

experiments on concrete were conducted by Chen et al. 

(2016, 2017), Shi and Chen (2018). The results revealed 

that concrete is a strain rate sensitive material. 

In addition to use better performance steel and concrete 

(Hou et al. 2018a), the set-up of sacrificial layers is also one 

of the ways to improve the blast-resistant capability and 

attenuate the explosive shock (Codina et al. 2017). Foam 

material offers energy-absorption and overpressure-weaken 

properties (Guzas and Earls 2010, Jing et al. 2013, Liang et 

al. 2017, Rashad and Yang 2018). Besides, metal foam 

(Hanssen et al. 2002, Wu et al. 2011, Xia et al. 2016), 

polymeric foam (Langdon et al. 2012, Ousji et al. 2016, 

Chuda-Kowalska and Garstecki 2016, Dear et al. 2017), 

syntactic foam (Pham et al. 2018) as well as foam ceramic 

(Wei et al. 2011, Ye et al. 2018) were used as cladding core, 

attenuation layer or barrier device to against blast, impact 
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and other dynamic loads. 

Foam ceramic is a lightweight, energy-absorption 

porous material, displaying excellent high temperature 

resistance, thermal shock resistance (Zake-Tiluga et al. 

2015) as well as good chemical stability (Li et al. 2008). 

The results of gas explosion experiment and simulation also 

proved that foam ceramics could consume a kinetic energy 

portion of the explosion by deformation as well as weaken 

the maximum overpressure caused by the blast (Nie et al. 

2011, Zhang et al. 2011). 

Due to the difference in raw materials and porosities, 

some kinds of foam ceramics are of lower strength and 

stiffness than foam metal materials, such as aluminum foam 

(Mehr et al. 2016). However, aluminum foam materials 

cannot work well at approximately 200°C or more, due to 

the yield strength sharp decrease (Mondal et al. 2012). In 

addition, aluminum is easy to be corroded in complex 

chemical environments, such as acid or alkali environments, 

while the foams are of worse chemical stability compared to 

the chemical stability of few pores, due to the higher 

specific surface areas being exposed to the aggressive 

media. Therefore, compared to the aluminum foam 

materials, the foam ceramic displayed significantly higher 

temperature resistance and more excellent chemical 

stability. With the development of processing and the 

improvement of ductility, the foam ceramic is suitable for 

applications in protection engineering, as well as for 

comparisons to metal foams. 

To test the dynamic compression properties of clay foam 

ceramics, the SHPB experiments were conducted under 

different strain rates (50 s-1~180 s-1) by Luo (2011) and Li et 
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Abstract.  Foam ceramic materials contribute to the explosion effect weakening on concrete structures, due to the corresponding 

excellent energy absorption ability. The blast resistance of concrete members could be improved through steel-foam ceramics as 

protective cladding layers. An approach for the modeling of dynamic response of steel-foam ceramic protected reinforced concrete 

(Steel-FC-RC) slabs under blast loading was presented with the LS-DYNA software. The orthogonal analysis (five factors with five 

levels) under three degrees of blast loads was conducted. The influence rankings and trend laws were further analyzed. The dynamic 

displacement of the slab bottom was significantly reduced by increasing the thickness of steel plate, foam ceramic and RC slab, 

while the displacement decreased slightly as the steel yield strength and the compressive strength of concrete increased. However, 

the optimized efficiency of blast resistance decreases with factors increase to higher level. Moreover, an efficient design method was 

reported based on the orthogonal analysis. 
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al. (2013). This demonstrated that the closed-cell foam 

ceramics produced strain rate increase effects. The strength 

under dynamic load, such as blast load, was twice the 

strength under quasi-static load. Moreover, the results 

demonstrated that the ideal energy absorption efficiency of 

closed-cell foam ceramics increased as the porosity 

increased. Furthermore, this type of clay closed-cell foam 

was set as the attenuation layer of underground civil 

defense and a large-scale explosion test was performed to 

verify the corresponding decompression capacity by Ye et 

al. (2018). 

The material parameters of foam ceramics, normal 

concrete and steel are presented in Table 1. Based on the 

properties of each material, a new type of steel-foam 

ceramic protected reinforcement concrete (Steel-FC-RC) 

slab was presented. Foam ceramics especially with closed-

cell have smaller modulus of elasticity, higher temperature 

resistance, and relatively high strength. Subsequently, foam 

ceramics could be used for sacrificial layers, in order to 

absorb portions of kinetic energy of blasts through 

conversion into deformation energy. Steels, having high 

strength and high modulus of elasticity, are installed outside 

the sacrificial layers to optimize the ductility of foam 

ceramics, as well as to enhance the rigidity of slabs and 

reflect portions of the shock waves of explosions. 

Reinforced concrete was used as the main structural layer of 

the slabs to sustain the dead and live loads of the structure. 

Based on the finite element analysis (FEA) software 

LSDYNA, the dynamic response of Steel-FC-RC slabs 

under blast load were analyzed. The parametric analysis 

involved of thickness of each layer, the compressive 

strength of concrete, the yield strength of the steel, the foam 

ceramic porosity, the charge quantity and the explosion 

distance. These were studied in order to provide a reference 

for Steel-FC-RC blast-resistant slab design for protection 

engineering applications. 

 

 

2. FEA model 
 

Based on LS-DYNA, a numerical model of Steel-FC-

RC two-way slabs was established. The SOLID164 element 

was used for steel plates, foam ceramics and concrete, while 

the BEAM161 element was used for steel bars (LS-DYNA 

2006). 

 

2.1 Foam ceramic 
 

Clay foam ceramic is a closed-cell porous material, 

proved to have high energy absorption efficiency and 

 

 

 

Fig. 1 Original and simplified stress-strain curves of clay 

foam ceramic 
 

 

relatively high strength under high strain rates (Luo 2011). 

The numerical material model of clay foam ceramic was 

Crushable-Foam, which was used to simulate foam 

materials under dynamic loads, such as impacts and blasts, 

and proved to be reliable (Pinnoji et al. 2010, Krundaeva et 

al. 2016). 

Based on the SHPB compressive experiment results of 

clay foam ceramics by Luo (2011) and Li et al. (2013), the 

simplified stress-strain curve was adopted (Fig. 1), to ensure 

the accuracy and efficiency of calculations. The strengths of 

materials presenting strain rate increase effect under 

dynamic loads, such as impacts and blasts, were higher than 

under quasi-static loads. In order to consider the strain-rate 

increase effect of clay foam ceramic, the maximum stress 

value of 9.41 MPa under the highest strain rate of 180 s-1 

was selected (Luo 2011). The parameters of foam ceramic 

of the basic event are presented in Table 2. 

 

2.2 Concrete 
 

To consider the influence of strain rate (Hou et al. 

2018b, c), the CSCM-Concrete (MAT-159) material model 

was adopted to represent the normal concrete under 

dynamic loading. The plastic surface yield function was 

defined in LS-DYNA as follows (Murray et al. 2007) 

 

𝑓(𝐼1, 𝐽2, 𝐽3) = 𝐽2 − 𝑅2𝐹𝑓
2𝐹𝑐 (1) 

 

Ff is the shear failure surface function, related to the first 

invariant of shear tensor I1; Fc is the cap hardening surface 

function, related to I1 and the cap hardening parameter; 
 

 

Table 2 Values of material parameters of foam ceramic 

Parameter 
Density 

(kg/m3) 

Modulus of 

elasticity (MPa) 

Poisson 

ratio 

Stress-strain 

curve 

Value 930 1192 0.114 Fig. 1 
 

Table 1 Comparison of material parameters of foam ceramic, normal concrete and steel 

Material 
Density 

(g/cm3) 

Modulus of 

elasticity (GPa) 

Compressive 

strength (MPa) 

Allowable working 

temperature (°C) 

Foam ceramic 0.5~0.95 0.1~8 0.5~80 1000~2000 

Normal concrete 

(Kodur 2014) 
2.4 30~35 10~50 300~350 

Steel 7.8~7.9 200 325~440 200~300 
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Table 3 Values of material parameters of concrete 

Parameter 
Density 

(kg/m3) 

Initial 

imperfection 

Compressive 

strength 

(MPa) 

Aggregate 

size 

(mm) 

Value 2400 
Without 

consideration 
40 19 

 

 

 

R is the Rubin three-invariant reduction factor, related to the 

third invariant of shear deviatoric stress tensor J3; the 

Viscoplastic algorithm was adopted at each time step due to 

the strain rate increase effects of concrete. The parameters 

of concrete of the basic event are presented in Table 3. 

 

2.3 Steel plates and bars 
 

The steel plate and steel bars were simulated with the 

Plastic-Kinematic model, considering the strain-rate effect 

and isotropic, kinematic hardening plasticity. The hardening 

yield stress is defined as follows (LS-DYNA 2006) 

 

𝜎𝑆𝑅 = [1 + (
𝜀̇

𝐶
)

1

𝑃

] (𝜎0 + 𝛽𝐸𝑃𝜀𝑃
𝑒𝑓𝑓

)  (2) 

 

C and P are two strain rate parameters, 𝜀̇ is strain rate, 

𝜀𝑃
𝑒𝑓𝑓

 is the effective plastic strain, β is the hardening 

parameter, and EP is the hardening modulus. The parameters 

of steel plates and bars are presented in Table 4 (Zhou et al. 

2017). 

 

2.4 Contacts definition 
 

In order to ensure adequate bonding strength between 

each layer, the polyurethane (PU) adhesive was adopted to 

bond each layer (Silva et al. 2010). The failure of the PU 

adhesive was governed as follows 

 

(
𝜎𝑛

𝑁𝐹𝐿𝑆
)2 + (

𝜎𝑠

𝑆𝐹𝐿𝑆
)2 ≥ 1 (3) 

 

𝜎𝑛 is the normal stress and NFLS is the limit normal 

stress. 𝜎𝑠 is the shear stress and SFLS is the limit shear 

stress. The contacts were defined by Automatic-Surface-To-

Surface-Tiebreak. In this paper, SV8002 PU adhesive was 

used, which performs good adhesive properties on wood, 

metal and rigid foam. The limit normal stress of SV8002 is 

7.6 MPa and the limit shear stress is 9.1 MPa (Luo 2015). 

 

 

According to Xu and Lu (2013), during the blast loading 

phase, the slip effect between concrete and reinforcement is 

little. Although the “slip” may affect the displacement 

responses after the RC member reach its peak response, 

perfect-bond model was also adopted by many previous 

researchers to simplify the numerical models. (Jayasooriya 

et al. 2014, Castedo et al. 2015, Foglar et al. 2017). Thus, 

the contacts among the reinforcement bars and concrete 

were assumed as shared nodes and the relative slippage 

effects were ignored. 

 

2.5 Blast loads 
 

Two different blast load simulation methods mainly 

exist: ALE and ConWep. The ALE method required the 

building of an explosive material model and its possible 

expansion space through Eulerian meshing, while the main 

structures were built through Lagrangian meshing. Through 

the addition of ALE keywords to control the fluid-structure 

coupling, the blast wave effect on the structure could be 

simulated. The ConWep method was adopted to simulate 

the air blast loads in LS-DYNA more efficiently by using 

keyword Load-Blast-Enhanced. 

 

 
3. Validations of FEA modelt 

 

Since there is a lack of air blast experiments of foam 

ceramics currently, a two-step validation of FEA model was 

presented. The material model verifications of foam 

ceramic and concrete were based on the underground 

explosion test carried by Ye et al. (2018). Through the 

aluminum foam consideration, the same properties of 

porousness and energy-absorption effects of foam ceramic 

were demonstrated. The foam was a feasible material to 

validate the air blast model based on the air blast 

experiments conducted by Zhu et al. (2009). 

 

3.1 Material model verification 
 

Compared to the large-scale underground explosion test 

results (Ye et al. 2018), the material models of closed-cell 

foam ceramic and concrete were verified through the ALE 

method, the sketch of the test and the 1/4 FEA model are 

presented in Fig. 2. Charge weight of TNT was 4.75 kg, 

which was buried in the 250 mm thick overlaying soil. 

Below the charge was a 300 mm thick RC anti-penetration 

layer. The compressive strength was 40 MPa, while the 

yield strength of the reinforcement bars was 400 MPa. The 

 

 

Table 4 Values of material parameters of steel bars 

Parameter Density (kg/m3) Poisson ratio Modulus of elasticity (MPa) Yield strength (MPa) 

Value 7830 0.28 2.0×105 
Bars Plates 

400 235 

Parameter 
Hardening parameter 

β 

Strain rate parameter 

C 

Strain rate parameter 

P 
Failure strain 

Value 0 40 5 0.20 
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Fig. 2 Sketch of experiment and FEA model 

 

 

reinforcement with 10 mm diameter and 20 cm × 20 cm 

mesh size were placed in the 1/3 and 2/3 height of the 

concrete slab. The bottom is the foam ceramic distribution 

layer, and the thickness is 30 cm. The sensors buried in the 

observation points in the soil were used to record the 

overpressure time-history (Fig. 1). 

No reflecting boundary was set in the asymmetrical 

sides and the bottom, while the normal constraint boundary 

was set at the symmetry sides. The material models as well 

as the parameters of concrete and foam ceramic were the 

same to the parameters previously described. The material 

model of soil was Soil-and-Foam (Mat-005), while the 

explosive material was selected as the High-Explosive-Burn 

(Mat-008). The equation of state was EOS-JWL (Hafizi et 

al. 2017). In addition, the keyword Add-Erosion was used 

to control the excessive deformity of the materials. 

The comparison of element failure patterns between 

FEA and experiment is presented Fig. 3, while the 

overpressure time histories at various underground depths 

are presented in Fig. 4. 

According to the comparison, the failure patterns of 

FEA were similar to the experiment. The differences of 

underground depth overpressure between FEA and 

 

 

  

(a) Concrete of experiment (b) Concrete of FEA 

 

 

 

 

(c) Foam ceramic of experiment (d) Foam ceramic of FEA 

Fig. 3 Failure patterns of experiment and FEA 
 

 

Fig. 4 Overpressure at different underground depth 

 

 

experiments were less than 15%. Thus, the material models 

of concrete and foam ceramic are reliable for the following 

analysis. 

 

3.2 Air blast verification 
 

Based on the experiments of foam aluminum RC slabs 

(Zhu et al. 2009), the dimensions of foam aluminum-RC 

slabs are presented in Fig. 5. The stress-strain curve and 

material parameters of foam aluminum are presented in Fig. 

6 and Table 5 (CYMAT 2008). The compressive strength of 

concrete was input as 32 MPa, while the yield strength of 

 

 

 
 

 

Fig. 5 Dimensions of foam aluminum-reinforced 

concrete slabs (mm) 

 

 

 

Fig. 6 Stress-strain curve of aluminum foam 

 

 

Table 5 Values of material parameters of Aluminum foam 

Parameter 
Density 

(kg/m3) 

Modulus of 

elasticity 

(MPa) 

Poisson 

ratio 

Stress-strain 

curve 

Value 400 500 0.19 Fig. 6 
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the reinforcement bars was 500 MPa. The charge was set 

above the center of the slabs, while the explosion distances 

were 1500 mm, 1250 mm and 1000 mm, marked as Events 

I, II and III. Also, the RC slabs without aluminum foam 

were set as a control group marked as Event IV. The 

corresponding explosion distance was 1500 mm. 

According to the experiments, the boundary conditions 

of the long sides were set as free, while the edges of short 

sides were set as simply supported. The aluminum foam and 

the other materials were modeled with reference to the 

aforementioned parameters. The contact between each layer 

and the parameters were the same as the parameters 

described in section 2.4. In addition, the ConWep method 
 

 

 

 

 

 

was adopted to define the blast loads. 

Through the consideration of Event III as an example, 

the effective plastic strain results of the numerical 

simulation and the experiment results were compared, as 

presented in Fig. 7. It could be observed from Fig. 7 that 

dynamic deformation response resemblances of the foam 

layers occurred, while the FEA results simulated the similar 

tensile damages near the mid-span of the RC layer. This 

revealed a good agreement between the finite element and 

experimental results. 

Compared to the experiment results, the numerical 

results of the displacement curves of the slab bottom centers 

are illustrated in Fig. 8, while the maximum displacements 
 

 

 
 

 

 

 (a) Experimental results 

 
 

 (b) Simulation results  

 Fig. 7 Comparison of test results with simulation results of Event III 

  

(a) Event I (b) Event II 
 

 

 

 

(c) Event III (d) Event IV 

Fig. 8 Displacement time history curve of central RC slab bottom 

Table 6 Comparison of tested and calculated displacements of central point of slabs 

Event 
Charge weight 

C /g 

Standoff distance 

R /mm 

Foam thickness 

d /mm 

δm /mm 
Error 

Experiment Simulation 

I 8195 1500 75 23.1 23.2 0.5% 

II 8195 1250 75 31.5 35.0 11.1% 

III 8195 1000 75 65.2 56.8 12.9% 

IV 8195 1500 0 33.7 30.7 9.0% 
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of slab bottom centers are presented in Table 6. It could be 

indicated from the results that the slab bottom 

displacements of the simulations agreed well with the 

experiment results, due to the errors below 15%. 

According to the previously presented validations, the 

FEA model was feasible and reliable. Consequently, it could 

be used to analyze the dynamic response of the foam 

protected RC slabs under blast loads. 

 

 

4. Typical event analysis 
 
The FEA models Steel-FC-RC slabs were modeled, 

according to Fig. 9, to analyze the dynamic response under 

blast loads, marked as the basic event. The RC slabs were 

3000 mm × 3000 mm × 120 mm in size. The reinforcing 

bars of 10 mm in diameter were spaced at 120 mm, with 

two-layer and two-way layouts. Also, the aforementioned 

clay foam ceramic was adopted as the sacrificial sandwich, 

of 40 mm in thickness, in the basic event. 

In addition, the 2 mm thick steel plate of 235 MPa yield 

strength was cladded out of the foam ceramic. The weight 

of the charge of basic event was input as 8000 g, while the 

explosion distance was 1 m. The boundary conditions were 

set at every side of the RC slabs. In order to improve the 

simulation efficiency, the 1/4 modeling and the ConWep 

method were adopted, based on the material models. 

 

4.1 Effective strain analysis 
 

The cloud diagrams of foam and RC layers of effective 

strain were output to simulate the damage development as 

presented in Figs. 10-12. 

Fig. 10 present the effective strain of the foam ceramic 

layers. As it could be observed from the diagrams, the 

damage of the foam ceramic expanded its areas uniformly 

from the center to the periphery, and as the blast effect 

weakened, the damage level did not increase significantly 

from 5.5 ms to 15 ms. Fig. 11 presents the effective strain 

 

 

 

Fig. 9 Dimensions of typical blast-resistant two-way slab 

of the top of RC slabs, while the damage mainly occurred 

near the supports, due to the high stress of the edges of the 

RC slab. 15 ms subsequently to the explosion occurrence, 

the central area of RC slab top begun to rebound towards 

the blast surface and new tensile damages occurred. Fig. 12 

presents the effective strain of the RC slab bottom. It could 

be observed that after the slab bottom reached the peak 

displacement at approximately 5.5 ms, the damages in the 

center and diagonals stopped to expand, while a few new 

damages occurred near the angular points subsequently to 

15 ms. 
 

 

 

(a) t = 5.5 ms 
 

 

(b) t = 15 ms 

Fig. 10 Contours of effective strain of foam ceramic 
 

 

 
(a) t = 5.5 ms 

 

 
(b) t = 15 ms 

Fig. 11 Contours of effective strain of RC slab top 
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(a) t = 5.5 ms 

 

 
(b) t = 15 ms 

Fig. 12 Contours of effective strain of RC slab bottom 

 

 

4.2 Displacement analysis 
 

The maximum displacements of the slab bottom centers 

were used as reference points to evaluate the damage level 

by previous researchers (Hou et al. 2018a, Nam et al. 

2010). The displacement cloud diagrams of RC slabs at 1 

ms, 5.5 ms and 15 ms are illustrated in Figs. 13-14. 

 

 

 

 

For the diagrams, in which, the displacement was 

reduced from the edges to the center, the maximum 

displacement occurred at the central area of the slab bottom 

at 5.5 ms at 25.98 mm, while the contours of displacement 

transited from circle to square shapes, due to the clamped 

support of the edges. With the continuous reduction of the 

blast, the displacement decreased, while a positive rebound 

displacement occurred within a large area around the center 

point at 15 ms. 
 

4.3 Maximum stress analysis 
 

Since the tensile damages occurred in the areas that the 

stress reached the strength value, the locations of fracture 

damage could be predicted through the comparison between 

the maximum principle stress and the strength of the 

materials. The maximum-principle-stress (MPS) cloud 

diagrams of each layer are illustrated in Figs. 15-17. 

The MPS in the center of foam ceramic layer was at a 

high level at 1.0 ms, simply after the impulse reached the 

blast surface, whereas the MPS of the RC slab was low. 

With the transmission of explosion waves towards the 

downward layer and the attenuation of the load on the blast 

surface, the principle stress in the central foam ceramic 

layer decreased, while the stress in the RC slabs and the 

vicinity of foam ceramic edges increased. Also, the MPS of 

RC slabs reached the peak level at 10 ms. 

The MPS of steel plate increased gradually at a high 

level from 51.24 MPa (at 1 ms) to 155.45 MPa (at 10 ms), 

which meant that the steel plate had been left intact and 

reliable, before the MPS of RC and foam ceramic reached 

the peak point. At 11.8 ms, the central area of the steel plate 

was damaged, due to the fact that the stress exceeded the 

yield strength (235 MPa) and reached 284.85 MPa. 

 

 

 

 

 
  

 

 

 (a) Top (b) Bottom 

 
 

 (c) Cross section  

 Fig. 13 Contours of normal displacement of RC slab at t = 5.5 ms 

 
  

 

 

 (a) Top (b) Bottom 

 
 

 (c) Cross section  

 Fig. 14 Contours of normal displacement of RC slab at t = 15 ms 
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5. Orthogonal analysis 
 

The analysis of dynamic response demonstrated the 

consistency of maximum principle stress, displacement and 

effective strain of the slabs. The central point displacements 

of the RC slabs bottom were adopted to present a reflex of 

the dynamic response under blast loads. Orthogonal method 

was adopted to analyze the influence of thickness of steel 

plate DSP, thickness of foam ceramic layer DFC, thickness of 

RC slab DRC, compressive strength of concrete fc and yield 

 

 

 

 

 

 

strength of steel bars σs. Besides, Appendix I provide the 

comparison of two different porosity of foam ceramic. 

 

5.1 Orthogonal design and results 
 

Based on the basic event mentioned in Section 4, an L25 

(56) orthogonal statistical analysis on the central bottom 

peak displacement was carried out under three different 

magnitudes of blast loads (C = 8 kg, 12 kg and 16 kg, R = 1 

m), respectively. 

   

(a) t = 1 ms (b) t = 10 ms (c) t = 11.8 ms 

Fig. 15 Contours of maximum principal stress of steel plate 

   

(a) t = 1 ms (b) t = 10 ms (c) t = 11.8 ms 

Fig. 16 Contours of maximum principal stress of foam ceramic 

   

(a) Top, t = 1 ms (b) Top, t = 10 ms (c) Top, t = 11.8 ms 
 

   

(d) Bottom, t =1 ms (e) Bottom, t = 10 ms (f) Bottom, t = 11.8 ms 

Fig. 17 Contours of maximum principal stress of RC slaby 
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Thickness of steel plate DSP: 0, 1, 2, 3, 4 mm; 

Thickness of foam ceramic layer DFC: 0, 20, 40, 60, 80 

mm; 

Thickness of RC slab DRC: 100, 120, 140, 160, 180 mm; 

Compressive strength of concrete fc: 30, 35, 40, 45, 50 

MPa. 

 

 

 

Fig. 18 Range of mean of peak displacements under 

three degrees of blast loads 

 

 

Yield strength of steel bars σs: 235, 300, 400, 500, 600 

MPa. 

Table 7 presents the orthogonal design and its results. 
 

5.2 Range analysis 
 

Based on the results listed in Table 7, the means of peak 

displacement in each level of each factor under three 

different blast loads were filled and are presented in Tables 

8-10, respectively (unit in the tables is mm). Consequently, 

the extreme differences of every column were calculated as 

range results. These are presented in Fig. 18. Moreover, the 

influence factors ranking was sorted according to the size of 

extreme difference of each column. 

As presented in Fig. 18, the range of displacement mean 

of each factor increased as the blast load increased. When 

the DRC increased from Level.1 (100 mm) to Level.5 (180 

mm), the means of the peak displacement at the central 

bottom were reduced by 32.0 mm, 62.0 mm and 92.6 mm, 

under three blast loads. Moreover, for all three degrees of 

blast loads, the concrete slab thickness DRC had the most 

significant influence on the displacement response among 
 

 

Table 7 Orthogonal analysis results of central bottom peak displacement 

Events 

Factors 
Central bottom peak displacement 

(mm) 

DSP 

(mm) 

DFC 

(mm) 

DRC 

(mm) 

fc  

(MPa) 

σs 

(MPa) 
C = 8 kg C = 12 kg C = 16 kg 

OA-1 0 0 100 30 235 93.3 196.9 292.6 

OA-2 0 20 120 35 300 39.3 78.7 136.3 

OA-3 0 40 140 40 400 26.4 41.3 80.0 

OA-4 0 60 160 45 500 17.3 25.6 45.6 

OA-5 0 80 180 50 600 13.2 21.0 29.2 

OA-6 1 0 120 40 500 33.4 57.7 112.7 

OA-7 1 20 140 45 600 22.6 37.0 55.1 

OA-8 1 40 160 50 235 15.6 24.1 45.3 

OA-9 1 60 180 30 300 13.3 21.3 48.5 

OA-10 1 80 100 35 400 33.1 54.9 85.9 

OA-11 2 0 140 50 300 20.3 32.1 65.6 

OA-12 2 20 160 30 400 21.8 34.4 90.3 

OA-13 2 40 180 35 500 13.6 23.0 32.7 

OA-14 2 60 100 40 600 31.3 51.1 81.2 

OA-15 2 80 120 45 235 22.0 49.0 72.7 

OA-16 3 0 160 35 600 16.5 27.5 54.8 

OA-17 3 20 180 40 235 14.1 21.0 53.8 

OA-18 3 40 100 45 300 34.5 55.4 105.0 

OA-19 3 60 120 50 400 21.3 33.9 49.5 

OA-20 3 80 140 30 500 17.9 29.2 47.5 

OA-21 4 0 180 45 400 11.5 17.7 31.9 

OA-22 4 20 100 50 500 33.5 55.8 94.6 

OA-23 4 40 120 30 600 24.1 38.2 65.5 

OA-24 4 60 140 35 235 17.8 28.4 42.6 

OA-25 4 80 160 40 300 13.0 19.4 31.1 
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these factors. In addition, the priorities of influence of the 

factors DSP, DFC, fc and σs sequentially decreased. 

 

 

 

Table 8 Range analysis results for C = 8 kg, R = 1 m 

(unit in table: mm) 

Levels DSP DFC DRC fc σs 

1 37.9 35.0 45.1 34.1 32.6 

2 23.6 26.3 28.0 24.0 24.1 

3 21.8 22.8 21.0 23.6 22.8 

4 20.8 20.2 16.8 21.6 23.2 

5 20.0 19.8 13.2 20.8 21.5 

Range 17.9 15.2 32.0 13.3 11.1 

Influence factor 

ranking 
DRC > DSP > DFC > fc > σs 

 

 

 

 

Table 9 Range analysis results for C = 12 kg, R = 1 m 

(unit in table: mm) 

Levels DSP DFC DRC fc σs 

1 72.7 66.4 82.8 64.0 63.9 

2 39.0 45.4 51.5 42.5 41.4 

3 37.9 36.4 33.6 38.1 36.4 

4 33.4 32.0 26.2 36.9 38.3 

5 31.9 34.7 20.8 33.4 35.0 

Range 40.8 34.4 62.0 30.6 28.9 

Influence factor 

ranking 
DRC > DSP > DFC > fc > σs 

 

 

 

 

5.3 Trend analysis 
 

Due to economic reasons and structural design under 

normal loads, the level of the aforementioned factors could 

not often be increased blindly. Trending analysis (presented 

in Fig. 19) could produce the efficiency of each factor to 

rationalize the selection of these factors. 

It could be observed from Fig. 19 that increasing the 

level of each factor could weaken the displacement 

responses. For all factors, the efficiency of the displacement 

response reduction from the first level to the second level 

was the highest. As each factor increased to higher levels, 

the decreasing rate of the displacement is generally 

decreased. 

Adversely, when C = 16 kg, R = 1 m, the DFC reached 

60 mm and still had high displacement reduction efficiency. 

The quantities of energy that the foam absorbed were 

roughly the same when the foam layer mass was certain. 

 

 

 
Table 10 Range analysis results for C = 16 kg, R = 1 m 

(unit in table: mm) 

Levels DSP DFC DRC fc σs 

1 116.8 111.5 131.9 108.9 101.4 

2 69.5 86.0 87.3 70.5 77.3 

3 68.5 65.7 58.1 71.8 67.5 

4 62.1 53.5 53.4 62.0 66.6 

5 53.1 53.3 39.2 56.8 57.2 

Range 63.7 58.2 92.6 52.1 44.2 

Influence factor 

ranking 
DRC > DSP > DFC > fc > σs 

 

 

 

 

 

  

(a) Thickness of RC slab DRC (b) Thickness of steel plate DSP 
 

   

(c) Thickness of foam ceramic DFC (d) Compressive strength of concrete fc (e) Yield strength of steel bars σs 

Fig. 19 Trend chart of each factor on mean of peak displacement 
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This signified that the thicker foam layers displayed higher 

upper limit of energy absorption. Therefore, as long as the 

blast load was sufficiently high, exceeding the energy that 

the foam could absorb, the DFC increase was still an 

effective way to weaken the displacement responses. 

According to the analysis, it was recommended to 

determine the values of each factor in the order of influence 

ranking (DRC > DSP > DFC > fc > σs). 

An efficient design method was proposed based on the 

orthogonal analysis, consisting of four steps (presented in 

Fig. 20): 
 

Step I: Determination of the initial range of the factors, 

and check whether the slab with factors of lowest levels 

could meet the bearing capacity requirements under 

permanent and variable loads or not. 

 

 

Step II: Verification of whether the slabs with factors of 

maximum levels could meet the displacement requirements 

under blast loads or not. 

Step III: Obtaining the influence factor ranking and 

maximum efficient level of each factor through the 

orthogonal analysis. 

Step IV: Changing the level of each factor sequentially 

in the order of the influence ranking. When the former 

factor reaches the maximum efficient level, then consider 

changing the later factors. Following this practice, the 

efficient design could be obtained as final formula of each 

factor. 
 

Considering C = 16 kg (R = 1 m) as an example. For 

factor DRC, DRC = 140 mm was selected, due to the 

relatively lower reduction rate of displacement when DRC > 

 

Fig. 20 Flow chart of efficient design method of steel-foam ceramic protected RC slabs 
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140 mm. If a higher anti-explosion requirement existed for 

the slabs or a structural limit on DRC, the addition of a 1mm 

steel plate would be the most efficient method. If the 

requirement was further raised, the DFC would be 

considered to be increased until DFC = 60 mm. Similarly, 

when DFC = 60 mm the requirement could still not be met. 

In this case, it would be useful to increase the fc to 35 MPa 

or the σs to 300 MPa. 
 

 

6. Conclusions 
 

The following conclusions could be drawn: 
 

● Dynamic response of Steel-FC-RC slabs under blast 

loading was preliminarily studied by numerical 

simulations. 

● The dynamic displacement of the slab bottom was 

significantly reduced by increasing the thickness of 

steel plate, foam ceramic and RC slab, while the 

displacement decreased slightly as the steel yield 

strength and the compressive strength of concrete 

increased. However, the optimized efficiency of blast 

resistance decreases with factors increase to higher 

level. 

● Based on the orthogonal analysis and within the 

range of factors stated in 6.1, the influence factor 

ranking under three degree of blast load (C = 8, 12 

and 16 kg, R = 1 m) was obtained: DRC > DSP > DFC 

> fc > σs. Besides, the Steel-FC-RC slabs could be 

designed effectively and efficiently following the 

influence factor ranking order. 
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Appendix I 
 

Foam ceramics with different porosities have different 

dynamic compressive strength, different density and 

different stress-strain curves (Luo 2011). In order to analyze 

the porosity influence of foam ceramic on displacement 

responses, based on the basic event, two different porosities 

(64% and 45%) were studied for two different events: C = 8 

kg and C = 16 kg (R = 1 m). 

The parameters of 64% foam ceramic porosity are 

presented in Table 11, while the parameters of 45% foam 

ceramic porosity were previously mentioned in section 2.1. 

In addition, the stress-strain curves of the foam ceramic 

with two different porosities are presented in Fig. 21.  

 

 

 

Fig. 21 Stress-strain curves of foam ceramic with two 

different porosities 

 

 

 

(a) C = 8 kg, R = 1 m 
 

 

(b) C= 16 kg, R = 1 m 

Fig. 22 Displacement time history curves of central points 

with different porosities of foam ceramic 

 

 

The displacement results illustrated in Figs. 22 demon-

strated that, at lower blast load level, as an example, C = 8 

kg and R = 1000 mm, the foam ceramic with lower porosity 

was more capable of reducing the displacement response, 

while the peak displacement was reduced by 13.60%. Also, 

at higher blast load event, such as C = 16 kg and R = 1 m, 

the difference between these two foam ceramics was only 

5.27%.  

The reason was that, although these two foam ceramics 

presented different stress-strain curves, the maximum 

energy that could be absorbed was cut off at an equivalent 

dynamic strength. The maximum energy absorption per 

volume Em could be calculated as follows 

 

𝐸𝑚 = ∫ 0
𝜀𝐷𝜎𝑑𝜀 (4) 

 

The difference of Em between the two different foam 

ceramics was only 13.3% (listed in Table 12). Therefore, it 

could be concluded that, different foam ceramics presented 

different stress-strain curves and dynamic strength, while 

these two parameters were closely related to the energy 

absorption effect, consequently affecting the dynamic 

response of the slabs. 
 

 

 

 

 

 

Table 11 Parameters of foam ceramic of 0.64 and 0.45 

porosity 

Parameter 
Density 

/(kg/m3) 

Poisson 

ratio 

Modulus of 

elasticity 

/MPa 

Dynamic 

strength 

/MPa 

Stress-

strain 

curve 

Value 620 0.108 810 5.01 Fig. 21 

Value 930 0.114 1192 9.41 Fig. 21 
 

 

 

 

Table 12 Peak displacements of central points with different 

foam porosities at different events 

Porosity 

Peak displace- 

ments (mm) 

(C = 8 kg, 

R = 1000 mm) 

Peak displace- 

ments (mm) 

(C = 16 kg, 

R = 1000 mm) 

Em 

(MPa) 

64% 29.9 76.1 1.1 

45% 25.9 72.0 1.3 

Difference 13.6% 5.3% -13.3% 
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