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Abstract 
 

Protective panels are traditionally designed and fabricated with solid materials of huge 

weight to resist blast and impact loadings. This not only increases the material and 

construction costs, but also undermines the operational performance of the protective 

panels. To overcome these problems, many researchers have tried to use high-strength 

materials and different structural forms in structural design to resist high-intensity blast and 

impact loadings.  

 

In this thesis, a new configuration of a double-layered panel with a structural form of 

multi-arch-surface is introduced first. Its blast loading resistance capacity and energy 

absorption capacity are numerically investigated by using finite element code LS-DYNA. 

To calibrate the numerical model, some existing panels with test and numerical simulation 

data reported by other researchers are modeled. The results obtained from the current 

numerical model are compared with existing numerical and testing data. A good agreement 

between them is observed. The calibrated numerical model is used to simulate the dynamic 

responses of the proposed panels with different configurations subjected to blast loadings. 

The peak and permanent displacements of center point of inner layer, internal energy 

absorptions and boundary reaction forces of different panels are calculated and compared. 

It is found that the proposed new multi-arch panel outperforms other forms of panels in 

resisting blast loadings. In order to maximize the structural performance of the multi-arch 

panels, parametric studies are also carried out to investigate the effects of panel 

configurations on the blast resistance capacity of multi-arch panels with the same strucutral 

weight. The optimal design of the proposed multi-arch double-layered panel is determined. 

The optimal design of the proposed panel is compared with the traditional blast door 

design with respect to the damage criteria specified in the existing codes. It demonstrates 

that the panel with this new structural form can sustain higher blast loads.  

 

Experimental tests are conducted to further verify the performance of multi-arch double-

layered panels subjected to uniform impulsive loadings by using a pendulum impact test 

system at the University of Western Australia (UWA) Structural Lab. The uniform 
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impulsive loadings were generated by pendulum striking on the surface of a fully confined 

airbag placed in front of the specimens. The specimens with various configurations were 

designed and tested to investigate the effects of different configurations, i.e. arch height, 

arch number, thickness and different loadings on the structural response to uniform 

impulsive loads. Single-layered flat monolithic steel panels were also tested as benchmark 

panel for comparison to study the efficiency of multi-arch double-layered panel in resisting 

impulsive loadings. The experimental data including air pressure time history acting on the 

front arched layer, displacement time history at the center point on the back flat layer and 

strain history at some representative points on the back flat layer were recorded. The 

deformation modes of specimens are identified and discussed. The experimental data also 

show that the multi-arch panel outperforms the flat monolithic panel in resisting uniform 

impulsive loadings. Numerical models are developed to simulate the experimental tests by 

using LS-DYNA. The predicted data from the numerical simulations are compared with 

the experimental results. A good agreement between the experimental and numerical 

results is achieved. The responses of peak boundary reaction forces are extracted from 

numerical results to further examine the effectiveness of multi-arch panels against uniform 

impulsive loadings.   

 

To further improve the effectiveness of the multi-arch double-layered panel in resisting 

blast loadings, the responses of a five-arch double-layered panel with rectangular stiffeners 

to blast loads are investigated by using LS-DYNA. The numerical results show that the 

stiffened panel outperforms the unstiffened panel of the same mass in terms of the blast-

resistant capacity and energy absorption capacity. Parametric studies are conducted to 

investigate the effects of various stiffener configurations, boundary conditions, stiffener 

dimensions and strain rate sensitivity on the dynamic response to blast loadings. The center 

point displacements, internal energy absorptions, boundary reaction forces and plastic 

strains are compared and the optimal configurations of blast-resistant panel are determined. 

It demonstrates that the strategic arrangement of stiffeners with appropriate boundary 

condition can maximize the reduction of dynamic response of the panels to blast loadings.  

 

The last contribution of this thesis is introducing an innovative sandwich panel equipped 

with rotational friction hinge device with spring (RFHDS) between the outer and inner 

layers to resist blast loadings. This device RFHDS, as a special sandwich core and energy 

absorber, consists of rotational friction hinge device (RFHD) and a spring. The RFHD is 

used to absorb blast energy while the spring is used to restore the original shape of the 

panel. Friction damper, as a passive energy absorber, has been used in earthquake-resistant 
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design to absorb vibration energy from cyclic loading. The use of friction damper in blast-

resistant design to absorb high-rate impact and blast energy, however, has not been well 

explored. In this study, the mechanism of RFHD is studied by using theoretical derivation 

and numerical simulations to derive its equivalent force-displacement relation and study its 

energy absorption capacity. In addition, the energy absorption and blast loading resistance 

capacities of the sandwich panel equipped with RFHDS are numerically investigated by 

using LS-DYNA. It is found that the proposed sandwich panel can recover, at least 

partially its original configuration after the loading and thus maintain its operational and 

blast-resistant capability after a blasting event. In order to maximize the performance of the 

proposed sandwich panel, parametric calculations are carried out to study the performance 

of RFHDS and the sandwich panels with RFHDS. The best performing sandwich panel 

with RFHDS in resisting blast loadings is identified.  

 

The proposed panel configurations in this study might find applications to mitigate blast 

loading effects in protective panel designs. 
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Chapter 1  

Introduction 

 

1.1 Background 

Protective structures, such as protective panels, are widely used in military, industrial, civil 

and commercial applications [1].  

 

With respect to military facilities, protective panels have wide applications on ammunition 

storage magazines, blast barriers, battlefields, defence shelters, aeroplanes and marine 

vessels, etc. Blast-resistant door is a typical application which functions as entrances to the 

defence shelters or ammunition storage magazines for protections of occupants and 

objects inside, and for containments of accidental explosion effects in a particular area [2].  

 

With regard to industrial safety, the potential threats mainly come from mining or 

construction blasting, gas and vapour cloud accidental explosions of chemical plants, gas 

pipelines and offshore topsides [3, 4]. Blast walls are also widely used in industry to protect 

personel, facilicities and equipment, e.g., blast panels have been commonly used to protect 

against hydrocarbon explosion on offshore platforms.  

 

With the increasing terrorist attacks, the public security is threatened. The important 

governmental and civilian structures such as embassy buildings have been intensively 

targeted. The caused damage as shown in Figure 1-1 highlights the interests and necessity 

of community and researchers in using protective panels for blast and impact resistance 

applications.  
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The Pentagon, New York, 2001      TV Station, Bilbao, Spain, 2002 

    
Deepwater Horizon Explosion, 2010          Fuel tank explosion, Saudi Arabia, 2012 

  
Gas explosion, Xi’an, China, 2011                  London Bombings, 2005 

Figure 1-1 Explosion threats 

 

Various protective panels have been used in the design against blast and impact loads. The 

conventional protective panels are traditionally designed and fabricated with solid materials 

of huge weight to resist blast or high velocity impact loads. They rely on mass of high-

density materials to increase their strength and inertial resistance. This not only increases 

the material and construction costs, but also undermines the operational performance of 

the protective structures [5]. Take blast-resistant doors shown in Figure 1-2 as an example, 

the heavy weight makes blast doors difficult to operate and is not necessarily more effective 

in resisting blast and impact loads. It might not be appropriate for general-purpose civil 

infrastructures owing to its poor operability. Therefore, intensive research efforts have 

been spent on the designs with either new materials or new structural forms, or both to 

make the protective structures more general-purpose and lightweight while capable of 
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withstanding the predicted blast load and dissipating the blast energy as shown in Figure 

1-3 [5-9]. The new designs should be light weight, easy operable and cost effective while be 

able to provide similar if not better protection for occupants and objects from the blast and 

impact attacks. 

 

    

 (a) (b) 

     

 (c) (d) 

Figure 1-2 Blast-resistant doors 

(a) Blast door to the bunker in Washington; (b) Blast door to Cheyenne Mountain 

Operations Center (3-foot thick, 25-ton); (c) Blast door (Photo taken by Diefenbunker 

Museum, Canada); (d) Blast door at Minot Air Force Base, ND, USA 

 

 

Figure 1-3 Features of ideal protective structure 



School of Civil and Resource Engineering 

Chapter 1                                                                              The University of Western Australia 

1-4 

1.2 Objective of the study  

This study is undertaken with the aims of  

 

Developing novel structural forms of protective panels (i.e. multi-arch double-layered 

panels, stiffened multi-arch double-layered panels and blast-resistant panels with rotational 

friction dampers) potentially for better energy absorptions and blast and impact loading 

resistance.  

 

Investigating the dynamic response and energy absorption performance of the proposed 

panels under blast and impact loadings by using experimental and numerical 

methodologies. 

 

Undertaking parametric studies to investigate the effects of panel configurations on the 

blast resistance capacity and identify the optimal configurations. 

 

Comparing with some existing panels to examine the effectiveness of these novel panels in 

resisting blast and impact loadings. 

1.3 Thesis organisation 

This thesis comprises seven chapters. Six chapters following the introductory chapter are 

arranged as follows. 

 

Chapter 2 presents an extensive literature review on the state-of-the-art of the dynamic 

response and energy absorption of protective panels subjected to blast and impact loads. It 

covers blast and impact loadings, principles of energy absorption, various structural panel 

forms, numerical and experimental methodologies and corresponding results which have 

been achieved by other researchers. 

 

Chapter 3 presents a new configuration of a double-layered panel with a structural form of 

multi-arch-surface. Its blast loading resistance capacity and energy absorption capacity are 

numerically investigated by using finite element code LS-DYNA. The accuracy of the 

numerical model is calibrated by simulating the responses of some existing panels studied 

by other researchers either numerically or experimentally. The calibrated models are then 

used to perform a series of simulations of the proposed panel with various configurations 

subjected to blast loadings. In addition, parametric studies are carried out to investigate the 
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effects of panel configurations and blast loading conditions on the blast resistance 

capacities and energy absorption capacities of multi-arch double-layered panels. Peak and 

permanent displacements, internal energy absorption and the boundary reaction forces are 

extracted and compared to examine the effectiveness of different panel designs on blast 

resistance capacities.  

 

To verify the performance of the multi-arch double-layered panel proposed in Chapter 3, a 

series of experimental tests were conducted by using a pendulum impact test system at the 

University of Western Australia Structural Lab. Chapter 4 reports the tests on fourteen 

specimens under multiple impacts that were conducted to investigate the structural 

response to the uniform impulsive loadings. The experimental results including air pressure 

history acting on the arched layer, displacement history at the center point on the inner 

layer and strain history at some representative points on the inner layer are presented. The 

deformation modes of specimens are reported and discussed. The effects of different 

configurations i.e. arch height, arch number and thickness on the structural response to the 

uniform impulsive loadings are investigated. In addition, numerical models are developed 

to predict the multi-arch panels’ response to uniform impulsive loadings by using LS-

DYNA. The predicted data from the numerical simulations are compared with the 

experimental test results to calibrate the reliability of numerical model. The response 

quantities that are difficult to be measured in experimental tests such as peak boundary 

reaction forces are extracted from the numerical results to examine the effectiveness of 

multi-arch panels against uniform impulsive loadings. Smaller boundary reaction forces will 

make the design of the supports relatively easier, especially when panels are used in blast 

door designs.  

 

In Chapter 5, to further improve the effectiveness of the multi-arch double-layered panel in 

resisting blast loads, rectangular stiffeners are configured strategically on the five-arch 

double-layered panel to mitigate the possible damage due to these stress concentrations, as 

well as the damage caused by buckling of both layers under blast and impact loads. The 

blast resistant and energy absorption capacities of stiffened and unstiffened panels of the 

same total weight are analyzed to study the effectiveness of using stiffeners in improving 

the blast load resistance capacities of the double-layered panels. In addition, a series of 

parametric studies are carried out to investigate the effects of rectangular stiffener 

configurations, i.e. stiffener layout and stiffener section size, boundary condition and strain 

rate sensitivity on the structural response of panels to blast loadings.  
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The primary drawback of using large plastic deformation in blast door panel design is that 

it might endanger the operable capacity of a blast door panel as large plastic deformation 

might make the door not be able to be opened after an extreme event. Therefore, Chapter 

6 presents a new sandwich panel equipped with rotational friction hinge device with spring 

(RFHDS) between the outer and inner layers to resist blast loadings. The device RFHDS, 

as a special sandwich core and energy absorber, consists of rotational friction hinge device 

(RFHD) and spring. The RFHD is used to absorb blast energy while the spring is used to 

restore the original shape of the panel. The mechanism of RFHD is investigated by using 

theoretical method and numerical simulations. The energy absorption and blast loading 

resistance capacities of the sandwich panel equipped with RFHDS are numerically 

investigated. Parametric studies on both the RFHDS itself and the sandwich panel with 

RFHDS are also performed to investigate the effects of preload on bolt assembly, friction 

coefficient, spring stiffness of RFHDS, layout of RFHDS, thicknesses of layers, and 

preload on bolt assembly on blast load resistance capacities of the sandwich panel.  

 

Finally, concluding remarks are made in Chapter 7, along with suggestions for future work. 
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Chapter 2  

Literature Review 

 

2.1 Overview 

This chapter presents a literature review on the state-of-the-art of protective panels with 

respect to their blast and impact resistance, as well as energy absorption.  

 

The literature review covers 1) blast and impact loadings; 2) principles of energy 

absorption; 3) various forms of protective panels including sandwich panels, curved panels 

and stiffened panels, etc; 4) experimental investigations; 5) numerical simulations; 6) 

corresponding results which have been achieved by other researchers. 

2.2 Blast and impact loadings 

Blast and impact loadings due to accidental explosions and various collisions are extreme 

loadings. The extreme loadings can be classified into quasi-static, impulsive and dynamic 

loading. Quasi-static loading comes up when the duration of loading is much longer than 

the natural period of a structure. Impulsive loading such as blast loading occurs when the 

duration of loading is greatly less than natural period of a structure. Dynamic loading 

transits between the previous two regimes [10].  

 

Explosion is a chemical process that causes a very fast and considerable pressure increase 

[11]. There are two main sorts of blast scenarios, i.e. unconfined and confined explosions. 

The unconfined explosion is sub-classified into free air burst explosion, air burst explosion 
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and surface burst explosion. The confined explosion is sub-classified into fully vented 

explosion, partially confined explosion and fully confined explosion [12, 13]. Figure 2-1 

shows the typical blast pressure-time history for free air explosion which is characterized by 

short-duration in the order of milliseconds, intensive pressure in the range of 107 ~ 109 Pa. 

The amplitudes of blast loading are determined by the scaled distance (Z)  and the incident 

angle. The scaled distance is defined as 3/1/WRZ  , where R is the standoff distance in 

meters and W is the amount of TNT equivalent in kilograms [13]. Under the impact or 

blast events, the inertia and strain-rate effects become important factors for structural 

response, which is different from the quasi-static scenario [14]. 

 

 

Figure 2-1 Typical free air explosion pressure-time history [12] 

 

Some manuals and handbooks for blast-resistant analysis and design are available in the 

existing literatures. Unified Facilities Criteria Manual (UFC 3-340-01, 2002 [12] superseded 

TM5-855-1, 1986), i.e. Design and Analysis of Hardened Structures to Conventional 

Weapon Effects, is used to design hardened structures to resist the conventional weapons 

effects. The response limits criteria are given as ductility ratios and support rotations, which 

are not in excess of 10 and 2 degree for the safety requirement of personnel and 

equipment, respectively. Unified Facilities Criteria Manual (UFC 3-340-02, 2008 [13] 

superseded TM5-1300, 1990), i.e. Structures to Resist the Effects of Accidental Explosions, 

is commonly used to guide the design with regards to explosive safety applications. It is 

popularly used by military and civilian organization for structural design to resist blast 

loads. ASCE Manual 42 (1985) [15] provides guidance in the design of structures to resist 

nuclear weapon effects. Unified Facilities Criteria Manual (UFC 4-010-01, 2012) [16], i.e. 

DoD Minimum Antiterrorism Standards for Buildings, is aimed at meeting with minimum 

antiterrorism standards for buildings. ASCE Guidelines for Blast-resistant Buildings in 

Petrochemical Facilities (1997) [17] provide detailed information and guidelines on the 

design of industrial blast-resistant structures, especially on petrochemical facilities. ASCE 
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Structural Design for Physical Security (1999) [1] covers a range of topics including threat 

assessment, structural response and corresponding design, etc. FEMA426 Manual (Federal 

Emergency Management Agency, 2003) [18], i.e. Reference Manual to Mitigate Potential 

Terrorist Attacks against Buildings, provides the starting points for people who wish to 

learn how to design protective structures. FEMA428 [19] presents four categories of 

terrorist bombing scenarios, i.e. luggage bomb, automobile bomb, van bomb and truck 

bomb. Their TNT equivalent weights are about 25kg, 115 kg, 680kg and 6800kg, 

respectively. Their minimum stand-off distances have been identified from Figure 2-2 to 

ensure the safety of personnel and structures at certain levels. Unified Facilities Guide 

Specifications (UFGS 08 39 53, 2006 & UFGS 08 39 54, 2009) [20, 21] provide detailed 

guidelines for the design of blast resistant door. Some handbooks are handful for engineers 

and researchers and also beneficial for those who want to step into this field. A handbook 

written by Biggs [22] on structural dynamics with special attention to blast effects and their 

mitigation. A handbook written by Jones [23] concentrates on the impact behaviour of 

structures such as beams plates and shells. A handbook for blast resistant design of 

buildings guides the design of the important elements of the building to satisfy standards 

and codes [24]. A handbook named Modern Protective Structures [25] provides guidelines 

for the analysis, design, assessment, retrofit, and research of protected structures. 

 

Figure 2-2 Terrorist bombing scenarios from FEMA [19] 

2.3 Principles of energy absorption  

With the design guidelines and manuals, diverse protective structures have been put 

forward to resist blast and impact effects. Although the design varies with different 
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purposes and applications, the fundamental principles of energy absorption are universal 

for most applications [14].  

 

First of all, the energy absorption systems should be designed with lightweight and high 

energy absorption ability. Cellular core [26] such as aluminum foam is a good example with 

respect to energy absorption capacity per unit weight. Secondly, as the energy absorption 

components are often one-shot items, they should be replaced easily after the explosion 

event. Moreover, the manufacture, installation and maintenance of the new design should 

be cost-effective. For example, sacrificial claddings [27] are replaceable after blast events. 

Thirdly, the extreme dynamic loads from explosions are often associated with uncertainties 

in their magnitude, direction and distribution. The designed protective structures should 

perform well to resist these uncertain loading conditions. Last but importantly, input 

energy acting on the structure should be converted irreversibly. That is to say, most of the 

input energy should be dissipated by plastic deformation, rather than elastic deformation. 

Therefore, most of the input energy are usually dissipated by means of large deformations 

of structures and materials such as plastic deformation and viscous deformation, as well as 

energy absorption by friction or fracture [14]. 

2.4 Overview of protective panels and energy absorbers 

Based on the fundamental principles of energy absorption, various energy absorbing and 

passive damping systems such as sandwich panels, curved panels, stiffened panels, 

profiled/corrugated panels, friction dampers, sacrificial cladding and soft support have 

been reported in the existing literatures.  

2.4.1 Sandwich panels 

Sandwich structures are efficient energy absorption systems [28]. Typical sandwich panel 

consists of two thin stiff face-sheets and various thick cores, which absorb blast energy and 

resist blast loads through compressibility of the cores and plastic deformation of the face-

sheets. The bending stiffness of sandwich structure is greater than that of  monolithic 

structures of the same weight [29]. Sandwich panels have been intensively investigated over 

recent decades. Zhu, et al. [30] comprehensively reviewed the topologies of sandwich cores 

which are shown in Figure 2-3. The cores are made of lightweight materials such as metal 

and polymer foam, lattice materials etc. The existing products including HEXWEB [31], 

ALPORAS [32] and CYMAT [33] are available to be employed as sandwich core in the 

sandwich panels design. 



School of Civil and Resource Engineering 

Chapter 2                                                                              The University of Western Australia 

2-5 

 

Figure 2-3 Overview of sandwich core topologies [30]  

 

To resist very large blast loads, steel and concrete are commonly used materials in the 

traditional blast-resistant panel design and construction. The steel-concrete-steel (SCS) 

sandwich panels such as bi-steel have been demonstrated effective in resisting blast loads 

by combining the advantages of high strength of steel and inertia of in-filled concrete [2, 

34]. In such designs the J-hook shear connectors [35] are usually introduced to prevent the 

separation of steel face plates from concrete core as a result of the shock wave generated 

by blast loads. However, the SCS design of blast-resistant door panels in bulky and solid 

way leads to poor operational performance and high cost. In Chapter 6, rotational friction 

damper, as a special core, is proposed to be installed inside the sandwich panel. It might 

provide notable energy absorption. The literature review about friction dampers will be 

covered in Section 2.4.4. 

2.4.2 Curved panels 

Curved panels to resist blast loadings have also been reported in the existing literature. 

Curved panels are generally stronger and stiffer than other structural forms as they can 

effectively resist external loads by virtue of their spatial curvature [36]. Curved sandwich 

panels with metallic face-sheets and foam core against blast loadings were investigated 

experimentally and numerically[8, 37]. It is found that the curved sandwich panels 

outperform the flat sandwich plate and equivalent solid counterpart in mitigating blast 

loading effect. The effect of panel curvature on the blast response of curved aluminum 

panels shown in Figure 2-4 was experimentally investigated by using shock tube facility 

[38]. The curved panel with smaller radius of curvature experiences the least plastic 
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deformation and yielding. The blast-resistant responses of curved RC blast door under 

single and multiple blast loadings were investigated experimentally and numerically. Its full 

scale in-situ tests were also carried out [39]. UFC 3-340-02 [13] presents compression and 

tension arched blast doors which are  illustrated in Figure 2-5. Doubly-curved sandwich 

panels were also developed by studying their dynamic response to blast loadings [40]. In 

summary, the research community have been paying more and more attention on the 

research of curved panels. It is anticipated that curved panels have great potential to be 

used in engineering applications.   

 

Figure 2-4 Flat and curve panels [38] 

  

 

(a) 

 

(b) 

Figure 2-5 Arched blast doors (a)Compression; (b)Tension [13] 
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2.4.3 Stiffened panels and profiled/corrugated panels 

Stiffened panels and profiled/corrugated panels are lightweight and high-strength structural 

elements, which have been widely used in design and construction of buildings, blast-

resistant doors, defence shelters and offshore topsides etc.  

 

     

 (a) (b) 

Figure 2-6 Photographs of stiffened panels  

(a) Stiffened flat panel [41] ; (b)Stiffened curved panel (San Diego Composites, 2011) 

 

Figure 2-6 shows the stiffened flat and curved panels. The behaviours of stiffened panels 

against blast loadings have been intensively investigated. As reported, the stiffened panels 

have better performance than the unstiffened panels. An optimal layout of stiffeners was 

determined by comparing three stiffened plates with equivalent unstiffened plate [42]. 

Possible failure modes were reported by Nurick, et al. [43] after conducting experimental 

and numerical studies on fully built-in singly stiffened plates under blast loadings. As 

shown in Figure 2-7, the quadrangular plates with five stiffener configurations (e.g. 

unstiffened, single, double, cross and double cross stiffened) were experimentally and 

numerically investigated under both uniform and localized blast loadings. Both 

temperature-dependant material properties and strain rate effect were incorporated in the 

numerical model. The stiffener configuration was found to have more effect on the 

response to the localized blast loadings and the influence of the stiffener size on the 

performance of stiffened panel was important [44, 45]. Goel, et al. [46] conducted 

numerical investigations to examine the effect of ten stiffener configurations on the 

dynamic response of rectangular flat layer to blast loadings. It is reported that the stiffener 

layout and strain rate consideration governed the response of the plates to blast loadings. 

Hsieh, et al. [3] investigated the blast resistance of a door structure with multiple inter-

stiffeners by using finite element analysis and static stiffness experiment. It is shown that 
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the increase of the depth and web thickness of the stiffeners can reduce the deflection of 

the stiffened door significantly. Pan and Louca [47] carried out experimental and numerical 

studies on stiffened plates subjected to hydrocarbon explosions. It was reported that the 

contribution of stiffeners was mainly influenced by the second moment of the cross 

section. A typical blast wall and a tee-stiffened panel subjected to hydrocarbon explosions 

were numerically investigated and correlated with the experimental work in [48]. The 

effects of peak pressure, shape of pressure-time curve and boundary restraints on the 

response of panel were investigated in the parametric study [48]. The effects of parameters 

such as plate slenderness ratio, plate aspect ratio and cross-sectional area ratio on the load 

carrying capacity and the failure mode of the tee-stiffened panels were also presented in 

[49].  

 

 

Figure 2-7 Photographs of deformed stiffened plates [44] 

 

        

 (a) (b) 

Figure 2-8 Photographs of profiled/corrugated panels 

(a) Deformed corrugated blast wall panel [50];  

(b) Typical profiled blast wall (Mcdermott Batam Yard 2004) [51] 
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Profiled/corrugated panels shown in Figure 2-8 have been applied to blast wall designs to 

provide safety barrier for personnel and critical equipment. The response of blast barriers 

subjected to hydrocarbon explosions was analysed by using nonlinear finite element 

analysis and compared with the design guide (Technical Note 5) [52]. The response of steel 

profiled barriers without and with passive impact barrier systems placed at a certain offset 

behind the barriers subjected to hydrocarbon explosions has been investigated [53, 54]. 

Louca, et al. [4] briefed their work on corrugated panels and stiffened plates used in 

offshore platform subjected to hydrocarbon explosions. It is reported that the relative 

stiffness of stiffener and plate, boundary conditions [55] and load level have significant 

effect on the structural response of stiffened plates and corrugated panels to impulsive 

loading.  

2.4.4 Friction dampers 

 

Figure 2-9 Various friction damper devices from DAMPTECH [56]  

 

As mentioned in Section 2.3, the energy absorption due to large plastic deformation is 

effective for ductile materials such as metals and polymers, etc. However, the drawback of 

using large plastic deformation, taken blast door panel for example, is that it might 

endanger the operable capacity of a blast door panel as large plastic deformation might 

make the door not be able to be opened after an extreme event.  Friction dampers in lieu 

of friction can provide notable energy absorption with proper design of structural 

movement mechanisms. Energy absorbing devices have been extensively used for 

attenuation of dynamic responses of structures subjected to earthquake, wind gusts, wave, 

machinery vibration, shock and impact loads. Two main categories of energy absorbing 

devices are active and passive damper devices [57]. Because blast loading acts in very short 
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duration, usually in an order of milliseconds, active device is in general not suitable for 

mitigation of blast loading effect. Friction damper, as a passive damper device, can provide 

effective energy absorption potential whilst it can be easily installed and maintained at 

relatively low cost [58]. Figure 2-9 shows samples of friction damper from DAMPTECH 

[59]. Passive friction dampers have been investigated experimentally and numerically under 

cyclic loading and used in earthquake-resistant design [56]. Many of them have been 

employed in structures to dissipate seismic energy. However, studies of the effectiveness of 

using friction dampers in mitigating blast loading effects are very limited although the 

rotational friction dampers might find potential use in blast-resistant designs.  

2.4.5 Sacrificial claddings and soft supports  

Sacrificial cladding is a protective structure which can protect the main structure through 

its plastic deformation or even failure. It is a useful mean for protection although it needs 

be replaced after the explosion event. Typical sacrificial claddings include corrugated steel 

layer cladding [60], tube-core cladding [61] [62] and double-layer foam cladding [27]. An 

example of tube-core sacrificial cladding is shown in Figure 2-10.  

 

 

Figure 2-10 Schematic diagram of a tube-core sacrificial cladding structure [62] 

 

Soft support is another possible way to absorb blast energy. UFC 3-340-02 [13] provides 

four spring types which have been used for various shock isolating devices. They are 

Helical Coil Springs (formed by steel bar sections or wires coiled into a helical shape), 

Pneumatic Springs (function due to the resilience of compressed air.), Liquid Springs 

(consist of a viscous liquid in a piston rod and cylinder arrangement) and Solid Elastomeric 

Springs (made of solid rubber like materials). Double-layered plate with spring connectors 

combined with soft support were investigated both experimentally and numerically to 

mitigate blast and impact effects [63]. Both flat-type and arch-type concrete-filled steel blast 
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doors with springs and dampers were numerically demonstrated to effectively increase the 

blast-resistant capacity [64]. Du, et al. [65] have also concluded that spring and damper 

supports can effectively mitigate the blast loading effect.  

2.5 Experimental investigations 

This section consists of two parts. One is a brief summary of experimental techniques and 

facilities. The other covers post-test observations on monolithic structures and sandwich 

structures, i.e. modes of deformation and failure and quantitative results.  

2.5.1 Experimental techniques and facilities 

Lu and Yu [14] have briefly reviewed the impact test techniques and facilities such as 

pendulum, drop weight, inclined sled, gas guns, Split Hopkinson Pressure Bar (SPHB), 

explosives and electromagnetic acceleration etc, which can simulate real impact events 

reasonably well. A sled testing facility and a pendulum testing facility are shown in Figure 

2-11. 

 

          

 (a) (b) 

Figure 2-11 Experimental facilities for impact tests 

(a) Sled testing facility at Cranfield Impact Centre [14];  

(b) Pendulum testing facility at Cranfield Impact Centre [14, 66] 

 

Radford, et al. [67] introduced an experimental technique of using metal foam projectile to 

simulate intensive pressure pulses. The applied pressure mimics shock loading with peak 

pressures in the order of 100MPa and loading time of 10 microseconds. The metal foam 

projectile is a convenient experimental tool for the ranking of shock resistance of 

structures. A pendulum impact testing methodology was developed by Gabauer, et al. [68] 
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for the evaluation of two-post sections of strong post w-beam barrier. Neuberger, et al. 

[69] investigated the response of clamped circular plates subjected to close-range large 

spherical blast explosions by using the set-up shown in Figure 2-12 (a). King, et al. [70] 

used a shock tube to simulate a blast in the laboratory which is shown in Figure 2-12 (b). 

 

      

 (a) (b) 

Figure 2-12 (a) Photograph of explosion set-up [69]; (b) Photograph of shock tube [70] 

 

Uniform impulsive loadings have been generated by different ways in testing. Nurick, et al. 

[71] experimentally investigated the behaviour of sandwich panel subjected to “uniform” 

loadings which were generated by detonating explosive and directing the blast through a 

tube towards the target. The deformation and tearing of uniformly blast-loaded plates were 

recorded. Yuen and Nurick [44] conducted the experimental and numerical investigations 

on the response of quadrangular stiffened plates subjected to uniform impulsive loadings. 

The uniform impulsive loadings were generated by using plastic explosive placed on 

polystyrene foam pad. The generated impulse imparted on the plates was measured by 

means of two-cable pendulum [72] or four-cable ballistic pendulum system [6, 71] shown in 

Figure 2-13. The blast pressure exerted on the specimen can be estimated according to the 

oscillation amplitude and rotation angle of the pendulum.  

 

  

(a) 

Enlarged view
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(b) 

Figure 2-13 (a) Two-cable pendulum [72]; (b) Four-cable pendulum [6, 71] 

 

As shown in Figure 2-14, some experimental facilities including drop weight test rig, 

pendulum rig and spring actuated catapult are currently available for dynamic testing in 

UWA. Various instruments including displacement transducer LVDT, pressure 

transducers, accelerometer, strain gauges, high-speed camera and high-speed data 

acquisition system are also available, some of which are shown in Figure 2-15. 

 

       

 (a)  (b)   (c) 

Figure 2-14 Experimental facilities currently available for dynamic testing in UWA  

(a) Drop weight test rig; (b) Pendulum; (c) Spring actuated catapult 
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(a) (b)   (c )  

(d) (e) (f)   

Figure 2-15 Instruments currently available for dynamic testing in UWA 

(a) The Keyence LB-70 LVDT [63]; (b) Strain gauge; (c) Pressure transducer; (d) high 

frequency data acquisition system NI USB-6363 board [73]; (e) high frequency data 

acquisition system NI USB-9237 board [73]; (f) MotionblitzCube high speed camera 

2.5.2 Post-test observations 

Intensive studies have been undertaken to investigate the behaviour and structural response 

of protective structures including beams and panels subjected to impact and/or blast 

loadings. Deformation and failure modes of panels and quantitative results after testing 

have been reported. 

 Monolithic structures 

Menkes and Opat [74] conducted a series of experimental tests by using sheet explosive 

applied to clamped beam with neoprene buffer. As illustrated in Figure 2-16 (a), three 

distinct damage modes were first observed when the impulse intensity was gradually 

increased. Three modes of damage are Mode I (large inelastic deformation), Mode II 

(tensile tearing at or over the support) and Mode III (transverse shear failure at the 

support). Similar deformation and failure modes were also observed for both circular and 

square plates. Olson, et al. [75] investigated the deformation and failure of fully clamped 

square plates subjected to uniform impulsive load. Three failure modes are illustrated 

schematically in Figure 2-16 (b). The results from their experimental and numerical 

investigations showed that the plates exhibited the same modes of failure. Large ductile 

deformation, tensile tearing at supports and transverse shear at supports, corresponding to 

Mode I, Mode II and Mode III respectively, were observed for the square plates.  



School of Civil and Resource Engineering 

Chapter 2                                                                              The University of Western Australia 

2-15 

 

     

 (a) (b) 

Figure 2-16 Failure modes transiting from Mode I to Mode III 

(a) Beam [74]; (b) Blast loaded square plates [75] 

 

Teeling-Smith and Nurick [76] carried out experimental study on the fully clamped circular 

plates subjected to uniform impulsive load. As illustrated in Figure 2-17, Mode I can be 

characterized by the amount of deflection observed at the mid-point of the plate. The 

threshold for Mode II was taken as the impulse intensity where tearing can be observed 

and Mode III can be characterized by a well-defined shear failure occurring at the supports 

with no significant deformation in the central section. Nurick, et al. [77] observed necking 

and subsequent tearing at the boundary of clamped circular plates subjected to uniformly 

loaded air blasts. Mode I was further divided into Mode I (no visible necking at the 

boundary), Mode Ia (necking around part of the boundary) and Mode Ib (necking around 

the entire boundary). Similarly, Nurick and Shave [78] reported the experimental results for 

clamped square plates subjected to impulsive loadings and subdivided Mode II into three 

phases: Mode II*(partial tearing at the boundary), Mode IIa (complete tearing with 

increasing mid-point displacement) and Mode IIb (complete tearing with decreasing mid-

point displacement).   

 

Nurick and Martin [79], [80] reviewed the experimental works and theoretical predictions 

on the deformation of thin plates subjected to impulsive loadings and provided a useful 

guideline for predicting deflections of impulsively loaded plates. When the displacement of 

plate reaches or exceeds the order of the plate thickness, the membrane forces are 
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introduced to stiffen the structure, which reduce significantly the plate displacement. Jones, 

et al. [81] undertook the experimental investigation to study the behaviour of fully clamped 

rectangular plates when subjected to uniformly distributed impulsive velocities. The 

maximum permanent deflections were observed from 0.2 to nearly 7 times the 

corresponding plate thicknesses. Yu and Chen [82] theoretically predicted the final plate 

displacement, which coincided excellently with the corresponding experimental results for 

the displacement up to 5~10 times the plate thickness.  

 

 

(a) 

 

(b) 

Figure 2-17 Photographs of plates illustrating the transition between the failure modes  

(a) Mode I ; (b) Mode II and Mode III [76]  

 Sandwich structures 

Radford, et al. [83] investigated the structural response of several different types of 

sandwich beams as compared to monolithic beams. As illustrated in Figure 2-18, several 

sandwich beams comprising of corrugated cores, pyramidal cores and aluminium foam 

were subjected to impact loadings. The test results show that the pyramidal sandwich beam 

is the weakest of the sandwich beams in the shock resistance. The deflected profiles of the 

beams are illustrated in Figure 2-18.  

 

Nurick, et al. [71] compared honeycomb sandwich structures to mild steel plates with an air 

core under uniform blast load. The results reveal that beyond a certain impulse level, the 

flat layer displacements of the honeycomb sandwich panels are lower than that of the air 

core plates. It is because the sandwich panels are heavier and the honeycomb core 

absorbed more energy through crushing and bending. However, it is observed that under a 

certain impulse level, the flat layer of the honeycomb sandwich panels deforms more than 

that of the air core plates and this is due to load transfer through the honeycomb cores. 



School of Civil and Resource Engineering 

Chapter 2                                                                              The University of Western Australia 

2-17 

Langdon, et al. [6] investigated the response of sandwich structures with composite face 

sheets and polymer foam cores to localized blast loadings. It is observed that the sandwich 

panels exhibit much lower permanent displacements than the steel plates due to the high 

degree of elasticity in the face-sheets. With the increasing impulse, the sandwich panels 

exhibit failure patterns such as front face-sheet delamination, core compression, back face-

sheet delamination, fibre fracture, core fragmentation, plastic deformation, debonding of 

the back face-sheet and complete core penetration. The panels with denser cores are 

observed to exhibit lower levels of damage. Sandwich structure with a cellular metal core 

has been experimentally and numerically demonstrated as a suitable option for deflection-

limited designs to resist air blast loads by Dharmasena, et al. [84]. Xue and Hutchinson [85] 

found that square honeycomb and folded plate cores outperform truss cores, but all three 

types of sandwich plates are capable of resisting larger blasts than the monolithic plate with 

the same mass. 

 

 

Figure 2-18 Deflected profiles of various beams [83] 

 (Top left) Monolithic beams; (Top right) Corrugated core sandwich beams; (Bottom left) 

Aluminium foam core sandwich beams; (Bottom right) Pyramidal core sandwich beams [83] 

 

Zhu, et al. [86] and Shen, et al. [8] conducted a large number of experiments to investigate 

the structural response of flat sandwich panels and curved sandwich panels subjected to 

blast loadings, respectively. They observed global large deflection and localized 

deformation patterns such as wrinkling, indenting and pitting failure on the face sheets 

after blast loads. Zhu, et al. [86] found that adopting sandwich panels of thicker skins and 

cores of higher relative density greatly reduce the deflection of the back face. Shen, et al. [8] 

found that curved sandwich panels outperform other structural forms and the numerical 
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simulation results show that the blast resistance of such panels is effected by panel 

curvature, face sheet thickness and core thickness. The deformation/failure patterns are 

shown in Figure 2-19. Based on the experiments, corresponding numerical simulations 

were also carried out [37].  

 

       

                                           (a)                                                             (b) 

Figure 2-19 Deformation and failure patterns of sandwich panels 

(a) Flat sandwich panels (Top: honeycomb core; Bottom: aluminium foam core) [87];  

(b) Curved sandwich panels with aluminium foam core [8] 

2.6 Numerical simulations 

The panel responses to blast and impact loadings can be investigated either by 

experimental or numerical methodology. The experimental testing can demonstrate the 

overall structural response straightforwardly. However, it has some shortcomings related to 

cost, equipment, time and safety. Sometimes it is neither feasible nor possible to conduct 

blasting tests owing to these constraints. Moreover, the reproducibility of blast test results 

is not always ensured due to the uncertainties involved in blast, and the blast test results 

often cannot be extrapolated, which greatly limit the applicability of the testing results. On 

the other hand, reliable numerical simulation overcomes the above shortcomings. It can be 

used to simulate physical tests and better study the structural dynamic responses. It allows 

more detailed observations and calculations of structural responses, e.g. predictions of the 

distributions of internal stress and strain of structures, the internal deformation and failure 

that are often difficult to obtain from physical tests, but are easily achievable in numerical 

simulations. However, physical tests cannot be abolished, which are needed to calibrate the 

numerical model. Only a proven numerical model can be used to simulate physical tests 

and study the dynamic responses of structures to blast loads. Then the calibrated numerical 

models can be used to undertake intensive parametric study to identify the effects of 

parameters on the structural response.  
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This section breifly reviews algorithms, approaches of FE modeling (i.e. blast load 

modeling, material modeling and elements) and some existing commercial finite element 

codes for blast simulations 

2.6.1 Algorithms 

There are three main algorithms i.e. Lagrangian algorithm, Eulerian algorithm and Arbitrary 

Lagrangian-Eulerian (ALE) algorithm. 

 

For the Lagrangian algorithm, the meshes are linked with the continuum points and the 

nodes can move with the deformation of the continuum. It could solve the problems such 

as free surface and interfaces between multiple materials. However, the distortion of the 

element may result in poor performance when large displacement occurs. Generally 

speaking, the Lagrangian algorithm is applicable for solid meshing.   

 

For the Eulerian algorithm, the meshes are fixed in space and the continuum points move 

along the meshes. It is suitable for the problems with large deformation. However, it has 

difficulties to solve the problems such as multiple materials. Therefore, it is widely used for 

fluid meshing and shock wave propagation. 

 

The ALE algorithm takes advantages of both Lagrangian and Eulerian algorithms. The 

nodes can move in arbitrary way in ALE description. Both the motion of fluid and 

response of solid can be described by using ALE algorithm. Hence, it is suitable to analyze 

solid and fluid coupling problems with fluid-structure interaction (FSI). For instance, the 

detonation of explosive leads to expansion procedure of charge followed by interacting 

with the structures. However, the computational cost and time for both the Eulerian and 

the ALE are expensive. 

2.6.2 Blast load simulation 

Blast overpressure and blast wave propagation have been intensively studied. Blast loading 

on structures can be simulated using one of the following three methods.  

 

Blast loading simplified as a triangular pressure-time curve is a straightforward way. Many 

empirical formulae are available to predict the blast pressure on structures [11, 88-90]. The 

US design code named UFC 3-340-02 [13] is a popularly used method to predict blast 

pressure and duration of blast loading on structure by using the charts. Some computer 
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programs used for blast loading prediction including BLASTX (invented by SAIC), CTH 

(invented by Sandia National Laboratories), FEFLO (invented by SAIC), FOIL (invented 

by Applied Research Associates, Waterways Experiment Station), HULL (invented by 

Orlando Technology), SHARC (invented by Applied Research Associates, Inc.) and 

AIR3D (invented by Royal Military of Science College, Cranfield University) are also 

available [91]. However, the coupling effects of blast loading on structures, such as the 

blast wave reflections due to the change of structure curvature, are not taken into 

consideration. Therefore those approaches may lead to inaccurate predictions, especially 

when explosion occurs in a complex environment.  

 

Therefore, to better simulate the real scenario, detonation charge is modeled as a special 

material (i.e.*MAT HIGH EXPLOSIVE BURN in LS-DYNA) with Jones-Wilkins-Lee 

equation of state (EOS). The equation of state is used to determine the relationship 

between the hydrostatic pressure, the local density and the local energy. When an explosion 

occurs, the explosive volume immediately expands to the air domain (i.e. *MAT NULL in 

LS-DYNA) and interacts with the surrounding domain and structures by using ALE 

algorithm. The contact force between the expanded explosive material and structure can be 

calculated [92, 93]. However, the computational cost and time are expensive. 

 

A blast pressure prediction computer program named CONWEP (i.e. Conventional 

Weapons Effects Program) [94], which was developed based on the empirical relations 

given in TM5-1300, now UFC3-340-02, can be utilized to qucikly calculate blast loads from 

two different scenarios such as free air detonation and ground surface detonation. Its 

calculation is based on the following equation [95]. 

 

      )cos2cos1(cos)( 22   ir PPP                                (2-1)  

where   is the angle of incidence; iP  is the incident pressure; rP  is the reflected pressure. 

 

In LS-DYNA, the blast pressure on structure surface is generated by using keyword* 

LOAD BLAST ENHANCED via the CONWEP feature and the loading face is defined 

by using keyword *LOAD BLAST SEGMENT [95]. The keyword *LOAD BLAST 

ENHANCED considers the enhancement of reflected waves. The pressures on structure 

surface are determined based on the amount of TNT, the standoff distance and angle of 

incidence. The keyword *DATABASE BINARY BLSTFOR is pre-defined to export the 

blast pressure data and display the distribution of blast loading. By using the keywords with 
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CONWEP function, the computational cost is largely reduced and the results are validated 

experimentally [96]. This method is intensively utilized to model blast loading in this thesis. 

2.6.3 Material model and elements  

The material most commonly used in this thesis is metallic. The elastic-plastic material 

model named *MAT PLASTIC KINEMATIC (Mat_03) is used to model the metallic. It is 

suitable for modeling the bi-linear elastic-plastic constitutive relationship of metals with 

isotropic or kinematic hardening plasticity defined by hardening parameter β [95], and β 

equal to 1 corresponds to isotropic hardening. The input parameters defined in this 

material model are based on the quasi-static material testing. The strain rate effect is taken 

into account by using Cowper-Symonds model. The Cowper-Symonds relationship given 

below is commonly used to simulate the strain rate effect of structure steels material [44, 

97, 98]. 

 

         

p

s

d

C

/1.

1



















                                                 (2-2) 

 

where d  is the dynamic yield stress at plastic strain rate .

 , s is the static yield stress, the 

strain rate parameters C and P are called Cowper and Symonds constants which are 40 s-1 

and 5 respectively for mild steel [99].  

 

In LS-DYNA, some foam material models named *MAT CRUSHABLE FOAM (Mat_63) 

[100], *MAT HONEYCOMB (Mat_26) [101], *MAT MODIFIED HONEYCOMB 

(Mat_126) [102] and *MAT CLOSED CELL FOAM (Mat_53) are available to model the 

foam material behaviour. The material properties and behaviors can be defined by users 

based on test results [95].  

 

Both Belytshko-Tsay shell element [95] and 8-node hexahedral solid element are capable of 

modeling thin panels. The calculation by using solid element considers out-of-plane 

shearing through the thickness which requires more computational cost than shell element. 

For a thin panel of 400 by 400mm with thickness of 3mm, the use of shell element is 

demonstrated to be more effective than the solid formulation, providing an accurate result 

with calculation time of 949 seconds compared to 27935 seconds [103]. The use of shell 
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element benefits the simulation with sound accuracy and computational cost. However, the 

solid element is needed to model the rectangular stiffeners in Chapter 5. 

 

In addition, LS-DYNA provides models for linear and nonlinear springs such as *MAT 

ELASTIC (Mat_S01), *MAT LINEAR ELASTOPLASTIC (Mat_S03) and  *MAT 

SPRING GENERAL NONLINEAR (Mat_S06), etc. They model springs as discrete 

elements and simulate their behaviors such as spring rates, non-linear stiffness, elastic-

plastic behavior, damping properties, hardening parameters and yield stresses [95]. The 

linear and nonlinear spring elements will be utilized in Chapter 6. 

2.6.4 Commercial FEA codes 

Many commerical software packages are available to simulate structural responses to 

dynamic loadings. The most commonly used ones include LS-DYNA, ABAQUS, 

ANSYS/AUTODYN, MSC/DYTRAN, DYNA 3D, NASTRAN, etc. Four of them are 

detailed as follows. 

 LS-DYNA  

LS-DYNA is an advanced general-purpose simulation software package developed by the 

Livermore Software Technology Corporation (LSTC). The program originated as 

DYNA3D and was developed by Dr. John O. Hallquist in 1976 at the Lawrence Livermore 

National Laboratory. In 1989, Livermore Software Technology Corporation was founded 

in a concentrated effort to develop a commercial version of DYNA3D, subsequently 

renamed LS-DYNA. The package capable of simulating complex, real world problems lies 

on highly nonlinear transient dynamic finite element analysis using explicit time integration. 

It has abundant material models, fully automated contact analysis capability and error-

checking features. LS-DYNA is being used to analyse the problems associated with large 

deformation; structure response to high velocity impact and blast load; strain rate 

behaviour of materials; multi-physics coupling; crashworthiness simulation; occupant safety 

systems and  failure analysis etc [95]. It has been proven yielding reliable numerical 

predictions of structural response and damage to blast loads. It is employed in the present 

study to simulate the responses of the proposed panels.  

 ABAQUS  

ABAQUS is suite of software applications for finite element analysis and computer-aided 

engineering. It can model and solve complex and highly nonlinear problems. ABAQUS 

product suite consists of three parts, i.e. ABAQUS/CAE, ABAQUS/STANDARD and 
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ABAQUS/EXPLICIT. ABAQUS/CAE is an efficient and highly customizable user 

interface for modeling, meshing and visualization. ABAQUS/STANDARD is a general-

purpose solver that uses traditional implicit integration algorithm to solve finite element 

analyses. ABAQUS/EXPLICIT uses explicit integration algorithm to solve highly 

nonlinear and transient dynamic problems as well as quasi-static problems [104]. 

 ANSYS/AUTODYN 

ANSYS/AUTODYN software is an explicit analysis tool to simulate the nonlinear 

dynamics of solids, fluids, gases and their interaction. With fully integrated in the ANSYS 

Workbench Platform, ANSYS/AUTODYN provides various solvers, i.e. finite element 

solvers for computational structural dynamics (FE), finite volume solvers for fast transient 

Computational Fluid Dynamics (CFD), mesh free particle solvers (SPH: Smooth-Particle 

Hydrodynamics) for high velocities, large deformation and fragmentation of brittle 

materials such as ceramics, concrete  and multi-solver coupling for multi-physics solutions 

including coupling between FE, CFD and SPH [105]. 

 MSC/DYTRAN 

MSC/DYTRAN is an explicit finite element analysis solution for analysing complex 

nonlinear behaviour involving permanent deformation of structures. MSC/DYTRAN 

combines structural, material flow, and fluid-structure interaction (FSI) analyses in a single 

package. The explicit nonlinear solver is for extreme, short-duration transient events and 

simulates high degree of nonlinearities including material, geometric and boundary 

condition nonlinearities. MSC/DYTRAN uses coupling feature that enables integrated 

analysis of structural components with fluids and highly deformed materials in one 

continuous simulation [106]. 

2.7 Summary 

In this chapter, the background information about blast and impact loadings and the 

principles of energy absorption are briefly reviewed. This chapter mainly focuses on state-

of-the-art of experimental investigations and numerical simulations on dynamic response 

and energy absorption of various protective structures such as monolithic structures, 

sandwich structures, curved panels and stiffened panels.  

 

With respect to experimental investigations, the experimental techniques and facilities are 

reviewed. The typical deformation and failure modes of protective structures after test are 

summarized. The monolithic structures experience three main modes of deformation and 



School of Civil and Resource Engineering 

Chapter 2                                                                              The University of Western Australia 

2-24 

failure, i.e. mode I (large inelastic deformation), mode II (tensile tearing at or over the 

support) and mode III (transverse shear failure at the support). The sandwich structures 

experience different deformation and failure patterns such as plastic deformation of face-

sheets, core crushing and debonding between face-sheets and core. With regard to 

numerical simulations, the algorithms and simulation methods are described and the 

currently available commercial  codes are briefly reviewed. Among them, LS-DYNA, based 

on explicit numerical methods, has been widely employed to analyze the problems 

associated with large deformation, structure response to high velocity impact and blast load 

and strain rate behaviour of materials. It has been proven yielding reliable numerical 

predictions of structural response and damage to blast loading. Therefore, it is employed to 

simulate the responses of the proposed panels in this thesis. 

 

From the literature review, there are some research gaps in the existing research literatures. 

The research gaps can be targeted for developing better blast-resistant panels.    

 

With respect to structural form, various panels including flat or curved panels have been 

reviewed. In all the previous studies of using curved surface to mitigate blast loading 

effects, the entire surface consists of only one arch, which transfers the blast load to the 

arch supports. As a result, it might require very strong supports in the design. To overcome 

this shortcoming of using a single arch or curved surface, a panel with a multi-arch surface 

will be proposed in Chapter 3. No such kind of structural form has been reported yet in the 

existing literatures. The advantage of using multi arches is that it might cancel out certain 

blast loads at the springing lines of two adjacent arches and therefore reduce the loads 

transferred to the inner flat layer and the panel boundary. This might provide better 

protection of inner layer and reduce the demand on support design. Moreover, a multi-arch 

surface may experience more intensive deformation as compared to a single arch surface, 

therefore absorb more blast energy. To verify the observations from numerical simulations, 

laboratory testing on the performance of the multi-arch double-layered panels under 

impact loadings is also needed. The corresponding results will be present in Chapter 4. To 

mitigate the possible damage due to stress concentrations, the rectangular stiffeners are 

configured strategically on the multi-arch double-layered panel. The effectiveness of the 

stiffened multi-arch double-layered panel will be demonstrated in Chapter 5.  

 

Energy absorbing devices, such as friction damper, have been extensively used for 

attenuation of dynamic responses of structures subjected to earthquake, wind gusts, and 

machinery vibration, etc. However, studies of the effectiveness of using friction damper in 
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mitigating blast loading effects in blast-resistant design are very limited. No investigations 

into both the developed friction dampers and the sandwich panel with the developed 

friction dampers subject to blast loading have been found in the existing literatures. The 

sandwich panels installed with rotational friction dampers against blast loading will be 

studied in Chapter 6. 

 

In summary, this thesis attempts to propose novel protective panels and investigate their 

performances subjects to blast and impact loadings. The novel protective panels might find 

potential use in blast-resistant design in the future.  
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Chapter 3  

Numerical Simulations of New Multi-Arch Double-Layered 
Panels Subjected to Blast Loadings 

 

3.1 Introduction 

In this chapter, a new configuration of double-layered panel with a structural form of 

multi-arch-surface is introduced. Its blast loading resistance capacity and energy absorption 

capacity are numerically investigated by using LS-DYNA. To calibrate the numerical 

model, some existing panels are also modeled. The results are compared with existing 

numerical and testing data. The calibrated numerical model is used to simulate the dynamic 

responses of the proposed panels with different number of arches subjected to blast 

loadings. The peak and permanent displacements of center point of inner layer, internal 

energy absorption and boundary reaction force of different panels are calculated and 

compared. In order to maximize the structural performance of the multi-arch panels, 

parametric studies are also carried out to investigate the effects of panel configurations on 

the blast resistance capacity of multi-arch panels with the same weight of structure material. 

The optimal design of the proposed multi-arch double-layered panel is determined. The 

optimal design of the proposed panel is also compared with the traditional blast door 

design with respect to the damage criteria from the existing codes.  

3.2 Numerical model calibrations 

The numerical simulation is carried out by using LS-DYNA 971 [95]. To validate the 

accuracy and reliability of the numerical model in LS-DYNA, a steel panel tested and 
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numerically modeled in DSTO (Defence Science and Technology Organization) of 

Australia is used to calibrate the model [96]. In 2000, a series of explosion tests were 

conducted to investigate the response of the mild steel plates with a 5 mm thickness 

subjected to blast loads from a 250g Pentolite (260g TNT equivalent) explosion above the 

panel. The standoff distance of charge varied from 250mm to 500mm in the tests. The 

steel plates with dimensions of 1200 by 1200mm were bolted to the steel frame with 24 

high strength bolts. The steel frame with dimensions of 1000 by 1000mm was simply 

supported on concrete stands on four sides with some clear spans as shown in Figure 3-1. 

The accelerations, blast pressures and displacements of center points of steel plates under 

blast loading were measured by the accelerometers, pressure gauges and LVDT 

displacement gauges, respectively [96]. These test data are used to calibrate the numerical 

model developed in LS-DYNA in this study.   

 

 

Figure 3-1 Blast experimental set-up [96] 

3.2.1 Element, mesh and boundary conditions 

The numerical models are built by using commercial software ANSYS and LS-PREPOST. 

The Belytschko-Tsay shell element [97] is utilized to model the steel plate. The 

computational accuracy is dependent on the element size. Therefore, the element sizes of 

20mm, 10mm and 5mm are considered for the numerical convergence test first in the 

chapter.  

 

The boundary condition (BC) is critical to achieve the reasonable numerical result. In this 

chapter, two approaches are considered to compare their accuracy and cost. One is a 

simplified approach. The steel plate is assumed fully constrained at positions of the bolts by 
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using *BOUNDARY SPC SET. Other nodes along the plate edges are assumed being 

constrained on the three DOFs of UZ, Rot X and Rot Y, consistent with those in the test. 

The finite element model with simplified boundary condition (without steel frame) is 

depicted in Figure 3-2. The second approach includes the steel frame in the model to more 

closely represent the testing conditions.  More detailed descriptions of the model with this 

boundary condition are given in Section 3.2.4. 

 

 

Figure 3-2 Finite element model with simplified boundary condition 

3.2.2 Modeling 

Blast load is generated by using keyword* LOAD BLAST ENHANCED (LBE) via the 

CONWEP feature in LS-DYNA [95] which is mentioned in Section 2.6.2. The pressures 

on the plate are hereby determined based on the amount of TNT, the standoff distance 

and angle of incidence. The elastic-plastic material model named *MAT PLASTIC 

KINEMATIC in LS-DYNA mentioned in Section 2.6.3 is adopted to model the steel plate. 

The material properties used in the calculation are given in Table 3-1.  

  

Table 3-1 Material properties of the steel [96] 

Property 
Young's 

Modulus 

Poisson’s 

Ratio 

Yield 

Stress 

Tangent 

Modulus
Density 

Hardening 

Parameter, β 
C P 

Value 203GPa 0.3 270MPa 470MPa 7850 Kg/m3 1 40 s-1 6

3.2.3 Results and discussions 

Figure 3-3 shows the calculated explosive reflected pressure time histories from a 260 g 

TNT equivalent explosion at different standoff distances. Figure 3-4 shows that the center 
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point displacement time histories obtained from the models with different mesh sizes are 

in close agreement, indicating decrease of the mesh size has little effect on the numerical 

results but incur longer calculation time. Hence, in this study mesh size of 10mm is used in 

the subsequent calculations.  

Table 3-2 compares the experimentally recorded and numerically calculated peak reflected 

pressure and the peak displacement of the slab obtained with the mesh size of 10 mm in 

the numerical model. As shown, the numerical results of the peak blast reflected pressure 

(Pr), the peak displacement of the center point (δmax) of the slab agree well with the 

reported test data, indicating the numerical model gives reliable predictions of steel panel to 

blast loads.  
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Figure 3-3 Reflected pressure time histories 
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Figure 3-4 Displacement response time histories obtained with different mesh sizes 
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Table 3-2 Experimental and numerical results of peak reflected pressure and centre peak 

displacement 

Case Experimental Data Numerical Simulation

Event 

TNT 

Equivalent (g) 

Standoff 

(mm) Pr (MPa) 

δmax

(mm) Pr (MPa) Error 

δmax 

(mm) Error 

E14 260 500 9.4 -33 9.7 -3.2% -32.3 2.1%

E16 260 400 16.4 -36 16.9 -3.0% -34.2 5.0%

E17 260 250 40.0 -35 46.3 -15.8% -37.5 -7.1%

3.2.4 Effect of boundary condition 

As mentioned above, two approaches to model the boundary conditions are considered. 

The second approach is to include the steel frame in the model. The steel frame is modeled 

by 8-node solid element [97] mentioned in Section 2.6.3. The steel plate is assumed fully 

constrained on the steel frame at the positions of the bolts by using *CONSTRAINTED 

NODE SET. Other part of the steel plate contacting the steel frame is modeled by using 

the keyword *CONTACT AUTOMATIC SINGLE SURFACE. The steel frame is 

assumed fully constrained on the perimeter with clear spans to simulate the testing 

conditions as shown in Figure 3-1. The corresponding finite element model is depicted in 

Figure 3-5. Figure 3-6 shows the experimental results versus the numerical results of event 

14 with and without steel frame in the model. The parameters of Event 14 are described in 

Figure 3-2. As shown in Figure 3-6, the peak displacements of experimental and numerical 

results are in close agreement. The main differences are in the free-vibration phase after the 

action of blast load. Since the primary concern in design is the peak response and  the 

numerical simulation with steel frame requires much longer calculation time, the simplified 

boundary condition is employed in the subsequent calculations, i.e., when modeling the 

response of the plate with boundary supporting frame, the boundary supporting frame is 

not included. 

 

Figure 3-5 Finite element model with steel boundary frame 
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Figure 3-6 Experimental and numerical results of Event 14 

3.3 Numerical simulations 

The above calibrated numerical model is used to perform a series of simulations of 

dynamic responses of panels with different numbers of arches to blast loads. The response 

quantities such as peak displacement, permanent displacement, internal energy absorption 

and the boundary reaction forces are extracted and compared to examine the effectiveness 

of different panel designs on blast resistance capacities.   

3.3.1 Panel configurations 

The flat layer with thickness of 5mm and dimension of 1000 by 1000mm is employed as 

the baseline model for comparison purpose and is designated as F1. A total of 8 panels 

with arched surface are considered in the study as listed in Table 3-3. Panel A1-1 is a single-

layered and single-arched panel, Panel A1-2 is a single-arched and double-layered panel 

with the arched surface layer facing the blast loading while the inner layer is a flat layer. All 

the other panels considered in the chapter are double layered with a flat inner layer and a 

multi-arch surface. The panels are all made of steel with the projected dimensions of 1000 

by 1000mm. For the double-layered panels, the thickness of the front arched layer is 2mm, 

while the thickness of the back inner layer varies to make the total weights of all the panels 

approximately the same. The specifications are given in Table 3-3. The arch height is  

50mm, and the arched layer is assumed welded to the inner layer along the springing lines. 

The schematic diagram and finite element model are shown in Figure 3-7. 
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Table 3-3 Parameters of arched panels and blast loadings 

Panel Type 

Thickness (mm) Blast Loading 

Arch 

Number 

Arched 

Layer 
Inner layer 

Reflected Pressure 

(MPa) 

Time of 

Arrival(μs) 

F1(Baseline) - - 5 9.6 220

A1-1 1 4.97 - 12.7 182

A1-2 1 2 2.99 12.7 182

A2 2 2 2.95 10.7 203

A3 3 2 2.88 12.5 183

A4 4 2 2.79 11.8 191

A5 5 2 2.68 12.6 183

A7 7 2 2.40 12.6 182

A9 9 2 2.05 12.5 183

 

 

 

Figure 3-7 Schematic section diagram and finite element model of curved panels (A3) 

3.3.2 Finite element modeling 

The 250g TNT is detonated at a distance of 500 mm above the inner layer as shown in 

Figure 3-7. The scaled distance is 0.79m/kg1/3. Blast load is modeled by using the keyword 

LBE in LS-DYNA. Table 3-3 gives the approximate reflected pressure and time of arrival 

at the center point of the curved surface. Curved and inner layers of the panels are modeled 

with shell elements of 10mm size. The material properties used in the calculations are the 

same as those used in the calibration study. The strain rate effect is also taken into account 

by using Cowper-Symonds model. The connections between arched and inner layers are 

assumed fully connected and modeled as common points. The boundary conditions are 

assumed to be fully clamped around the whole perimeter of the inner layer. To prevent the 

front curved surface penetrating into the back flat layer, a contact command is used. The 

contact between the curved and the inner layers is defined by using *CONTACT 

AUTOMATIC SINGLE SURFACE. 
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3.3.3 Results and discussions 

The response quantities including peak displacement, permanent displacement, internal 

energy absorption and boundary reaction forces are calculated. Figure 3-8 shows the 

displacement contour diagram of panel A5, while Figure 3-9 shows the peak displacement 

of the front curved and back flat layers of all the panels considered in the study. As shown 

in Figure 3-9 and Table 3-4, the peak displacement response of the back inner layer of the 

most curved panels except panel A3 is smaller than that of the baseline panel F1, indicating 

a better performance of the door for protecting internal contents. When the number of 

arched surfaces increases from one to three, the peak displacement of the inner layer 

ascends from 20.1mm to 24.5mm. It is caused by the blast loads transferring and gathering 

along the internal support lines, resulting in a few concentrated loads acting on the internal 

panel. However, when the number of curved surfaces is more than four, increasing the 

number of curved surfaces reduces the peak displacement of the inner layer. When the arch 

number is four, the peak displacement of the inner layer is 19.0mm, which is 20.2% less 

than that of the baseline plate. When the arch number is nine, the peak displacement of the 

inner layer is 12.1mm, which is 49.2% lower than that of the baseline model. This is 

because the blast loads are more evenly distributed along the inner layers owing to the 

increased number of supports of the front multi-arch surfaces. The permanent 

displacement response of the inner layer is also given in Table 3-4. When the arch number 

is five, the permanent displacement of the inner layer is 8.6mm, which is 21.8% lower than 

that of the baseline model. When the arch number reaches nine, the permanent 

displacement of the inner layer is 5.1mm, which is 53.6% less than that of the baseline 

model. 

 

 

 

Figure 3-8 Displacement contour of panel A5 
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Table 3-4 Peak/permanent displacements, internal energy and reaction forces 

Category 

Displacement Internal Energy  Reaction Force 

Peak (mm) Permanent(mm) (kJ) (105N)

Inner 

layer  Reduction 

Inner 

layer  Reduction

Ei 

(Total)

Ei-1 

(curve) 

Ei-2 

(internal 

) Fx Fy Fz 

F1 23.8 - 11.0 - 1.06 - 1.06 6.27 6.27 0.57

A1-1 16.2 31.9% 4.7 57.3% 1.04 - 1.04 9.75 3.15 1.75

A1-2 20.1 15.6% 10.3 6.4% 2.72 2.02 0.7 4.31 4.32 0.81

A2 23 3.4% 15.0 -36.4% 2.51 1.05 1.46 3.3 4.33 1.43

A3 24.5 -2.9% 12.0 -9.1% 2.44 0.99 1.45 3.85 3.6 1.02

A4 19 20.2% 11.5 -4.6% 2.26 0.93 1.33 4.17 1.56 1.09

A5 16.3 31.5% 8.6 21.8% 1.92 0.98 0.94 3.35 1.51 0.6

A7 13.6 42.9% 6.5 40.9% 1.56 0.91 0.66 2.13 2.19 0.77

A9 12.1 49.2% 5.1 53.6% 1.36 0.86 0.5 1.37 2.5 0.85

 

Figure 3-9  shows the peak displacements of the front arched layer of the double layered 

panels. Generally, the peak displacements of the double layered panels decrease with the 

increase of the number of curved surfaces. The arched layer of A1-2 experiences a large 

displacement response of 67.6mm which results in impacting of the front layer on the flat 

inner layer. When the number of curved surfaces reaches five, the peak displacement of 

arched layer is 16.6mm, which is close to the 16.3mm displacement of the inner layer, 

indicating the arched layer and inner layer work together since the front multi-arch surfaces 

also strengthen the overall stiffness of the double layered panel. When the number of front 

surfaces is more than five, the peak displacements of the front and inner layers are almost 

the same, as shown in Figure 3-9. The displacement time histories of centre point of the 

inner layer are given in Figure 3-10.  
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Figure 3-9 Peak displacements of both layers 
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Figure 3-10 Displacement time histories at centre points of inner layer 
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Figure 3-11 Internal energy absorptions 
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Figure 3-12 Internal energy time histories of arched layers 

 

As shown in Figure 3-11, the total internal energy (Ei) absorbed by the double-layered 

panels decrease with the increase of the curve number of the front layer. When the front 

layer consists of only one arched surface (i.e. A1-1), most energy is absorbed by the front 

layer. Increasing the number of arches from two to four, more energy is absorbed by the 

inner layer, implying large deformations of the inner layer. This is because the arch surfaces 

cancel the horizontal reaction forces at the internal support lines between two arches but 

transfer a large vertical force to the inner layer. The large vertical force causes large 

deformation of the inner layer. However, further increasing the number of arched surfaces, 

the energy of the inner layer becomes relatively small because, as discussed above, the more 

arch surfaces result in the blast load more evenly distributed on the inner layer. Figure 3-12 

shows the time history of internal energy absorption (Ei-1) of the arched layer for six 

panels. Ei-2 denotes the internal energy absorption of the inner layer. Figure 3-13 shows 

the time history of the total energy absorption (Et), internal energy (Ei-1,Ei-2) and the 

kinematic energy (Ek-1,Ek-2) absorbed by both layers of panel A5. It is observed that the 

kinematic energy begins to increase when the blast loading reaches the arched surface and 

then decreases when the blast load reaches its end of positive phase. Meanwhile, the panel 

reaches its maximum displacement and the internal energy climbs to its maximum. After 

that, the panel vibrates freely. 

 

 Figure 3-14 shows the schematic diagram of the reaction forces on the edges. As the 

panels are symmetric in geometry, the reaction forces in the X direction (Fx) mainly act on 
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the edges 1 and 3. The reaction forces in the Y direction (Fy) mainly act on the edges 2 and 

4. The reaction forces in the Z direction (Fz) act on all four edges.  
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Figure 3-13 Energy time histories of panel A5 

 

 

Figure 3-14 Schematic diagram of the reaction forces Fx, Fy and Fz 
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Figure 3-15 Reaction forces on edges in X/Y/Z directions 
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As shown in Figure 3-15 and Table 3-4, compared to the baseline plate F1, the traditional 

single layered arch panel A1-1 is effective in reducing the displacement response and the 

reaction force in the Y direction, but increases the reaction forces in the X and Z 

directions. There are two reasons. One is the arch layer surface of A1-1 is closer to the 

detonation than that of F1, which leads to the increase of the blast loads acting on the 

panel, and hence the reaction forces in the X and Z directions. The other is that the single-

arched surface while reducing the bending moment in the structure increases the axial force 

which is transferred to the supports in the X and Z directions.  

 

As shown in Figure 3-15, with the increase of the number of arches, the reaction forces in 

the X and Y directions of the double layered panels are lower than those of the baseline 

plate, which indicates the demand on the support in the X and Y directions will be greatly 

reduced. When the arch number is five, the reaction force in the Y direction is 151 KN, 

which is 75.9% less than that of the baseline plate. When the arch number reaches nine, the 

reaction force in the X direction is 137 KN, which is 78.1% less than that of the baseline 

plate. This is because the panels with multiple arches cancel out some of the blast loadings 

at the intersection points of two adjacent arches, thus only part of the blast loadings acting 

on the arched surface is transferred to the ends of the panels. This will substantially reduce 

the loading at the supports on both ends, thus greatly reduce the possibilities of support 

damage. Additionally, the arched surface might divert the blast loading by increasing the 

incident angle, thus help mitigating the blast effect.  

 

In summary, from the above numerical simulations, it can be concluded that when the 

number of arch surfaces is more than five, the displacement response, internal energy of 

the inner layer and the reaction forces are all smaller than that of the baseline plate, 

indicating a better system for blast resistant panel design.  

3.4 Parametric studies 

Following the results and discussions presented above, parametric studies are carried out 

on panel A5 to examine the effects of panel configurations (i.e. curvature of arch, thickness 

of layers and using different materials) on the structural response subjected to blast loading 

with explosive charges varying from 250g to 450g under standoff distance of 500mm. The 

response quantities used in analyses include the peak displacement, the permanent 

displacement, the internal energy absorption and the boundary reaction forces.  
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3.4.1 Effect of radius of curvature 

Table 3-5 Peak/permanent displacements, internal energy and reaction forces (radius of 

curvature) 

  

Layer 

Thickness Displacement  

Internal 

Energy Reaction Force  

(mm) Peak (mm) Permanent(mm) (kJ) (105N) 

Category C I I  R I  R 

Ei-

1  

Ei-

2  Fx Fy Fz 

A5-h20 (R=260) 2 2.95 27.2 - 13.1 - 0.71 1.56 3.33 3.73 0.44 

A5-h35 (R=160) 2 2.84 21.6 20.6% 12.2 6.9% 0.93 1.19 3.78 2.08 0.50 

A5-h50 (R=125) 2 2.68 16.3 40.1% 8.6 34.4% 0.98 0.94 3.35 1.51 0.60 

A5-h65 (R=110) 2 2.48 12.3 54.8% 4.5 65.6% 0.87 0.90 1.22 1.7 0.60 

Note: C-curve; I-Internal; R-Reduction 

 

Four panels with the arch surfaces having R=260mm, 160mm, 125mm, and 110mm, 

respectively are compared in this section. Their corresponding arch heights are 20mm, 

35mm, 50mm and 65mm. The corresponding thicknesses of inner layers as given in Table 

3-5 are adjusted to make the total weights of all the panels approximately the same. The 

result of the arched panel with curve height of 50mm (i.e A5-h50 (R=125)) has been 

presented in the Section 3.3. As shown in Figure 3-16, with decreasing the radius of 

curvature or increasing the arch height, the peak displacements of the both layers decrease 

gradually. Using A5-h20 (R=260) as benchmark, the peak displacements of the other three 

panels decrease by 20.6%, 40.1% and 54.8%, respectively, and the permanent 

displacements decrease by 6.9%, 34.4% and 65.6%, respectively. The displacement time 

histories at the centre point of the inner layer are given in Figure 3-17. Figure 3-18 indicates 

less internal energy is absorbed by the back inner layer while more internal energy is 

absorbed by the front curved surface with the decrease of radius of curvature. Figure 3-19 

shows the panel with smaller radius of curvature generally also has smaller reaction forces. 

Therefore, the conclusion can be drawn that small radius will improve the blast resistance 

performance of the double layered panels by reducing the peak displacement, permanent 

displacement and the reaction forces. However, it should be noted that the current results 

are obtained by calculating the blast loading from empirical formulas in LS-DYNA. Blast 

wave-structure interaction is not considered. In practice, if the arch is very high with small 

radius of curvature, blast wave might be trapped between two arch surfaces, which may 

result in an increase in the blast loading on the front arched surface. Detailed investigation 

into this phenomenon involves modeling blast wave propagation and interaction with 

structures, and is beyond the scope of the present study.    
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Figure 3-16 Peak displacements of both layers 
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Figure 3-17 Displacement time histories of centre point 
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Figure 3-18 Internal energy absorptions of both layers 
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Figure 3-19 Reaction forces on edges in the X/Y/Z directions 

3.4.2 Effect of thickness ratio 

Thickness ratio (i.e. r=tf/tb) is defined as the thickness of the front arched layer to that of 

the inner layer. Five panels with different thickness ratios (i.e. r=0.3, 0.5, 0.75, 1.0 and 2.0) 

are considered herein. The thicknesses of both layers shown in Table 3-6 are adjusted to 

make the total weights of all the panels approximately the same. The result of the arched 

panel with thickness ratio of 0.75 (i.e. A5-r=0.75) has been studied in the Section 3.3. As 

shown in Figure 3-20, the peak displacements of both layers decrease gradually with the 

increase of the thickness ratio. Using A5-r=0.3 as benchmark, the peak displacements of 

the other four panels decrease by 16.7%, 26.9%, 37.9% and 44.9%, respectively, and the 

permanent displacements decrease by 16.7%, 28.3%, 43.3% and 52.5%, respectively.  The 

displacement time histories of the centre point of inner layer is shown in Figure 3-21. 

Figure 3-22 shows less internal energy is absobed by both layers with the increasing 

thickness ratio. Figure 3-23 shows the reaction forces generally decrease with the thickness 

ratio. Therefore, it is concluded that the multi-arch panel with higher thickness ratio can 

improve the performance on reducing the peak displacement, the permanent displacement 

and the reaction forces, but the energy absorption capacity is unimproved.  
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Figure 3-20 Peak displacements of both layers 
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Figure 3-21 Displacement time histories of centre point 

 

A5-r=0.3 A5-r=0.5 A5-r=0.75 A5-r=1.0 A5-r=2.0
0.0

0.4

0.8

1.2

1.6

In
te

rn
a

l E
n

e
rg

y 
(K

J)

Panel

 Ei-1 (curve) 
 Ei-2 (internal)

 



School of Civil and Resource Engineering 

Chapter 3                                                                              The University of Western Australia 

3-18 

Figure 3-22 Internal energy absorptions of both layers 
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Figure 3-23 Reaction forces on edges in X/Y/Z directions 

 

Table 3-6 Peak/permanent displacements, internal energy and reaction forces (thickness 

ratio) 

  

Layer Thickness Displacement  

Internal 

Energy Reaction Force  

(mm) Peak (mm) Permanent(mm) (kJ)  (105N) 

Category Curved Internal Internal  Reduction Internal Reduction Ei-1 Ei-2 Fx Fy Fz 

A5-r=0.3 1.11 3.71 22.7 - 12 - 1.5 1.38 3.93 4.65 0.908 

A5-r=0.5 1.58 3.16 18.9 16.7% 10.0 16.7% 1.2 1.09 3.94 1.95 0.558 

A5-r=0.75 2 2.68 16.6 26.9% 8.6 28.3% 0.983 0.937 3.35 1.51 0.595 

A5-r=1.0 2.32 2.32 14.1 37.9% 6.8 43.3% 0.746 0.956 3.07 1.65 0.634 

A5-r=2.0 3.01 1.51 12.5 44.9% 5.7 52.5% 0.667 0.769 2.42 2 0.67 

3.4.3 Effect of different materials 

To consider the effects of different materials, the steel front arched layer is replaced by 

aluminum with lower Young’s modulus while keeping the total weight of the panel 

approximately the same. The thickness of steel inner layer remains at 2.68mm, but the 

thickness of aluminum layer increases as given in Table 3-7. The Aluminum density, 

Young’s modulus, yield stress, Poisson’s ratio, tangent modulus are 2.68g/cm3, 72GPa, 

318MPa, 0.33, and 737MPa, respectively [92]. The peak displacement of the inner layer of 

the aluminum panel (Al) is 30.1% higher than that of the steel panel (steel), and the 

permanent displacement of the inner layer of the aluminum panel (Al) is 68.6% higher than 

that of the steel panel (steel). Therefore, it is concluded that using the milder material such 
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as aluminum as the front arched layer does not increase the blast resistance capacity of a 

multi-curved panel. 

 

Table 3-7 Peak/permanent displacements, internal energy and reaction forces (different 

material) 

  

Layer Thickness Displacement  

Internal 

Energy Reaction Force  

(mm) Peak (mm) Permanent(mm) (kJ)  (105N) 

Category Curved Internal Internal Reduction Internal Reduction Ei-1  Ei-2  Fx Fy Fz 

A5 (Steel) 2 (steel) 2.68(steel) 16.3 - 8.6 - 0.983 0.937 3.35 1.51 1.7

A5 (Al) 5.81(Al) 2.68(steel) 21.2 -30.1% 14.5 -68.6% 1.13 1.01 3.2 3.2 1.6

3.4.4 Effect of blast intensity 

In order to study the performance of the panels at different levels of blast intensity, three 

charge weights of 250g, 350g and 450g, respectively are considered. Figure 3-24 shows the 

peak displacement responses of the both layers. The corresponding displacement time 

histories are shown in Figure 3-25. As expected, increasing the charge weight leads to the 

increase of the displacement responses of the both layers. As shown in Table 3-8, using 

A5-250g as benchmark, the peak displacements of inner layer increase by 39.9% and 

85.3%, and the permanent displacements of inner layer increase by 75.5% and 155.8%, 

respectively, with the increase of the charge weight from 250 g to 350 g and 450 g. Figure 

3-26 and Figure 3-27 show the internal energy and the reaction forces also proportionally 

increase with the blast loads.  
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Figure 3-24 Peak displacements of both layers 
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Figure 3-25 Displacement time histories of centre point 
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Figure 3-26 Internal energy absorptions of both layers 
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Figure 3-27 Reaction forces on edges in X/Y/Z directions 
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Table 3-8 Peak/permanent displacements, internal energy and reaction forces (blast 

intensity) 

  

Layer Thickness Displacement  

Internal 

Energy Reaction Force  

(mm) Peak (mm) Permanent(mm) (kJ)  (105N) 

Category Curved Internal Internal Reduction Internal Reduction Ei-1  Ei-2  Fx Fy Fz 

A5-250g 2 2.68 16.3 - 8.6 - 0.983 0.937 3.35 1.51 0.595 

A5-350g 2 2.68 22.8 -39.9% 15.1 -75.6% 1.54 1.66 4.95 2.43 0.652 

A5-450g 2 2.68 30.2 -85.3% 22.0 -155.8% 2 2.59 5.64 3.92 1.02 

3.5 Comparison with existing blast door design codes  

A variety of blast-resistant doors with sufficient blast resistant capacity need be designed 

for various applications. Generally, the design considerations include permanent 

deformation, rebound mechanisms, fragment protection and pressure leakage protection 

[13]. The design is directly related to the functionality of the door during and/or after 

explosions. For example, the allowable permanent deformation of a door should be limited 

to a certain value because the operation capability of a blast door after explosion is highly 

sensitive to changes in its geometry. Depending upon the functional requirements, the 

design for the blast door considers the following four levels. They are: (1) the door panel is 

unchanged and fully operable, i.e. there is no permanent deformation and the door behaves 

elastically; (2) the door panel is operable but there is a small permanent deformation; (3) 

the door panel is permanently deformed and inoperable; and (4) the door panel is severely 

deformed and inoperable [107].  

 

Table 3-9 Peak/permanent displacements and edge rotations 

TNT equivalency Scaled distance Thickness(mm) Displacement 

Panel 

Category 
(g) m/kg^1/3 

Front 

Layer 

Inner 

layer 

Peak 

(mm) 

Permanent 

(mm) 

Edge 

rotation(°) 

F1 

250 0.79 - 5 23.8 12 1.4

350 0.71 - 5 28.2 17 1.9

450 0.65 - 5 32.2 24 2.7

A5( 

r=2.0 & 

R=110) 

250 0.79 2.84 1.42 15.2 9.5 1.1

350 0.71 2.84 1.42 18.9 14 1.6

450 0.65 2.84 1.42 24.3 18.5 2.0
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As denoted in the Unified Facilities Guide Specifications [20], the deformation limit criteria 

for steel blast doors under accidental explosion are measured by the edge rotation Θ. The 

edge rotation Θ is the angle between the chord joining the edges and the node on the 

element where the deflection is a maximum. The door panel can sustain edge rotation of 12 

degrees without failing, which means the deformation does not collapse the door by 

pushing it through the opening. However, edge rotation should not exceed 2 degrees when 

post-blast opening is required to function. In this study, the door is expected to protect 

personnel from exterior blast loading. Therefore, the door leaf is allowed to deform with a 

maximum edge rotation Θ of 2 degrees to maintain the functionality for evacuation after 

accidental explosion.  

 

With the parametric study results presented above, the preferred multi-arch blast panel A5 

with radius of curvature (R=110mm) and thickness ratio (r= 2.0) is used to compare with 

the flat blast panel F1 based on the edge rotation. Both example panels are designed to 

have the same total weights, same dimensions of 1000*1000mm and fully clamped 

boundary conditions. The permanent displacements of center point of flat layers are 

extracted and used to calculate the edge rotations. As shown in Figure 3-28, Figure 3-29 

and Table 3-9, the peak and permanent displacements of panel A5 subjected to blast loads 

from different explosion weights are less than those of panel F1 at the same scaled 

distance. The panel A5 also oscillates in a smaller range and reaches the steady state faster 

than panel F1. When the charge weight is 450g, the edge rotation of panel F1 reaches 2.7 

degree which exceeds the limit of 2 degree. However, the edge rotation of panel A5 is 2.0 

degree. It can be concluded that this proposed new structural form with the same material 

weight as a flat panel can sustain higher blast load with required functions. 

 

The strain of this new door panel A5 (r=2.0 & R=110) subjected to 350g TNT is analyzed 

to further investigate the mechanism of deformation of the proposed door panel. As 

shown in Figure 3-30, high strain occurs at the springing line where the arched layer is 

welded to the inner layer. Maximum strain occurs at the end of the springing line. 

Therefore, these locations should be strengthened in the blast door design. This will be 

further discussed in the following chapters. As shown in Figure 3-30, the maximum strain 

of the door leaf occurs around point E. An element around point E is selected to compose 

the strain time history. The comparison of strain time histories among three scenarios is 

illustrated in Figure 3-31. The maximum and plastic effective strains are given in Table 

3-10.  
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Figure 3-28 Displacement time histories of centre point 
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Figure 3-29 Enlarged time histories of displacement 

 

Figure 3-30 Effective strain contour on the door leaf 
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Figure 3-31 Strain time histories at point E (shown on Figure 3-30) 

 

Table 3-10 Maximum effective strain and plastic effective strain 

Panel  TNT equivalency (g) Maximum effective Strain Reduction plastic effective Strain Reduction 

A5( 

r=2.0 

& 

R=110) 

250 0.285 - 0.24 - 

350 0.345 -21.1% 0.315 -31.3% 

450 0.39 -36.8% 0.36 -50.0% 

3.6 Summary  

This chapter presents a multi-arch double-layered panel for blast loading resistance. 

Numerical results demonstrate that this new structural form outperforms some of the 

existing structural panels in resisting blast loadings due to multi-arch cancelling out certain 

blast loads between two adjacent arches. This chapter also performs parametric calculations 

to study the blast load-carrying capacities of this new multi-arch double-layered panel. The 

parameters considered are the arch height or curvature, the thickness ratio of the front 

multi-arch panel to the flat layer, and different multi-arch panel material properties. It is 

found that the higher is the front arch surface, the larger is the front to back panel 

thickness ratio, the more effective is the multi-arch double layer panel in resisting blast 

loadings. This new structural form might find many applications of structural panels to 

resist blast loadings. When employed as the blast resistant door, it is found that a blast door 

with this new structure form can sustain higher blast loadings as compared with a 

traditional door panel.  
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Chapter 4  

Experimental Investigations and Numerical Simulations of Multi-
Arch Double-Layered Panels under Uniform Impulsive Loadings 

 

4.1 Introduction 

To verify the performance of multi-arch double-layered panels subjected to uniform 

impulsive loadings, a large number of experimental tests were conducted by using a 

pendulum impact test system at the University of Western Australia (UWA) Structural Lab. 

The uniform impulsive loadings were generated from the striking force of an impactor, 

which distributes uniformly on the front surface of specimens through a fully confined 

inflated airbag. Specimens with various configurations were designed and tested to 

investigate the effects of different configurations, i.e. arch height, arch number, thickness 

and different loadings on the structural response to the uniform impulsive loads. Single-

layered flat steel panels were also tested as control panel for comparison to study the 

efficiency of multi-arch double-layered surface panel in resisting impulsive loads. The 

experimental data including air pressure time history acting on the front arched layer, 

displacement time history at the center point on the back flat layer and strain history at 

some representative points on the back flat layer were recorded. The deformation modes 

of specimens are also identified and discussed. In addition, numerical models are developed 

to simulate the experimental tests by using LS-DYNA. The predicted data from the 

numerical simulations are compared with the experimental results. The responses of peak 

boundary reaction forces are extracted from numerical results to further examine the 

effectiveness of multi-arch panels against uniform impulsive loadings. The validated 
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numerical model can be used to conduct intensive numerical simulations to determine the 

best performing multi-arch panel configurations for blast loading resistance.   

4.2 Experimental investigations 

A total of fourteen specimens were designed and manufactured for this study. Among 

them, four specimens are single-layer flat panels and ten specimens are multi-arch double-

layer panels. The experiments were carried out by using pendulum impact test system to 

investigate the structural response of the specimens subjected to uniform impulsive 

loadings. A fully confined airbag was placed between the impactor and the specimen to 

generate uniform impact loadings on the panel. The structural response quantities including 

displacement and strains on the inner layer of the specimens were measured in the tests. 

The deformation modes of specimens were observed and discussed. The specimens, the 

pendulum impact testing system and the experimental procedures are detailed in the 

following. 

4.2.1  Description of specimens 

Each multi-arch double-layered panel consists of a flat inner layer and an arched front 

layer. Both layers are made of cold rolled stainless steel (grade SUS304). The mechanical 

properties are provided in Table 4-1. The dimension of flat inner layer is 690 by 690mm. 

The projected dimension of the arched layer is 600 by 690mm. The schematic view of 

multi-arch double-layered panel is shown in Figure 4-1 (a).  

 

Table 4-1 Material properties of cold rolled stainless steel (grade SUS304) [108]  

Property 
Young's 

Modulus 
Poisson’s Ratio 

Yield Stress

(Rp0.2) 

Tangent 

Modulus 
Density 

Value 190GPa 0.3 270MPa 470MPa 8200 Kg/m3 

 

All specimens are divided into four groups as given in Table 4-2. The first group of four 

panels is designed to study the structural response of single-layer flat panels with different 

thicknesses (i.e. one panel with a thickness of 0.9mm and the other three panels with a 

thickness of 1.2mm). The second and the third group, each with four panels, are designed 

to examine the effects of arch heights (i.e. h30mm, h40mm, h50mm and h60mm) and arch 

numbers (i.e. 3, 4, 5 and 6), respectively. The fourth group with two panels is designed to 

study the effect of different thicknesses of arched layer and flat layer (i.e. 0.9mm+0.55mm 

and 0.55mm+0.9mm). The detailed parameters of the specimens are summarized in Table 
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4-2. The front and stack views of the specimens before testing are shown in Figure 4-1 (b) 

and Figure 4-2, respectively. 

     

 (a) (b) 

Figure 4-1 Specimens S2-A5-h50  

(a)Schematic diagram; (b) Front view 

 

  

(a) 

 

(b) 

  

(c) 

Figure 4-2 Stack views of specimens (a) 2nd group; (b) 3rd group; (c) 4th group 

 

As the arches are closely linked together, it is impractical to perform spot welding on the 

multi-arch panels. Furthermore, spot welding will leave a 50mm spacing between each 

point weld. Therefore, epoxy adhesive Sikaflex®-252 [109] was used to connect the arched 

layer to the flat layer. The Sikaflex®-252 is a thixotropic adhesive which is widely used in 

the automotive industry. It is suitable for structural joints that will be subjected to dynamic 
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stresses and it is also suited for structural attachments of sheet metal including sandwich 

panels.  Thereby, the strong bondage between the multi-arch layer and the flat layer was 

achieved. Using epoxy adhesive also ensures a continuous connection along the springing 

lines, as shown in Figure 4-3, which ensures cancelling out the horizontal components of 

forces transmitted to the arch supports.    

 

Table 4-2 Specifications of all specimens 

Category Name of specimens Arch height (mm) Arch number
Thickness (mm) 

Arched layer Flat layer 

1st Group 

(Flat panels) 

F0.9 - - - T0.9 

F1.2 A - - - T1.2 

F1.2 B - - - T1.2 

F1.2 C - - - T1.2 

2nd Group 

(Arch height) 

S2-A5-h30 h30 A5 T0.55 T0.55 

S2-A5-h40 h40 A5 T0.55 T0.55 

S2-A5-h50 h50 A5 T0.55 T0.55 

S2-A5-h60 h60 A5 T0.55 T0.55 

3rd Group 

(Arch number) 

S3-A3-h50 h50 A3 T0.55 T0.55 

S3-A4-h50 h50 A4 T0.55 T0.55 

S3-A5-h50 h50 A5 T0.55 T0.55 

S3-A6-h50 h50 A6 T0.55 T0.55 

4th Group 

(Thickness) 

S4-T0.55+0.9 h50 A5 T0.55 T0.9 

S4-T0.9+0.55 h50 A5 T0.9 T0.55 

 

 

Figure 4-3 Connection details along the arch springing lines 

4.2.2  Experimental setup 

The pendulum impact test system used in the test consists of a steel rig, an impactor, a 

pendulum arm, an inclinometer, strike plate, a confining frame, a support frame and an 

airbag as shown in Figure 4-4. The schematic diagram of the experimental setup is shown 

in Figure 4-4. The steel rig was fixed on the strong floor to support the whole test system. 

The steel impactor, weighted around 300 kg and the weight can be varied, was connected 

to the end of the pendulum arm which is 2.8m long. The impactor was lifted to a desired 
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height and then released to impact on the strike plate. The strike plate of 35mm thickness 

shown in Figure 4-5 (b) was placed in front of the airbag so that it can uniformly distribute 

the strike force onto the surface of the airbag. The airbag, which was fully confined by a 

steel frame, was placed in between of the test specimen and the strike plate. Initial pressure 

was pumped into the airbag to inflate it before each test. Upon impacting, the pressure 

inside the airbag increased quickly and generated a uniformly distributed pressure applied 

to the arched surface of the test specimen.  

 

 

Figure 4-4 Schematic diagram of the pendulum impact test system 

 

        
 (a) (b) 

Figure 4-5 Experimental set-up 

(a) Photograph of test set-up; (b) Impactor, strike plate, confining frame and support frame 
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 (a) (b) 

     

 (c) (d) 

Figure 4-6 Main procedures of setting up specimen  

(a) Placement of specimen; (b) Placement of airbag; (c) Clamping of strike plate;  

(d) Placement of four strain gauges and Laser LVDT on the inner (back) layer 

 

The main procedures of setting up specimen on the pendulum test system are shown 

Figure 4-6. As shown in Figure 4-6 (a) and Figure 4-7 (a), the specimen was peripherally 

clamped along four edges between the support frame and the confining frame, with the 

clamping assembly consisting of eight bolts. The dimension of the support frame is 690 by 

690mm with support band of 50mm. The inside edge size of the confining frame is 610 by 

610 mm and a space of 5mm exists between the springing line of arched layer and the 

confining frame, as shown in Figure 4-7 (b). The effective area of specimen under uniform 

loading is therefore 600 by 600 mm. Figure 4-6 (b) shows the placement of the airbag 

inside the confining frame in front of the testing specimen. The airbag, as a load spreader 
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between the strike plate and specimens, can transfer uniform load to the arched surface of 

specimens. A pressure transducer (model Honeywell 24PCD) was placed inside the airbag 

to record air pressure acting on the surface of specimens. The strike plate was then 

clamped with the clamping devices shown in Figure 4-6 (c) so that it can prevent the strike 

plate falling out of the confining frame before and after impact, as well as to provide 

confinement to the airbag inside the confining frame. During the testing, to avoid the rigid 

steel impactor hitting the strike plate repeatedly, the impactor was pulled back immediately 

after the first impact and bouncing away from the strike plate.  

 

 

(a) 

 

(b) 

Figure 4-7 (a) Schematic diagram of specimen set-up; (b) Details of end connections 

 

In the tests, a laser Linear Voltage Displacement Transducer (LVDT Keyence LB-70) was 

used to measure the displacement time history at the centre of inner layer. The LVDT has a 

response time of 0.15ms and range of 60 to 140mm. As the LVDT can better detect a 

white surface, white masking tape was placed on the back of the specimen to obtain the 

accurate measurements. Four strain gauges (BX120-5AA) with gauge resistance of 

119.8±0.2Ω and gauge factor of 2.1±1.0% were also adhered to the inner layer of specimen 

to measure the strain history, as shown in Figure 4-6(d). Strain gauges S1 and S4 were used 



School of Civil and Resource Engineering 

Chapter 4                                                                              The University of Western Australia 

4-8 

to measure strains in two directions at the centre of the inner layer. Strain gauges S2 and S3 

were used to measure strains at the locations of a quarter of panel length away from the 

edge. The Wheatstone bridge circuit was used to measure the electrical resistance change, 

which could be converted to the corresponding strain values.  

 

  

(a) 

 

(b) 

Figure 4-8 (a) Data acquisition system; (b) High speed camera and halogen lights 

 

The testing data were captured from high frequency data acquisition system consisting of a 

NI USB-6363 board and a NI USB-9237 board made by National Instruments [73], as 

shown in Figure 4-8. The board NI USB-6363 for obtaining displacement and air pressure 

can sample up to 2MHz per channel and the board NI USB-9237 for recording strain data 

has a maximum sampling rate of 50 kHz per channel. A high speed camera of up to 40,000 

fps (frames per second) was used to record the impacting on the strike plate and the 
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response of inner layer of specimens. Two halogen lights of 1500w were installed to 

provide intensive light to meet the requirement for capturing high speed images. The high 

speed camera was connected to a laptop on which commercial software MotionblitzCube 

was installed for managing the recording process. The frame rate of high-speed camera 

used in this test was up to 1000 fps at its resolution of 640x512 pixels. 

4.2.3  Experimental results  

All specimens were tested with multiple impacts with progressively increasing impact 

speed. Among them, some specimens (i.e. F0.9, F1.2B, S2-A5 and S3-A5) were tested with 

two impacts with the release angles of 30 degrees and 45 degrees, respectively. Others were 

tested with three impacts with the release angles of 15 degrees, 30 degrees and 45 degrees, 

respectively. The corresponding peak pressures and the estimated impulse acting on the 

specimens in each test are given in Table 4-3. The experimental results are also summarized 

in this table. Detail observations on the deformation modes of the specimens and the 

measured results including pressure time history, displacement time history of the center 

point on the inner layer, and the strain time histories at the four points on the inner layer 

are presented in the following.  

4.2.3.1 Deformation modes 

 

       

 (a) (b) (c) 

Figure 4-9 Deformation modes of specimen S3_A4_h50 after each impact 

(a) front view after impact at 15 Degrees (impulse=0.463 KNs); (b) front view after impact 

at 45 Degrees (impulse=1.339 KNs); (c) back view after impact at 45 Degrees 

 

During the tests, the strike plate and the airbag were removed from the confining frame 

after each impact to observe the deformation modes of the specimen. Figure 4-9 shows the 

deformation profiles of the specimen S3_A4_h50 after each impact. As shown, after the 

first impact of releasing the pendulum at 15 degrees, both layers of the specimen display 

little residual deformation (Figure 4-9 (a)). However, after the impact by lifting up the 
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pendulum to 45 degrees, both layers, especially the arched layer, experience significant 

plastic deformations as shown in Figure 4-9 (b, c).  

 

After testing, the specimens were taken down and the deformation modes of the inner 

layer and the arched layer and the bonding at the arched layer springing lines between the 

two layers were carefully examined. In this study, all specimens showed typical Mode I 

response (i.e. large plastic deformation). No Mode II and Mode III (i.e. membrane tensile 

failure or transverse shear failure) occurred at the supports because the applied loads are 

not large and fast enough owing to the limitations of the testing equipment. Under 

different impulse levels, some specimens exhibited significant global deformation 

accompanied with localized deformation. The detailed observations are described in the 

following sections. 

 

Deformation modes of inner layer 

All specimens showed large plastic deformation with dome-like shape at the inner layer 

after being impacted by lifting up the pendulum to 45 degrees. The largest displacement 

occurred at the center of the inner layer. Typical deformation profile is shown in Figure 

4-10. The dome started from the center towards the clamped edges. The area clamped by 

the steel frame and the confining frame did not experience large plastic deformation. 

However, thinning or necking was evident along the clamped edges, indicating the actions 

of membrane tensile force. As shown in Figure 4-10 (a) and Figure 4-11 (a), the diagonal 

fold can be clearly observed. The diagonal fold worked like plastic hinges, extending from 

the panel corners to the center part of the layer. The intersection fold also developed along 

the springing lines where the arched layer connected with the flat layer. It is because the 

impact momentum was transferred to the inner layer through the springing lines which 

caused permanent displacement of inner layer. As shown in Figure 4-12 (a), some indents 

were observed at the end of the springing lines. It was also obvious that the localized 

deformation occurred at the inner layer around the bolt holes, especially those at the 

middle of each edge as shown in Figure 4-10, Figure 4-11 and Figure 4-12, due to the 

intensive stretching and stress concentration. For the specimen S2-A5-h30, some wrinkles 

can be observed at the support areas. It is because the small space between the panel and 

support frame allowed the panel to buckle. 
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 (a) (b) 
 Figure 4-10 Deformation mode of specimen F0.9  

(a) Back view; (b) Front view 

 

  

 (a) (b) 
Figure 4-11 Deformation mode of specimen S2-A5-h30 

(a) Inner layer; (b) Front layer 

 

  

 (a) (b) 
Figure 4-12 Deformation mode of specimen S4-T0.9+0.55 

(a) Inner layer; (b) Front layer 

Deformation modes of front layer 

All double-layered specimens except specimen S4-T0.9+0.55 experienced different levels 

of large plastic deformation on the front layer after the impact by releasing the pendulum at 
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45 degrees. As shown in Figure 4-12 (b), the specimen S4-T0.9+0.55 experienced only 

slight deformation on the front layer but buckling occurred around the end of springing 

lines. The front layer of specimen S2-A5-h30 suffered severe deformation across the whole 

area, especially around the center area as shown in Figure 4-11 (b). The front layer along 

the springing lines buckled severely and collapsed onto the inner layer. Although the large 

plastic deformation of the front layer absorbed significant impact energy, the momentum 

transferred to the inner layer also produced permanent deformation on the inner layer. The 

deformations of the front and inner layer depend on the configuration of the specimens. It 

can be seen from the stack views in Figure 4-14 that the higher the arch height and the 

more arch number are, the less severe the deformation of arched layer is.  

 

Debonding  

 

(a) 

 

(b) 

Figure 4-13 Enlarged view of debonding at the springing line  

(a) S2-A5-h60; (b) S4-T0.9+0.55 

 

Debonding was observed in all specimens after impact, indicating the bondage at two ends 

of the springing lines is not strong enough to keep two layers connected after hard impulse. 

The debonding level depends on the configuration of the specimen. The specimen S2-A5-

h60 in Figure 4-13 (a) shows severe debonding initiated from the end of the springing line 

to the center part of inner layer. However, only slight debonding occurred at the end of the 
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springing line of the specimen S4-T0.9+0.55 as shown in Figure 4-13 (b). It can be seen 

from Figure 4-14 that the higher arch height and the more arch number are, the less 

severely the panel debonds at the springing lines. The specimens with slight debonding 

could keep the protection performance in function in lieu of multi-arch structural form 

after impact. 

 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 4-14 Stack views of specimens after test 

(a) 1st group; (b) 2nd group; (c) 3rd group; (d) 4th group  

 

4.2.3.2 Quantitative results 

Three response quantities were measured during the tests. They are air pressure time 

history inside the airbag, displacement time history at the center point on the inner layer 

and strain time histories at four points on the inner layer. The results are summarized in 

Table 4-3. The corresponding impulse calculated by integrating the recorded pressure time 

history multiplied by the projected plate area of 0.6m x 0.6m is also given in the table.  

 

Table 4-3 Experimental results (peak pressure, impulse, peak displacement and permanent 

displacement) 

Name of 

specimens 

1st impact (at 15 degrees) 2nd impact(at 30 degrees) 3rd impact (at 45 degrees) 

P I Δm δp P I δm δp P I δm δp 

kPa Ns Mm mm kPa Ns mm mm kPa Ns mm mm

F0.9 No test 47 846 22.0 7.0 89 1602 27.0 11.0

F1.2 A 20 360 10.7 0 58 1044 20.0 5.0 86 1548 24.5 9.0

F1.2 B No test 55 990 20.0 5.0 90 1620 25.0 10.0

F1.2 C 23 414 9.7 0 49 882 15.7 2.5 77 1386 21.6 6.9

S2-A5-h30 26 468 5.4 0.5 60 1080 31.0 20.0 70 1260 32.8 22.5

S2-A5-h40 24 432 4.0 0 49 873 21.7 11.4 63 1134 30.0 16.7

S2-A5-h50 No test 49 882 21.1 10.3 75 1350 33.3 19.6

S2-A5-h60 28 499 4.1 0.1 43 774 20.5 5.9 63 1134 27.0 14.7

S3-A3-h50 20 360 12.7 3.9 43 774 23.5 9.7 71 1278 34.5 19.7

S3-A4-h50 26 463 5.4 1.0 46 828 23.5 12.2 74 1339 31.0 21.2

S3-A5-h50 No test 50 900 22.0 11.3 70 1260 31.4 17.1

S3-A6-h50 30 540 3.4 0.2 60 1080 12.7 3.9 71 1278 20.0 9.6

S4-T0.55+0.9 30 540 5.0 1.0 55 990 19.6 5.9 85 1530 25.5 9.8

S4-T0.9+0.55 29 522 2.5 0.5 68 1224 5.9 0.2 114 2052 16.7 4.9

Notes: P- Peak pressure (kPa); I- Impulse (Ns); δm-peak center displacement of inner layer 

(mm); δp-permanent center displacement of inner layer (mm).  
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The air pressure inside the airbag is an important parameter and measured by using 

pressure transducer. Figure 4-15 (a) shows a typical pressure time history measured in a test 

of panel S4-T0.55+0.9. To ensure proper contact of the airbag with the test specimen, the 

airbag was inflated to fill in the confining frame with an initial pressure of 2kPa before 

impact test. Upon impacting, the air pressure inside the airbag sharply increased to a peak 

value of about 30 kPa then decreases rapidly and finally attenuated to zero. Because the 

airbag was confined by the confining frame, the specimen and the strike plate, it took about 

0.1 second for the pressure inside the airbag to attenuate to the ambient pressure. This 

duration was much longer in comparison with a common blast loading generated by high 

explosives. After each impact, the air tightness and integrity of the airbag was checked 

carefully and the initial pressure inside the airbag was regulated to 2kPa again before the 

subsequent impact. As shown, under the third impact, the peak pressure reached around 

85kPa at the release angle of 45 degrees for this particular plate. The recorded pressure 

time histories corresponding to the three impacts are shown in Figure 4-15. As shown, 

increasing the impacting speed significantly increases the peak pressure, but the pressure 

duration remains almost unchanged.  

 

As can be noticed in Table 4-3, the peak pressures recorded in the tests with the same 

impact energy (same impact mass and velocity) are not the same. The largest peak pressure 

was recorded in the test of the panel S4-T0.9+0.55 under the third impact of 45 degrees. It 

reached 114kPa. The reason for generating different pressures at the same impact force is 

because of the different sliding distance of the strike plate. During the tests, it was 

observed that the strike plate slid differently in each impact and it was difficult to be 

controlled. Besides the strike plate sliding, deformation of the specimen also affected the 

pressure time history under each impact owing to the pressure-structure interaction.  

Therefore, the actual recorded peak pressure rather than the release angle is taken as the 

parameter in the analysis and discussion of the test results.  
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(b) 

Figure 4-15 Pressure-time history of specimen S4-T0.55+0.9 

(a) 1st impact; (b) All three impacts 

 

The displacement corresponding to the above pressures at the center point on the inner 

layer of panel S4-T0.55+0.9 was measured by LVDT and shown in Figure 4-16. As shown, 

the first impact resulted in a 5 mm peak displacement and 1 mm permanent displacement 

at the center point on the inner layer, and the cumulative permanent displacement was 

around 17mm after the third impact. The results are also summarized in Table 4-3. 
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(b) 

Figure 4-16 Displacement time history at the center on the inner layer (S4-T0.55+0.9) 

(a) 1st impact; (b) All three impacts 

 

The energy absorption is dependent on the loading and deformation history, rather than 

the permanent deformation. Figure 4-17 shows the relationship of air pressure versus 

displacement at the center point on the inner layer. Each enclosed area by the pressure-

displacement curve is proportional to the corresponding energy absorption of the specimen 

under the impulsive loading. It can be seen that the panel under the third impact 

experienced the largest energy absorption. As shown in Figure 4-17, the specimen S4-

T0.55+0.9 has higher energy absorption than the specimen F1.2.  
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(b) 

Figure 4-17 Pressure versus displacement at the center point on the inner layer 

(a) F1.2C; (b) S4-T0.55+0.9 

 

The results of two sets of specimens were selected to demonstrate the consistency of the 

testing. As shown in Figure 4-18 (a), the peak and permanent displacements at the centre of 

inner layer are consistent for three flat panels with identical thickness of 1.2mm (i.e. F1.2A, 

F1.2B and F1.2C) under three impacts. The flat panel with 0.9mm thickness (i.e. F0.9) 

experienced larger displacement than the panels F1.2 A/B/C. Similarly, as shown in Figure 

4-18 (b), the five-arch panels (i.e. S2-A5-h50 and S3-A5-h50) also experienced consistent 

peak and permanent displacement at the centre of inner layer with respect to the impact 



School of Civil and Resource Engineering 

Chapter 4                                                                              The University of Western Australia 

4-19 

loads. These results demonstrate the consistency of testing and reliability of the 

measurement. 
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(b) 

Figure 4-18 Displacement at the center point on the inner layer versus impulse  

(a) F1.2 A/B/C and F0.9; (b) S2-A5-h50 and S2-A5-h50 

 

As mentioned above, four strain gauges (i.e. S1~S4) were also used to measure strain time 

histories of the inner layer of each specimen. The locations of four strain gauges are shown 

in Figure 4-6 (d). Figure 4-19 (a) shows the strain time histories after each impact of panel 

F1.2C. It can be seen that higher strains were measured by strain gauges S2 and S3 near the 
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support, indicating large axial stretching deformation as expected. Strain gauges S1 and S4 

measured the strains at the center on the inner layer in the Y and X directions, respectively. 

As shown, there was almost no residual strain at the center of the layer, but substantial 

residual strains were measured by gauges S2 and S3 near the support in the Y and X 

directions. Owing to the symmetry, the strain values at S2 and S3 should be approximately 

the same. However, obvious differences are observed in Figure 4-19(a), especially the 

residual strain after the third impact, in which the two gauges give the residual strains 

around 900  and 1300  , respectively. A detailed examination of the tested panel 

revealed that the anchor holes in the panel experienced different levels of stretching failure, 

as shown in Figure 4-10. These different levels of stretching failure resulted in different 

residual strains after the third impact. The reason to cause these different failure levels can 

probably be attributed to the different residual stress generated in the panel by punching 

the anchor holes, and different pretensions of screws to tie the test specimens to the 

support frame. Figure 4-19 (b) shows the strain time histories after each impact of panel 

S4-T0.55+0.9. Due to the multi-arch front layer, the measured strain histories at the inner 

layer are more complicated than those of flat panel F1.2C. As shown, the measured strains 

are generally smaller than those measured on the flat panel. Both strain gauges S2 and S3 

experience residual strain around 850 , smaller than those on the flat layer, indicating 

less axial stretching deformation. As shown the measured strain in the Y direction at the 

center (S4) displays residual strain even only after the first impact. Y direction is parallel to 

the springing lines of the arched front layer and the flat inner layer. While the adjacent 

arches cancel the horizontal force components transferred to their supports, they generate 

concentrated vertical forces along the springing lines acting on the back flat layer. These 

concentrated forces caused residual deformation in the Y direction even at the relatively 

smaller first impact. The arched front layer makes the plate unsymmetrical. In general the 

measured strains in the Y direction (S2 and S4), i.e., along the springing line, are larger than 

those in the X direction (S1 and S3). These observations indicate that the arched front layer 

reduces the overall responses of the flat inner layer, but may increase the local responses of 

the flat layer owing to the concentrated forces at the springing lines between adjacent 

arches. 
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(b) 

Figure 4-19 Strain-time histories  

(a) F1.2C; (b) S4-T0.55+0.9 

4.2.4  Analysis and discussions 

In this section, the effects of panel configurations (i.e. arch height, arch number and 

thicknesses of layers) on the structural response of the panels subjected to uniform 

impulsive loadings were analyzed and discussed. The center point displacement of the inner 

layer is used as the main response quantity in the discussion.  

 

4.2.4.1 Effect of arch height 



School of Civil and Resource Engineering 

Chapter 4                                                                              The University of Western Australia 

4-22 

Four panels with different arch heights (i.e. h=30mm, 40mm, 50mm and 60mm) in the 2nd 

group are compared in this section. As shown in Figure 4-20, with the increase of arch 

height, the peak and permanent displacements at the center on the inner layer decrease 

gradually. As discussed before, the generated air pressures are different even under the 

same impact loads due to the air pressure wave and panel interaction. For comparison, the 

measured deformations are normalized according to the ratios of the respective impulse to 

the average impulse obtained in all the tests with the same impact loads.  The measured and 

normalized peak and permanent displacements corresponding to the third impact are given 

in Table 4-4. Using S2-A5-h30 as the reference, it can be noted that with the increase of 

arch height from 40 to 60mm, the permanent displacements reduce by 17.5%, 18.7% and 

27.4%, respectively. Therefore, the conclusion can be drawn that larger arch height will 

improve the performance of the multi-arch panels subjected to impulsive loading. This is 

because larger arch height experiences more flattening deformations, which absorb more 

impact energy, therefore reduces the response of the back flat layer.    
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Figure 4-20 Effect of arch height on the displacements of inner layer 

 

Table 4-4 Comparison of peak and permanent displacements (2nd Group) 

Specimen 

3rd impact (at 45 degrees) 

P I δm(mm)  δp(mm) 

kPa Ns Measured Normalized Reduction Measured Normalized Reduction 

S2-A5-h30 70 1260 32.8 37.0 - 22.5 25.4 － 

S2-A5-h40 63 1134 30.0 37.6 -1.6% 16.7 20.9 17.5% 

S2-A5-h50 75 1350 33.3 35.1 5.2% 19.6 20.6 18.7% 

S2-A5-h60 63 1134 27.0 33.9 8.5% 14.7 18.4 27.4% 
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Notes: δm-peak center displacement of inner layer (mm); δp-permanent center 

displacement of inner layer (mm) 

 

4.2.4.2 Effect of arch number 

 

To examine the effects of different number of arches on responses of the tested panels, 

responses of the four panels with different arch numbers (i.e. 3, 4, 5 and 6) in the 3rd group 

are evaluated in this section. Figure 4-21 shows the peak and permanent displacements at 

the center of inner layer decrease with the increase of arch numbers. The peak and 

permanent displacements corresponding to the third impact are similarly normalized and 

given in Table 4-5. Using S3-A3-h50 as the reference, it can be noticed that increasing the 

arch number from five to six reduces the permanent displacement of the back flat layer by 

12.0% and 51.3%, respectively, but increasing the arch number from three to four increases 

the inner layer permanent deformation by 3.3%. Increasing the number of arch surfaces in 

general results in more deformation and energy absorption of the front arched layer, hence 

reduces the response of the back flat layer. Moreover, more number of arches also makes 

the impact load transferred to the back flat more uniformly distributed, hence also reduces 

the concentrated localized deformation. The reason that increasing the arch number from 

three to four slightly increased the permanent deformation at the center of inner layer is 

because of the local deformation caused by the concentrated force at the center of the flat 

layer. When the number of arches is four, a springing line between two arch surfaces passes 

through the center of the flat layer, which transfers a distributed load along this line and 

generates a slightly larger displacement at the layer center. When the number of arches is 

three, the two springing lines between the three arches locate at a third length of the back 

flat layer. Because there is no concentrated force at the center of the layer, the displacement 

is therefore smaller. It should be noted that when the number of arch surfaces is six, the 

displacement response of the inner layer is smaller than that of the flat panel with thickness 

of 1.2mm (i.e. F1.2B). Since the combined thickness of the double-layered panel in this 

group is 1.1 mm as given in Table 4-2, it can be concluded that the multi-arch double-

layered panel with more number of arches performs better than flat panel of the same 

thickness. Increasing the number of arches in the front arched layers in general reduces the 

displacement response of the back flat layer.  
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Figure 4-21 Effect of arch number on the displacements of inner layer 

 

Table 4-5 Comparison of peak and permanent displacements (3rd Group) 

Specimen 

3rd impact (at 45 degrees) 

P I δm(mm) δp(mm) 

kPa Ns Measured Normalized Reduction Measured Normalized Reduction 

S3-A3-h50 71 1278 34.5 38.4 - 19.7 21.9 - 

S3-A4-h50 74 1339 31.0 33.1 13.8% 21.2 22.6 -3.3% 

S3-A5-h50 70 1260 31.4 35.4 7.7% 17.1 19.3 12.0% 

S3-A6-h50 71 1278 20.0 22.3 42.0% 9.6 10.7 51.3% 

Notes: δm-peak center displacement of inner layer (mm); δp-permanent center 

displacement of inner layer (mm) 

 

4.2.4.3 Effect of thicknesses  

 

Responses of the two panels with different thicknesses of arched layer and flat layer (i.e. 

arch 0.9mm+ flat 0.55mm and arch 0.55mm+ flat 0.9mm) in the 4th group are compared 

with the panel S3-A5-h50 ( 0.55mm + 0.55mm). As shown in Figure 4-22, both panels in 

the 4th group experienced less inner layer displacement responses than the panel S3-A5-

h50. This is because the total thickness of the panels in the 4th group is larger than that of 

panel S3-A5-h50. Moreover, it can be noticed that panel S4-T0.9+0.55 experienced less 

displacement than panel S4-T0.55+0.9, indicating a thicker arch layer performs better if the 

combined total thickness of the front arched layer and the back flat layer is a constant.  
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Figure 4-22 Effect of thickness on the displacements of inner layer 

4.3 Numerical simulations 

The general design of protective structures, such as blast-resistant doors, should consider 

permanent deformation, rebound mechanisms and fragment protection, etc [13]. To make 

the design of the supports relatively easier, less boundary reaction force is also desired. In 

the laboratory tests reported above, some structural response quantities, e.g. reaction forces 

along the panel supports, distributions of internal stress and strain in the panels are very 

difficult to be directly measured, but can be obtained through numerical simulations. With 

the development of computer technology and computational mechanics techniques, 

reliable numerical simulations are more and more commonly used to simulate experiment 

tests. Compared to physical tests, numerical simulations can provide more detailed and 

comprehensive observations on the structural responses. In this study, the software LS-

DYNA, which has been proven yielding reliable numerical predictions of dynamic 

structural response to impact and blast loads is used to simulate the laboratory tests. To 

validate the accuracy and reliability of the numerical model, a flat panel F1.2C and an 

arched panel S4-T0.55+0.9 are selected to calibrate the numerical model by comparing the 

numerical simulation and experimental test data. The peak boundary reaction forces are 

then extracted from the numerical simulations to examine the effectiveness of multi-arch 

panels against the impulsive loadings. 

4.3.1 Numerical model calibration and validation 

4.3.1.1 Element, mesh convergence test and material model  
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The numerical models are created by using commercial software ANSYS and LS-

PREPOST. The Belytschko-Tsay shell element [97] is utilized to model the arched and flat 

layers of the panels. The element size is determined after mesh convergence test. Three 

element sizes of 10mm, 5mm and 2.5mm are considered for the mesh convergence test. It 

is found that the displacement time histories obtained from the models with the three mesh 

sizes are in close agreement, indicating further decrease of the mesh size has little effect on 

the numerical results but incur longer calculation time. Hence, in this study mesh size of 

5mm is used. The finite element models of the two tested panels are depicted in Figure 

4-23. The elastic-plastic material model *MAT PLASTIC KINEMATIC in LS-DYNA is 

adopted to model the cold rolled stainless steel. The material properties used in the 

calculation are given in Table 4-1.The strain rate parameters C (Cowper constant) and P 

(Symonds constant) are 100s-1 and 10, respectively based on test results [110]. 

 

      

 (a) (b)   

Figure 4-23 Finite element models  

(a) Panel F1.2; (b) Panel S4-T0.55+0.9 

 

4.3.1.2 Boundary conditions and uniform impulsive loadings 

 

Properly modeling the boundary condition is critical to achieve the reasonable numerical 

result. In this study, the panel is assumed fully constrained at positions of the bolts by using 

*BOUNDARY SPC SET. Other nodes along the panel edges are assumed constrained on 

the three DOFs of UZ, Rot X and Rot Y which are consistent with those in the test. The 

uniform impulsive loadings are defined by using *LOAD SEGMENT SET, and applied on 

the arched surface The loading curve shown in Figure 4-24 is idealized from the measured 

pressure curve.  
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Figure 4-24 Typical load curve in numerical simulation (Specimen F1.2C) 

 

It should be noted that the air and water blast resistance of structures has been intensively 

studied with the aim of designing lightweight, blast-resistance structures [85, 111, 112]. The 

fluid-structure interaction has been demonstrated to affect the blast-resistant capacity of 

the structures. Fleck and Deshpande [111] proposed an analytical model for the response 

of clamped sandwich beams to shock loadings considering the effects of fluid-structure 

interaction. It has been reported that the sandwich panel with lightweight face-sheet can 

reduce the transmission of impulse from water blast wave due to the fluid-structure 

interaction effects [111]. In addition, the sandwich structures subjected to water blast 

perform better than monolithic structures of equal mass. This is because a smaller fraction 

of impulse is transferred to sandwich structures than the monolithic counterparts due to 

fluid-structure interaction effects. However, sandwich structures subjected to air blast have 

smaller benefits than monolithic structures as fluid-structure interaction effects are more 

difficult to employ [113]. In fact air blast wave-structure interaction is found not important 

because of the very short duration of the shock wave that during which structure has no 

time to deform [90]. However, when the blast wave duration is long enough such as in the 

case of a confined explosion, blast wave-structure interaction effect might be important. It 

will affect the blast loading on the structure and structural responses.  

 

In this study, the airbag was fully confined by a steel frame when subjected to strike plate 

impact. To model air pressure wave and structure interaction, the three-dimensional 

numerical simulation should include the pendulum impacting on the impactor, the 

impactor acting on the airbag, the air inside the airbag, and the panel responses. Such a 
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model will predict the air pressure loading on the panel and more accurately predict the 

panel response. However, the computational cost for such a model will be huge. To 

simplify the analysis of the structure, fluid-structure interaction is not considered. The 

actual air pressure loading on the panel was recorded in the tests, which is used in the 

discussions of the panel performances, and used as input to calculate the panel responses. 

As predicting the air pressure loading is not the objective of the present study, and the 

numerical model by applying the recorded air pressure as dynamic loads on the panel is 

proven yielding good results, detailed model of the entire testing system with air pressure 

wave-structure interaction is not carried out in this study.  

 

4.3.1.3 Bonding 

 

Sikaflex®-252 adhesive is used to glue the arched layer and flat layer. The adhesive contact 

along the springing lines between the two layers is modeled using the keyword 

*CONTACT TIEBREAK NODES TO SURFACE in LS-DYNA. The contact bonds the 

slave nodes and master surface together until the prescribed failure criterion is reached. 

The failure criterion is defined by 

 

1




















MES

s

NEN

n

SFLF

f

NFLF

f
                      (4-1)    

 

where fn and fs are the normal and shear force at the interface, which are calculated during 

the analysis; NEN and MES are exponent for normal and shear force, which are taken as 2; 

and NFLF and SFLF are the corresponding normal tensile and shear force at failure, 

respectively. The values of NFLF and SFLF are defined based on the epoxy properties 

provided by Sika [109]. The tensile strength (CQP 036-1/ ISO 37) and shear strength 

(CQP 046-1/ISO 4587) of Sikaflex-252 adhesive are around 3MPa and 2MPa, respectively 

and the Young’s Modulus is 11.2GPa. To prevent the arched layer penetrating into the flat 

layer, the keyword *CONTACT AUTOMATIC SINGLE SURFACE is employed.  

4.3.2 Comparison of experimental and numerical results  

The simulated numerical results of the flat panel F1.2C and the arched panel S4-T0.55+0.9 

are compared with the experimental results to calibrate the numerical model.   
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4.3.2.1 Flat Panel F1.2C 

 

Figure 4-25 shows the numerical prediction of deformation mode of panel F1.2C after the 

third impulsive loadings. As given in Table 4-6, the accumulated permanent displacement 

after the third impact obtained in the numerical analysis is 8.9mm, comparable to 9.4mm 

obtained in the experimental test, with an error of 5.3%. Figure 4-26 (a) shows the 

comparison of the displacement-time histories from numerical simulations and 

experimental tests. Good agreements are achieved.  

 

     

 (a) (b) 

Figure 4-25 Comparison of deformation mode of panel F1.2C after the third impact  

(a) Numerical simulation; (b) Experimental test 

 

Table 4-6 Experimental and numerical results of the permanent displacement   

Experimental data Numerical prediction

Specimen Displacement(mm) 1st 2nd 3rd Σ(1~3) 1st 2nd 3rd Σ(1~3) Error

F1.2C Permanent 0.0 2.5 6.9 9.4 0.1 3.0 5.8 8.9 5.3%

S4-T0.55+0.9 Permanent 1.0 5.9 9.8 16.7 0.5 6.4 8.2 15.1 9.6%
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(b) 

Figure 4-26 Comparison of displacement-time histories from numerical simulation and 

experimental test 

(a) Panel F1.2C; (b) Panel S4-T0.55+0.9 

 

4.3.2.2 Arched Panel S4-T0.55+0.9 

 

Figure 4-27 shows the numerical prediction of deformation mode of two layers of panel 

S4-T0.55+0.9 after the third impact. Figure 4-26(b) shows the comparison of numerical 

simulated and experimental tested displacement time histories. As shown, the deformation 

shape and the displacement response time histories obtained from numerical simulation 

agree well with the testing data. Table 4-6 lists the total permanent displacement after each 
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impact. As can be noticed, the accumulated residual displacement after the third impact 

obtained from numerical simulation and experimental test is 15.1mm and 16.7mm, 

respectively, with an error of 9.6%. All these comparisons indicate that the numerical 

model gives reasonably good predictions of the flat and double layered panel responses to 

impact loads. Figure 4-28 shows the von Mises stress distributions in the front arched layer 

and the flat inner layer. As shown, high stress occurs near the ends of springing lines in the 

inner layer. Large area on the front layer experiences high stress due to buckling of the arch 

surfaces.  

 

(a)   

(b)   

Figure 4-27 Comparison of the deformation mode of panel S4-T0.55+0.9 after the third 

impact from numerical simulation and experimental test 

(a) Front layer; (b) Inner layer 
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(a) 

 

(b) 

Figure 4-28 Von mises stress contours of panel S4-T0.55+0.9 subjected to 3rd impact 

(a) Front layer; (b) Inner layer 

4.3.3  Numerical calculations of reaction forces  

As discussed above, boundary reaction force is also a critical parameter in blast-resistant 

door panel design. Smaller boundary reaction force relives the demand on panel supports. 

Because the boundary reaction forces could not be measured in the tests, in this section the 

validated numerical model is used to simulate the boundary reaction forces of the selected 
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flat and double layered panels subjected to an impact load with the peak pressure of 87 kPa 

and duration of 0.1second.  

 

The peak boundary reaction forces are extracted from the numerical simulations. Table 4-7 

lists the numerically calculated boundary forces defined in Figure 3-14 of all the considered 

example panels. As can be noticed, all the multi-arch panels have less boundary reaction 

forces in all the three directions than the flat panel. This is because the multi arch surfaces 

cancel the horizontal component of forces at the springing line between two arches. Large 

deformation of front arched surface also relieves certain amount of impact forces.  

 

Using the calculated reaction forces of F1.2 as the reference, results in Table 4-7 indicate 

that increase the arch height from 30mm to 50mm, the peak boundary reaction forces 

reduce by 54.6% and 62.3% in the X direction, and by 63.2% and 68.9% in the Y direction. 

Increase the number of the front layer arch surfaces also reduces the boundary reaction 

forces. Compared to the flat panel, the reaction force in X direction is reduced by 48.7%, 

62.3% and 70.3%, and in Y direction by 50.7%, 68.9% and 77.9%, respectively, when the 

number of the front arch surfaces is 3, 5 and 6. In addition, two panels with different 

thicknesses of arched and flat layers (0.55mm+0.9mm; 0.9mm +0.55mm) are also 

compared here. Panel S4-T0.55+0.9 has a peak boundary reaction forces of 22.8 KN in X 

direction and 11.7 kN in Y direction, compared to14.4 kN in X direction and 10.3 kN in Y 

direction of panel S4-T0.9+0.55, indicating that panel with a thicker arched layer leads to 

smaller boundary reaction forces. Because less boundary reaction forces will make the 

design of the supports relatively easier, reducing the reaction forces is another advantage of 

using multi-arch double-layered panels.   

 

Table 4-7 Numerical results of peak boundary reaction forces  

Category 

Peak boundary reaction force (104N) 

Fx Reduction Fy Reduction Fz Reduction

F1.2 5.46 - 5.44 - 1.56 -

S2-A5-h30 2.48 54.60% 2 63.20% 1.54 1.30%

S2-A5-h50 

2.06 62.30% 1.69 68.90% 1.53 1.90% (S3-A5-h50) 

S3-A3-h50 2.80 48.70% 2.68 50.70% 1.52 2.60%

S3-A6-h50 1.62 70.30% 1.20 77.90% 1.50 3.80%

S4-T0.55+0.9 2.28 58.20% 1.17 78.50% 1.52 2.60%

S4-T0.9+0.55 1.44 73.60% 1.03 81.10% 1.51 3.20%
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4.4 Summary  

In this chapter, experimental tests of fourteen specimens have been carried out to 

investigate the structural response of the multi-arch double-layered panels subjected to 

multiple impact loads. A pendulum impact test system was used to generate uniform 

impact loads on the front surface of specimens through an airbag. The deformation modes 

of specimens were examined and discussed in this chapter. All specimens after impact 

showed typical Mode I response and dome-like plastic deformation on the inner layer. The 

diagonal fold, the fold along the springing line, the localized deformation and the necking 

along the clamped edges were observed on the inner layer. Debonding between the arched 

layer and the back flat layer was observed along the springing lines. The experimental data 

including air pressure history acting on the front face, displacement history at the center 

point on the inner layer and strain history at some representative points on the back face 

were recorded. The effects of different configurations, i.e., arch height, arch number and 

layer thickness on the structural response to the uniform impulsive loadings were identified 

based on experimental tests. It is found that the higher is the front arched surface, the 

more is the arch number, the thicker is the outer thicker layer, the more effective is the 

multi-arch double layer panel in reducing center point displacement at the inner layer. 

 

A numerical model was also developed to predict the multi-arch panels’ response to 

uniform impulsive loadings by using LS-DYNA. The validity of the model was calibrated 

with the experimental test results. Using the calibrated model, the peak boundary reaction 

forces not measured in the experiments were extracted from the numerical simulations. It 

is found that the higher is the front arched surface, the more is the arch number, the 

thicker is the front arch layer, the more effective is the multi-arch double layer panel in 

reducing boundary reaction forces.  
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Chapter 5  

Numerical Simulations of Stiffened Multi-Arch Double-Layered 
Panels Subjected to Blast Loadings 

 

5.1 Introduction 

As mentioned in Chapters 3 and 4, high stress concentrations occur at the springing lines 

where the front arched layer is connected to the flat inner layer. The elements at these 

locations are vulnerable and damage at these locations may compromise the overall blast 

load-carrying capacity of the panel. To mitigate the possible damage due to these stress 

concentrations, as well as the damage caused by buckling of the front arched layer, 

stiffeners are considered to be placed at strategic locations to prevent these localized 

damages. These stiffeners are designed to enhance the capacity of the front arched and flat 

inner layers to prevent bending and buckling failure, thus to further improve the overall 

performance of the multi-arch double-layered panel in resisting blast loads. In this chapter, 

responses of a five-arch double-layered panel with rectangular stiffeners to blast loads are 

investigated by using LS-DYNA. The stiffened panel is compared with the unstiffened 

panel of the same weight in terms of the blast-resistant capacity and energy absorption 

capacity. Parametric studies are conducted to investigate the effects of various stiffener 

configurations, boundary conditions, stiffener dimension and strain rate sensitivity on the 

dynamic response to blast loadings. The center point displacements, internal energy 

absorptions, boundary reaction forces and plastic strains are compared.  
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5.2 Panel configurations 

Both unstiffened and stiffened panels are made of mild steel with the projected dimensions 

of 500mm by 500mm. The unstiffened panel designated as “UU” (“Unstiffened” on arched 

layer and “Unstiffened” on flat layer) is a double-layered panel consisting of a flat inner 

layer and a five-arch layer with the arch surface facing the blast load, which is shown in 

Figure 5-1. The thicknesses of both layers of the unstiffened panel are 2mm. The arch 

height is 50mm. The arched layer is welded to the flat inner layer. To investigate the effect 

of stiffeners, a panel with rectangular stiffeners placed on arched and flat layers is 

configured as shown in Figure 5-2 and designated as “F4”. The arched layer of the panel 

“F4” is arranged with five stiffeners each along the crest of arch surface in Y direction, and 

three stiffeners at the mid and ends of each arch surface of the arched layer in X direction. 

The flat layer of “F4” is strengthened with four stiffeners at the springing lines of two arch 

surfaces in Y direction and two stiffeners along the boundary of the flat layer in X 

direction. The rectangular stiffeners, 10mm in width and 5mm in depth, are placed on the 

side of layer facing the blast loadings. To make the total weight of stiffened panel “F4” 

approximately the same as the unstiffened panel “UU”, the thicknesses of both the front 

arched and flat inner layers of “F4” are adjusted to 1.39mm, as indicated in Table 5-2. The 

boundary conditions of panels are assumed to be fully fixed around the whole perimeter of 

the flat inner layer. 

 

  

 

Figure 5-1  Schematic section diagram and FE model of the unstiffened panel UU 
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(a) 

 

(b) 

Figure 5-2  Configuration of the stiffened panel F4 (left: top view; right: bottom view) 

5.3 Numerical simulations 

The numerical model of steel panel under blast loads is developed in Chapter 3. The 

validity of the model is verified by simulating a field blasting test [96]. The same model i.e. 

material properties, boundary conditions, element sizes and blast loading calculations is 

used in this study to simulate the responses of stiffened five-arch double-layered panels to 

blast load. As compared to the calibrated model in Chapter 3, the only major difference is 

the addition of stiffeners. Therefore, the calibrated numerical model is believed reliable to 

predict the dynamic responses of the stiffened five-arch double-layered panels subjected to 

blast loads.   
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5.3.1  Element types and connections 

The numerical models are built by using commercial software ANSYS and LS-PREPOST. 

The Belytschko-Tsay shell element [97] with element size of 5mm is utilized to model the 

arched and flat layers of the panels. The 8-node solid element [97] with element size of 

5mm is used to model the stiffeners. Perfect connections between the front arched and flat 

inner layers are assumed in the study and modeled as common points. Perfect connections 

between the stiffeners and the respective layers described above are also assumed and 

modeled as common points. To prevent the stiffeners penetrating into the arched and flat 

layers, the keyword *CONTACT AUTOMATIC SINGLE SURFACE is employed.  

5.3.2  Mesh convergence test 

The computational accuracy is dependent on the element size. Three element sizes of 

2.5mm, 5mm and 7.5 mm representing fine, medium and coarse meshes are used for the 

mesh convergence tests on the panel “F4”. Figure 5-3 shows that the center point 

displacement time histories of flat layer obtained from the models with different mesh sizes 

are in close agreement, indicating the chosen mesh sizes lead to similar response of the 

panel subjected to blast load. Hence, mesh size of 5.0 mm is used in the subsequent 

calculations.  
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Figure 5-3  Displacement time histories obtained with different mesh sizes 
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5.3.3  Material models 

The elastic-plastic material model *MAT PLASTIC KINEMATIC in LS-DYNA is 

adopted to model the steel. The failure strain of the mild steel is defined as 0.35. The 

material properties used in the calculation are given in Table 5-1.  

 

Table 5-1 Material properties of 1045 steel [114] 

Property 
Young's 

Modulus 

Poisson’s 

Ratio 

Yield 

Stress 

Tangent 

Modulus 
Density 

Hardening 

Parameter, β 
C P 

Value 203GPa 0.3 507MPa 3350MPa 7850 Kg/m3 1 40 s-1 6 

5.3.4  Blast load modeling 

One kilogram TNT is detonated at a distance of 350 mm above the flat layer as illustrated 

in Figure 5-1. The scaled distance is 0.35 m/kg1/3. Similar to the  blast loading model 

employed in Chapter 3, blast load is generated by using keyword *LOAD BLAST 

ENHANCED (LBE) via the CONWEP feature in LS-DYNA [95]. As shown in Figure 

5-4, the peak reflected overpressure is around 82.3MPa. The incident and reflected 

pressures on the plate are hereby determined based on the amount of TNT, the standoff 

distance and angle of incidence [95]. It should be noted that the current results are obtained 

by calculating the blast loadings from empirical formulae in LS-DYNA. Blast wave-

structure interaction is not considered. Detailed investigation into this phenomenon 

involves modeling blast wave propagation and interaction with structures, and is beyond 

the scope of the present study.   
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Figure 5-4  Reflected pressure time histories 
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5.3.5  Results and discussions 

The response quantities including peak displacement, amount of internal energy 

absorption, boundary reaction forces and plastic strain are compared. As shown in Table 

5-2, adding stiffeners results in an increase in the peak and permanent displacements of the 

front arched layer and the peak displacement of the flat inner layer, but the permanent 

displacement of the flat layer of the panel “F4” is 7.2mm, 50.3% less than that of the 

unstiffened panel “UU”. This is because the thickness of the both layers of F4 is thinner 

than that of panel UU, therefore the two layers of F4 experience larger deformations, but 

the elastic response recovery of the stiffeners leads to partial reduction of the plastic 

responses of the two layers in F4. Because the permanent displacement of the inner layer 

of F4 is 50.3% less than that of UU, stiffened panel F4 has a better protection of internal 

contents.  

 

Table 5-2 Specification of panels and displacements of both layers 

Specification Displacement

Panel 
Stiffener Size 

Total 

weight 

Thickness 

of layers 

Arched Layer 

(mm) 
Flat Layer (mm) 

(width*depth) Kg mm Peak Permanent Peak Permanent Reduction 

UU - 10.09 2.00 14.1 8.5 16.7 14.5 - 

F4 10*5 10.09 1.39 20.9 14.5 19.0 7.2 50.3% 

 

Table 5-3 Internal energy, reaction forces and plastic strain 

Panel 

Internal Energy (kJ) Reaction Force (105N) 
 

Plastic 

Strain 

Ei-1 

(arched) 

Ei-2 

(flat ) 

Ei-3 

(stiffener) 

E 

(Total) 
Fx Reduction Fy Reduction Fz Reduction 

 

UU 5.5 3.4 - 9.4 2.19 - 2.94 - 2.06 - 0.270 

F4 5.7 2.1 2.4 10.4 2.13 2.7% 2.49 15.3% 1.78 13.6% 0.120 

 

Table 5-3 shows that the total internal energy (Et) and the internal energy of arched layer 

(Ei-1) of the stiffened panel are higher than the unstiffened panel subjected to blast 

loadings. This is because the thicknesses of the layers of the stiffened panel are reduced to 

make the total weight approximately the same as the unstiffened panel. Thus the thinner 

arched layer experiences more deformation which results in more internal energy 

absorption. Similarly the flat inner layer of the stiffened panel experiences less deformation 

and hence less internal energy absorption (Ei-2) than that of the unstiffened panel. 

Furthermore, the deformation of stiffeners (Ei-3) also takes some share of total internal 

energy. Figure 5-5 shows the time history of the total energy absorption (Et), internal 
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energy (Ei-1, Ei-2, Ei-3) and the kinematic energy (Ek-1, Ek-2, Ek-3) absorbed by both 

layers and stiffeners of the panel “F4”.   
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Figure 5-5  Energy time histories of panel F4 

 

As illustrated in Figure 3-14 above the schematic diagram of four edges and the reaction 

forces on the edges, the reaction forces in the X direction (Fx) mainly act on the edge 1 

and 3. The reaction forces in the Y direction (Fy) mainly act on the edge 2 and 4. The 

reaction forces in the Z direction (Fz) act on all four edges. As shown in Table 5-3, the 

stiffened panel “F4” is effective in reducing the reaction forces in all the three directions. 

This is because the stiffened panel cancels out more blast loadings at the springing lines of 

two adjacent arches, thus less force acting on the arched surface is transferred to the edges 

of the panels. This will substantially reduce the loading at the supports, thus greatly reduce 

the possibilities of support damage. 

 

As shown in Figure 5-6 (a), high plastic strain of the unstiffened panel “UU” occurs at the 

springing line where the arched layer is welded to the flat layer. The peak plastic strain of 

0.270 occurs locally at the edge of the springing line (node 5226 indicated in Figure 5-6 (a) 

where the failure might happen). Therefore, the elements at these locations should be 

strengthened by placing the stiffeners. The peak plastic strain of the stiffened panel “F4” is 

decreased to 0.120 at node 6384 indicated in Figure 5-6 (b), which is much lower than the 

failure strain of 0.35 of the steel material. This is because blast loading is distributed more 

evenly on the stiffened panel and the stiffeners also strengthen the weak locations. 

Therefore, placing the stiffeners strategically can greatly reduce the peak plastic strain of 

the panel, and hence reduce the damage potentials of the panel under blast loadings. 
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(a) 

 

(b) 

Figure 5-6  Plastic strain contours (a) unstiffened panel UU; (b) stiffened panel F4 

 

In summary, the stiffened five-arch double-layered panel “F4” has been numerically 

demonstrated to outperform the same weighted unstiffened panel in reducing the 

permanent displacement response of the inner layer, the reaction forces and the plastic 

strain, indicating a better system for blast panel design. However, the performance of the 

stiffened panels depends on the number, location and size of the stiffeners. Following 

presents parametric calculation results to derive the optimized stiffener designs for the five-

arch double-layered panel. 
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5.4 Parametric studies 

This section presents parametric calculation results to study the effects of various stiffener 

locations, sizes, number of stiffeners, boundary conditions, and strain rate effect on the 

performance of stiffened five-arch double-layered panel to resist blast loadings. The aim is 

to derive the optimal configurations of stiffeners that lead to better blast loading resistance 

capacity of the panel without increasing its weight. The response quantities including the 

peak displacement, the internal energy absorption, the boundary reaction forces and plastic 

strain are compared to determine the best performing panel.   

 

 

AU                                          BU                                       CU 

 

                DU                                                EU                                          FU 

Figure 5-7  Six different stiffener layouts on arched layer (AU-FU) 

 

The unstiffened panel “UU” is employed as a baseline for comparison purpose. A total of 

six panels with stiffeners arranged only on arched layer designated as AU” to “FU” as 

shown in Figure 5-7, and another five panels with stiffeners on flat layer only, designed as 

“U1” to U5” as illustrated in Figure 5-10 are considered. The thicknesses of both layers are 

assumed the same and adjusted to make the total weight of all panels approximately the 

same. All panels in parametric studies are subjected to 1kg TNT detonated at a distance of 

350 mm above the flat inner layer. 
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5.4.1  Effect of stiffener layout on arched layer 

Six stiffener layouts (“AU-FU”) on the arched layer are shown in Figure 5-7. A panel with 

one stiffener placed at the middle of arched layer in X direction is designated as “AU”. A 

panel with three stiffeners placed at the middle and the two ends of the arched layer in X 

direction is designated as “BU”. Panel “CU” has five stiffeners placed along the ridges of 

the arched layer in Y direction. Panel “DU” has five stiffeners along the ridges of the 

arched layer in Y direction and one stiffener at the middle of the arched layer in X 

direction. Panel “EU” also has five stiffeners along the ridges of the arched layer in Y 

direction and two stiffeners at the ends of the arched layer in X direction, and panel “FU”, 

compared to panel ‘EU”, has one more stiffener applied at the middle of the arched layer 

in X direction. The size of all the stiffeners is 10mm in width and 10mm in depth. To make 

the total weight of panels approximately the same as 10.09 kg, the thicknesses of layers are 

adjusted accordingly with the increase of the number of stiffeners. The corresponding 

thicknesses of the layers are given in Table 5-4. The boundary conditions of panels are 

assumed to be fully fixed around the perimeter of the flat layer. 

 

Table 5-4 Configurations of six stiffener layouts on arched layer 

Panel 

Stiffeners on arched layer Total length of stiffeners
Total 

weight

Thickness of 

layers 

Length 

in Y 

(mm) 

Pieces 

Length 

in X 

(mm) 

Pieces mm Kg mm 

UU 500 0 785 0 0 10.09 2.00 

AU 500 0 785 1 785 10.09 1.88 

BU 500 0 785 3 2356 10.09 1.63 

CU 500 5 785 0 2500 10.09 1.61 

DU 500 5 785 1 3285 10.09 1.49 

EU 500 5 785 2 4071 10.09 1.37 

FU 500 5 785 3 4856 10.09 1.24 

 

Figure 5-8 (a) shows the deformation contour of the arched layer of the panel “FU”. Table 

5-5 shows the peak and permanent displacements of both layers of all the considered 

panels. The center point permanent displacements of the flat inner layer of all the stiffened 

panels except panel “EU” are smaller than that of the unstiffened panel “UU”, indicating a 

better performance of those panels in protecting the interior objects. As can be noticed, 

applying stiffeners at the middle of the arch layer, even only one stiffener on each arch 

surface (“AU”) results in a reduction in the permanent displacement of the flat inner layer. 



School of Civil and Resource Engineering 

Chapter 5                                                                              The University of Western Australia 

5-11 

This is because stiffeners applied along the arch surface at the middle of the arched layer 

increase the arch stiffness and therefore reduce the displacement response of the layer. 

However, by comparing the displacement response of panels ‘AU’ and ‘BU’, and panels 

“CU” and ‘EU”, it is interesting to note that applying the stiffeners at the ends of the arch 

surface results in an increase in the displacement responses of the two layers, implying it is 

ineffective by using stiffeners at the two ends of the arch surface to mitigate displacement 

response of the layer. This is because the current study keeps all the panels approximately 

the same weight. Placing stiffeners results in thinner layers, which leads to larger panel 

center deformations. However, as shown in Table 5-6, applying stiffeners at the two ends is 

very effective in reducing the support reactions. The panels “DU” and “FU” have the 

permanent displacements at the center point of the flat layer 10.5mm and 7mm, 

respectively, which are 27.6% and 51.7% less than that of the unstiffened panel. This is 

because the stiffeners are placed at the middle of the arch surface in both X and Y 

directions, which lead to more evenly distributed blast load to the whole arched layer, thus 

reduce the displacement at the center of the layer. The displacement time histories at the 

center point of the flat layer of the six panels subjected to blast loadings are shown in 

Figure 5-8 (b). 

 

Table 5-5 Displacements and internal energy (effect of stiffener layout on arched layer)                          

Displacement Internal Energy 

Panel 

Arched Layer 

(mm) 
Flat Layer (mm) (kJ) 

Peak Permanent Peak Permanent Reduction
Ei-1 

(arched)

Ei-2 

(flat ) 

Ei-3 

(stiffener)

E 

(Total)

UU 14.1 8.5 16.7 14.5 - 5.5 3.4 - 9.4

AU 11.6 7.5 16.3 12.0 17.2% 4.4 3.2 1.0 9.2

BU 18.0 13.0 20.2 14.5 0.0% 5.6 2.5 1.7 10.0

CU 13.9 7.5 16.4 12.5 13.8% 6.8 2.9 0.1 10.0

DU 15.1 8.3 16.7 10.5 27.6% 6.0 2.8 1.1 11.8

EU 12.5 9.5 17.7 15.6 -7.6% 7.8 2.6 1.1 12.0

FU 19.4 12.5 20.4 7.0 51.7% 7.1 2.0 2.5 9.4

 

As shown in Figure 5-8 (c), the total internal energy (Et) and the internal energy of arched 

layer (Ei-1) of all stiffened panels except panel “AU” are higher than the unstiffened panel. 

This is again because the thicknesses of both layers are reduced to make the total weight 

approximately the same when placing the stiffeners on the arched layer. The thinner arched 

layer experiences more deformations which result in more internal energy absorptions. The 
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internal energy of flat layer (Ei-2) of stiffened panels is less than that of the unstiffened 

panel because of their smaller deformation. The internal energy of stiffener (Ei-3) of panel 

“FU” is the highest among all stiffened panels simply because of the more number of 

stiffeners in this panel.   
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Figure 5-8  Effect of stiffener layouts of the arched layer (AU-FU) on structural responses 

(a) Deformation contour of the panel “FU” (top view); (b) Displacement time histories at 

center point of the flat layer; (c) Internal energy absorptions; (d) Reaction forces on edges 

in X/Y/Z directions 
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                   AU                                          BU CU 

 
                    DU EU FU 

Figure 5-9  Plastic strain contours and locations of peak plastic strain of panels AU-FU 

 

Table 5-6 Reaction forces and plastic strain (effect of stiffener layout on arched layer) 

Panel 
Reaction Force (105N) Plastic Strain

Fx Reduction Fy Reduction Fz Reduction 

UU 2.19 - 2.94 - 2.06 - 0.270

AU 2.70 -23.3% 2.65 9.9% 2.01 2.5% 0.253

BU 2.51 -14.6% 1.88 36.1% 1.94 5.8% 0.110

CU 3.89 -77.6% 2.54 13.6% 1.84 10.7% 0.248

DU 2.88 -31.5% 3.78 -28.6% 1.68 18.4% 0.250

EU 3.25 -48.4% 1.53 48.0% 1.42 31.1% 0.109

FU 2.67 -21.9% 1.59 45.9% 1.40 32.0% 0.115

 

As given in Table 5-6, the unstiffened panel experiences a peak plastic strain of 0.27. All 

stiffened panels experience lower plastic strains, especially “BU”, “EU” and “FU”, in 

which the largest plastic strains are 0.110, 0.109 and 0.115, respectively. However, the peak 

plastic strains for “AU” “CU” and “DU” are 0.253, 0.248 and 0.250, respectively, which 

are comparable to that of the unstiffened panel. Figure 5-9 shows the locations of peak 

plastic strains for unstiffened and stiffened panels which are highlighted by red circles. The 

peak plastic strains occur at the edges of arched layer for the panels “UU” “AU” “CU” and 

“DU” where there is no stiffener placed at the ends of arched layer in X direction. The 

panels “BU”, “EU” and “FU” experience lower peak plastic strain which occurs around 

the middle of arched layer instead of the edges of arched layer, indicating the importance of 
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placing stiffeners at the ends of arched layer in X direction. It can be concluded that the 

panels “BU”, “EU” and “FU” outperform other panels in terms of reducing the plastic 

deformations of the plate. 

 

In summary, the stiffeners placed in the middle of the arched layer help to reduce the 

permanent displacement of the flat layer. The stiffeners placed at the ends of the arched 

layer help to reduce the peak plastic strain and the reaction forces in Y and Z directions.  

5.4.2  Effect of stiffener layout on flat layer 

Five stiffener layouts (“U1”-“U5”) on the flat layer are considered in this section. The 

detailed layouts are shown in Figure 5-10. A panel with three stiffeners placed at the middle 

and ends of the flat layer in X direction is designated as “U1”. A panel with four stiffeners 

placed at the springing lines of arch surfaces in Y direction is designated as “U2”. A panel 

with four stiffeners placed at the springing lines of arches in Y direction and one stiffener 

at the middle of the flat layer in X direction is designated as “U3”. A panel with four 

stiffeners at the springing lines of arches in Y direction and two stiffeners at the ends of flat 

layer in X direction is designated as “U4”, and “U5” has four stiffeners at the springing 

lines of arches in Y direction and three stiffeners at the middle and ends of the flat layer in 

X direction. The sizes of the stiffeners are 10mm in width and 10mm in depth. To make 

the total weight of panels approximately the same as 10.09 kg, the thicknesses of the layers 

are adjusted accordingly with the number of stiffeners as given in Table 5-7. The boundary 

conditions of panels are assumed to be fully fixed around the perimeter of the flat layer. 

 

Table 5-7 Configurations of five stiffener layouts on flat layer 

Panel 
Stiffeners on flat layer Total Length 

Total 

weight 

Thickness of 

layers 

Length (mm) Pieces mm Kg mm 

UU 500 0 0 10.09 2.00 

U1 500 3 1500 10.09 1.77 

U2 500 4 2000 10.09 1.69 

U3 500 5 2500 10.09 1.61 

U4 500 6 3000 10.09 1.53 

U5 500 7 3500 10.09 1.46 
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            U1                          U2            U3 U4  U5 

Figure 5-10  Five different stiffener layouts on the flat layer (U1-U5) 
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Figure 5-11  Effect of stiffener layouts of the flat layer (U1-U5) on structural responses 

(a) Deformation contour of the panel “U5” (bottom view); (b) Displacement time histories 

at center point of the flat layer; (c) Internal energy absorptions; (d) Reaction forces on 

edges in X/Y/Z directions 

 

Figure 5-11 (a) shows the deformation contour of the flat layer of the panel “U5”. Table 

5-8 gives the peak and permanent displacements of both layers of the considered panels. 

The displacement time histories at the center point of the flat layer of all panels subjected 

to blast loadings are given in Figure 5-11 (b). As shown, all the stiffened panels experience 
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larger displacements than the unstiffened panel at the center point of the arched layer. This 

is because the thicknesses of the arched layers of all stiffened panels are thinner than that 

of the unstiffened panel “UU”. However, the displacements of the flat layer of all the 

stiffened panels are smaller than the unstiffened panel. The panel “U4” experiences the 

smallest permanent displacement of 6.0mm at the center point of the flat layer, which is 

58.6% less than that of the unstiffened panel “UU”. This is because the stiffeners placed 

on the flat layer increase the overall stiffness of the panel. The blast loads are more evenly 

distributed to the whole stiffened flat layer.  

 

Table 5-8 Displacements and internal energy (effect of stiffener layout on flat layer) 

Displacement Internal Energy 

Panel 

Arched Layer (mm) Flat Layer (mm) (kJ) 

Peak Permanent Peak Permanent Reduction 
Ei-1 

(arched) 

Ei-2 (flat 

) 

Ei-3 

(stiffener) 

E 

(Total) 

UU 14.1 8.5 16.7 14.5 - 5.5 3.4 - 9.4 

U1 27.1 18.0 17.7 10.8 25.5% 6.8 2.6 0.4 10.1 

U2 32.1 22.5 16.2 7.0 51.7% 6.7 1.9 0.5 9.4 

U3 33.3 23.0 19.5 9.0 37.9% 7.2 1.5 0.8 9.7 

U4 37.3 27.0 17.3 6.0 58.6% 7.8 2.0 0.5 10.4 

U5 39.4 29.0 19.7 10.5 27.6% 8.3 1.6 0.8 10.7 

 

As shown in Figure 5-11 (c), the internal energy of arched layer (Ei-1) of all stiffened panels 

is higher than the unstiffened panel. This is because the thicknesses of both layers are 

reduced to make the total weight approximately the same. The thinner arched layers 

experience larger deformations which result in more energy absorptions. The stiffeners take 

little share of the total internal energy. The flat layer of all the stiffened panels absorbs less 

energy (Ei-2) than the unstiffened panel because of its smaller deformations. 

 

Figure 5-11 (d) shows that the reaction forces in X direction of all the stiffened panels are 

slightly higher than that of the unstiffened panel. Similarly, the reaction forces in Y 

direction of all stiffened panels except panel “U1” are higher than that of the unstiffened 

panel. The panel “U4” and “U5” experiences 44.6% and 41.2% higher reaction force in Y 

direction than the unstiffened panel. This is because the stiffeners at the flat layer attract 

more forces owing to their relatively higher stiffness and transfer these forces to the 

supports. The panel “U1” experiences less reaction force in Y direction because no 

stiffener is placed in the Y direction at the springing lines of arches. However, the reaction 

forces in Z direction of all the stiffened panels are lower than that of the unstiffened panel 

because more blast loadings are carried in X and Y directions.  
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As shown in Table 5-9, all the stiffened panels experience lower plastic strain than the 

unstiffened panel. Especially, the panel “U3” experiences the lowest peak plastic strain of 

0.112. Figure 5-12 shows the locations of peak plastic strains for the unstiffened and 

stiffened panels. The panel “U1” experiences the peak plastic strain at the edge of arched 

layer. This is because there is no stiffener placed at the springing lines of arches in Y 

direction. For all other stiffened panels, the peak plastic strains occur around the middle of 

arched layer where higher blast overpressure occurs. The above results indicate that the 

panel “U3” experiences the least damage as it has the smallest plastic strain among all the 

panels considered. 

 

 

                     U1 U2 U3 

 

 U4 U5 

Figure 5-12  Plastic strain contours and locations of peak plastic strain of panels 

 

Table 5-9 Reaction forces and plastic strain (effect of stiffener layout on flat layer) 

Panel 
Reaction Force (105N) Plastic Strain

Fx Reduction Fy Reduction Fz Reduction 

UU 2.19 - 2.94 - 2.06 - 0.270

U1 2.41 -10.0% 1.72 41.5% 1.93 6.3% 0.159

U2 2.28 -4.1% 3.27 -11.2% 1.76 14.6% 0.144

U3 2.30 -5.0% 3.51 -19.4% 1.64 20.4% 0.112

U4 2.28 -4.1% 4.25 -44.6% 1.64 20.4% 0.150

U5 2.44 -11.4% 4.15 -41.2% 1.52 26.2% 0.137
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5.4.3  Effect of stiffener section size 

The panels “F4” with stiffeners of three different sections are considered to investigate the 

influence of stiffener sizes on panel performance. The dimensions of the three stiffener 

sections considered are 10*5mm, 5*10mm, 5*5mm (width*depth). The unstiffened panel 

“UU” with 2mm thick layers is again used as the reference panel for comparison. Similarly, 

for the cases with the stiffener dimensions 10*5 mm and 5*10 mm, the panel thickness is 

changed to 1.39 mm in order to keep the overall panel weight unchanged. For the case with 

stiffener dimension 5x5 mm, the panel thickness is also taken as 1.39 mm and the overall 

panel weight is therefore lighter as compared to the other cases. The dimension and weight 

of the example panels considered here are given in Table 5-10. The boundary of all the 

panels is assumed to be fully fixed around the perimeter of the flat inner layer. 

 

Table 5-10 Specifications of panels and displacements of both layers (effect of stiffener 

section size) 

Specification Displacement

Panel 
Stiffener section 

Total 

weight 

Thickness 

of layers 

Arched Layer 

(mm) 
Flat Layer (mm) 

(width*depth) Kg mm Peak Permanent Peak Permanent Reduction 

UU - 10.09 2.00 14.1 8.5 16.7 14.5 - 

10*5 10*5 10.09 1.39 20.9 14.5 19.0 7.2 50.3% 

5*10 5*10 10.09 1.39 19.8 14.0 20.3 7.5 48.3% 

5*5 5*5 8.55 1.39 29.0 21.5 22.0 10.5 27.6% 

 

As shown in Table 5-10 and Figure 5-13, all stiffened panels have smaller permanent 

displacement at the center point of flat layer than the unstiffened panel. Among them, the 

panel with stiffener dimension “10*5mm”, has a permanent displacement of 7.2 mm, 

which is 50.3% lower than the unstiffened panel. It also has lower reaction forces in 

X/Y/Z directions than the unstiffened panel as given in Table 5-11. The panel “5*10” has 

a permanent displacement of 7.5 mm, which is slightly higher than the panel “10*5”, and 

higher reaction force in X direction but lower reaction forces in Y and Z directions than 

the unstiffened panel as given in Table 5-11. The panel “10*5” has a peak plastic strain of 

0.120 and that of the panel “5*10” is 0.16 as shown in Figure 5-13. Figure 5-14 shows all 

the peak plastic strains occur at the middle of arched layer. These observations demonstrate 

that the stiffened panel “10*5” performs better among all the panels considered.  
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Table 5-11 Internal energy, reaction forces and plastic strain (effect of stiffener section size) 

Panel 

Internal Energy (kJ) Reaction Force (105N) 
 

Plastic 

Strain 

Ei-1 

(arched) 

Ei-2 

(flat ) 

Ei-3 

(stiffener)

E 

(Total)
Fx Reduction Fy Reduction Fz Reduction

 

UU 5.5 3.4 - 9.4 2.19 - 2.94 - 2.06 - 0.270 

10*5 5.7 2.1 2.4 10.4 2.13 2.7% 2.49 15.3% 1.78 13.6% 0.120 

5*10 5.7 2.1 2.3 10.5 2.61 -19.2% 1.94 34.0% 1.61 21.8% 0.160 

5*5 6.8 3.1 1.9 12.0 3.03 -38.4% 3.81 -29.6% 1.61 21.8% 0.181 
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Figure 5-13  Effect of stiffener section sizes on structural responses 

(a) Displacement time histories at center point of the flat layer; (b) Reaction forces on 

edges in X/Y/Z directions; (c) Internal energy absorptions; (d) Peak plastic strains 
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                    10*5 5*10 5*5 

Figure 5-14  Plastic strain contours and the locations of peak plastic strain in the panel 

(effect of stiffener section size) 

5.4.4  Effect of boundary condition 

Stiffened panel “F4” with five different boundary conditions is considered in this section to 

investigate the influences of different boundary conditions on panel responses to blast 

loadings. Five boundary conditions considered in the study are: (1) all the four edges fixed 

(designated as “4F”); (2) all the four edges pinned (designated as “4P”); (3) fixed on edges 

1&2&3 and free on edge 4 (designated as “3F”); (4) fixed on edges 1&3 and free on edges 

2&4 (designated as “2F”); (5) fixed on edges 2&4 and free on edges 1&3 (designated as 

“2FC”). The four edges of the panel are numbered and shown in Figure 3-14. The size of 

stiffener is 10mm in width and 5mm in depth. The thicknesses of both layers are 1.39mm.  

 

The displacement time histories at center point of the flat layer of the panel with five 

boundary conditions subjected to the blast loading are given in Figure 5-15 (a). Table 5-12 

gives the peak and permanent displacements of center points of both layers of the panel 

with five boundary conditions. The panel with boundary conditions “4F” and “4P” 

experience smaller permanent displacement of the flat layer than that with the other three 

boundary conditions. Release of one or two edges increases the permanent displacement. 

The panel with boundary condition “2FC” has better performance in terms of the 

permanent displacement than the panel with “3F” and “2F”. It is worth noting that the 

panel with boundary condition “2F” experiences large peak displacement on the flat layer 

and the permanent displacement occurs in the positive or opposite direction of the blast 

loading, indicating the counter-intuitive behavior of the panel occurs. This is because the 

overall stiffness of the panel with boundary condition “2F” is much smaller than that of 

the panel with “2FC”. Moreover, the reaction forces in X direction of the panel with “2F” 

and “3F” shown in Table 5-13 and Figure 5-15 (b) are much higher than the reaction 
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forces in the other directions and in panels with other boundary conditions. The above 

results demonstrate the influences of boundary conditions on panel responses. Changing 

the boundary conditions of the panel might significantly affect the panel performances 

under blast loadings.  

 

Table 5-12 Specifications of panels and displacement of both layers (effect of boundary 

condition) 

Specification Displacement 

Panel Boundary Conditions 

Total 

weight

Thickness 

of layers 

Arched Layer 

(mm) 
Flat Layer (mm) 

Kg Mm Peak Permanent Peak Permanent Reduction

4F 4 fixed on edge 1-4 10.09 1.39 20.9 14.5 19.0 7.2 -

4P 4 pinned on edge 1-4 10.09 1.39 21.6 15.0 19.0 8.0 -11.1%

3F 3 fixed on edge 1&2&3 10.09 1.39 25.7 17.2 29.0 21.0 -191.7%

2F 2 fixed on edge 1&3 10.09 1.39 38.4 20.0 38.0 33.7 -368.1%

2FC 2 fixed on edge 2&4 10.09 1.39 24.8 17.0 19.9 13.0 -80.6%

 

Table 5-13 Internal energy, reaction forces and plastic strain (effect of boundary condition) 

Panel 

Internal Energy(kJ) Reaction Force (105N) 
 

Plastic 

Strain 

Ei-1 

(arched) 

Ei-2 

(flat ) 

Ei-3 

(stiffener) 

E 

(total) 
Fx Reduction Fy Reduction Fz Reduction 

 

4F 5.7 2.1 2.4 10.4 2.13 - 2.49 - 1.78 - 0.120 

4P 5.8 2.2 2.3 10.5 2.54 -19.2% 2.55 -2.4% 1.60 10.1% 0.126 

3F 4.8 3.1 2.4 10.6 4.03 -89.2% 1.86 25.3% 1.21 32.0% 0.135 

2F 3.4 5.2 2.4 11.0 7.78 -265.3% 0.10 96.0% 2.05 -15.2% 0.132 

2FC 6.6 1.7 2.7 11.0 0.50 76.5% 2.56 -2.8% 1.20 32.6% 0.152 

 

As shown in Figure 5-15 (c), the arched layer of panel with boundary “2FC” has the 

highest internal energy (Ei-1) and its flat layer has the lowest internal energy (Ei-2) among 

all panels. As shown in Figure 5-15 (d), the panel with “4P” experiences the lowest peak 

plastic strain of 0.120 while the panel with “2FC” has the highest peak plastic strain of 

0.152. Figure 5-16 shows that the high plastic strains appeared at the edges of stiffeners for 

panels “3F” and “2F” whereas the high plastic strains more evenly distributed on the 

arched layer for panels “4F”, “4P” and “2FC”. The panels with boundary conditions “4P”, 

“4F” and “2FC” outperform the panels with other boundary conditions.  
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Figure 5-15  Effect of boundary conditions on structural responses 

(a) Displacement time histories at center point of the flat layer; (b) Reaction forces on 

edges in X/Y/Z directions; (c) Internal energy absorptions; (d) Peak plastic strains 

 

 

                                 4F                             4P                                    3F 

 

                                  2F 2FC 

Figure 5-16  Plastic strain contours and locations of peak plastic strain of panels (effect of 

boundary condition) 
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5.4.5  Effect of strain rate 

To demonstrate the strain rate effect, the model without considering strain rate effect is 

analyzed. All parameters are the same as those in Section 5.3 except the strain rate 

parameters C (Cowper constant) and P (Symonds constant) are both defined zero. As 

shown in Table 5-14, the model without considering strain rate effect experiences 240% 

higher peak central displacement than the model with considering strain rate effect. The 

model without considering strain rate effect also has higher peak plastic strain than the 

model that considers the strain rate effect. This is attributed to the increase of yield stress 

of material when strain rate effect is taken into account. This example demonstrates that 

the strain rate effect has great influence on the response to the blast loadings that 

neglecting it in the analysis may lead to inaccurate predictions of panel responses.  

 

Table 5-14 Displacements of both layers and plastic strain (strain rate sensitivity) 

Panel 
Arched Layer (mm) Flat Layer (mm) Plastic Strain

Peak Permanent Peak Permanent Reduction 

strain rate 20.9 14.5 19.0 7.2 - 0.120

no strain rate 36.0 32.0 28.8 24.5 -240.3% 0.156

5.5 Summary 

This chapter presents the numerical simulations of stiffened five-arch double-layered 

panels subjected to blast loading. The numerical results demonstrate that the stiffened five-

arch double-layered panel with stiffeners placed strategically performs better than the 

unstiffened panel of the same weight in resisting blast loads. Parametric studies on the 

effect of different stiffener layouts, stiffener section size, boundary conditions and strain 

rate on the blast-resistant capacity are also carried out. The peak displacement, internal 

energy absorption, boundary reaction forces and the plastic strain are compared to examine 

the effectiveness of various configurations on blast resistant capacity of the panel with 

stiffeners. It is found that the maximum structural response reduction of the stiffened five-

arch panel depends on the strategic placement of stiffeners, appropriate boundary 

conditions and stiffener section sizes.  
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Chapter 6  

Numerical Simulations of Blast-Resistant Panels with Rotational 
Friction Dampers Subjected to Blast Loadings 

 

 

6.1 Introduction 

As blast loading acts nearly in one direction only, using the traditional friction damper the 

panel will not likely get back to its original shape after the event. This makes the panel 

design with traditional friction damper ineffective in resisting repeated blast loadings. To 

help the panel recover its original configuration after the loading and maintain its 

operational and blast-resistant capability, this chapter introduces a new sandwich panel 

equipped with rotational friction hinge device with spring (RFHDS) between the outer and 

inner layers to resist blast loadings. This friction damper RFHDS, as a special sandwich 

core and energy absorber, consists of rotational friction hinge device (RFHD) and spring. 

The RFHD is used to absorb blast energy while the spring is used to restore the original 

shape of the panel. Friction damper, as a passive energy absorber, has been used in 

earthquake-resistant design to absorb vibration energy from cyclic loading. The use of 

friction damper in blast-resistant design to absorb high-rate impact and blast energy, 

however, has not been well explored. The mechanism of RFHD is studied by using 

theoretical derivation and numerical simulations to derive its equivalent force-displacement 

relation and study its energy absorption capacity. In addition, the energy absorption and 

blast loading resistance capacities of the sandwich panel equipped with RFHDS are 

numerically investigated by using LS-DYNA. In order to maximize the performance of the 

proposed sandwich panel, parametric calculations are carried out to study the performance 
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of RFHDS and the sandwich panels with RFHDS. The best performing sandwich panel 

with RFHDS in resisting blast loadings is identified.  

6.2 Rotational Friction Hinge Device with Spring (RFHDS) 

 

Figure 6-1 Schematic diagram of RFHDS model 

 

For a sandwich panel equipped with RFHD only, the outer layer has no chance to return to 

its original position after blast or impact loadings. Therefore, the sandwich panel will lose 

its energy absorption capacity and the blast or impact load-carrying capacity to resist 

repeated attacks. To overcome this shortcoming, a modified RFHD with a spring is 

proposed. The RFHDS will help the outer layer partially recover to its original 

configuration. It will also provide additional stiffness and load-carrying capacity to the 

sandwich panel. The schematic diagram of the proposed RFHDS is shown in Figure 6-1.  

6.2.1 Descriptions of RFHDS 

The main parts of the device RFHDS include eight friction plates, four friction hinges, one 

spring, a support plate, a load plate and two short pads as shown in Figure 6-1. The friction 

plate has length Lf, width Wf and thickness df.  Eight friction plates are hinged by four 

bolts. The bolt cap has a diameter of Lm. The bolt shank has a diameter of Hr. Four hinges 

are intended to pretension the friction plates and enhance the rotational friction; 

consequently increase the amount of energy dissipation. The angle between two adjacent 

plates is 2   . The included angle   shown in Figure 6-2 is half of the angle between two 

adjacent plates. The height of device is defined as H. The spring is connected between load 

plate and support plate.  
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6.2.2 Mechanism of RFHD  

The mechanism of RFHDS can be considered as the combination of RFHD and the 

spring. The RFHD in this study is the primary energy absorption device. The device 

RFHD dissipates energy through relative rotation of friction plates. The mechanism of 

RFHD could be investigated by using theoretical method. From which the idealized 

friction resistant moment (M) and yield strength (f) can be calculated.  

 

The yield strength (f) of RFHD shown in Figure 6-2 is the applied force which overcomes 

the total resistant moments from four friction hinges and results in the movement of 

RFHD.  The formula of yield strength is derived as 

 

 2 2

4 4

sin(0.5 )

M M
f

LL H 
 


                                          (6-1) 

                         

where M is the rotational friction resistant moment at each hinge; L is the effective length 

of plate. The included angle   varies from 0 to 90 degree, hence, the maximum height H is 

2L.  

 

 

Figure 6-2 Schematic diagram of RFHD for theoretical calculation 

 

The value of rotational friction resistant moment (M) depends on the friction coefficient, 

the preload and the frictional area.  

 

The friction force is given by  
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 2dF dN pds p rdr                                              (6-2) 

 

The resistant moment is given by  

 

           22dM rdF r pdr                                                          (6-3) 

 

                    
1 1

2 3 3
1

2
2 ( )

3

R R

R R
M dM r pdr p R R               (6-4) 

 

where F is the rotational friction force at each joint;   is the friction coefficient; p is the 

unit preloading; R1 is the inner radius of  frictional interface; R is the outer radius of 

frictional interface as shown in Figure 6-2.  

 

The heights of frictional damper before and after rotation are given by 

 

                  1 12 cosH L  ; 2 22 cosH L  ; 2 1 d    ; 

                 1 2 1 12 (cos cos( ))H H H L d                                       (6-5) 

   

where 1  and 2  are the included angles before and after deformation; H1 and H2 are the 

heights before and after deformation. 

 

In this study, without losing generality, the size of the device is assumed as: Lf=0.045m, 

Wf=0.01m, df=0.0025m, Lm=0.008m, Hr=0.005m,  =45 degree and H1=0.05m. The 

boundary condition is assumed to be fully clamped at the bottom of the support plate. The 

friction coefficient (  ), preload (p), radius of frictional interface (R), and the length of 

plate (L) are assumed to be 0.5, 50MPa, 0.004m and 0.035m, respectively.  

 

As shown in Figure 6-3, the yield strength (f) of the device decreases with the increase of 

included angle  and the decrease of height of device H. In other words, if the included 

angle is too small, the yield strength will be very high, which may make the friction device 

as a stiff brace in the panel and undermines its energy absorbing capacity. With the increase 

of included angle, the yield strength decreases rapidly. If the yield strength is too small, the 

device has very small stiffness, which also affects the performance of device. In this study, 

the initial included angle   is assumed as 45 degree.  



School of Civil and Resource Engineering 

Chapter 6                                                                              The University of Western Australia 

6-5 

 

0 20 40 60 80 100
0

5000

10000

15000

20000

Y
ie

ld
 S

tr
e

n
g

th
 (

f)
 (

N
)

Theta (degree)

  

0.00 0.02 0.04 0.06 0.08 0.10
0

5000

10000

15000

20000

Y
ie

ld
 lo

a
d(

f)
 (

N
)

H (m)

 

 (a) (b)  

Figure 6-3 (a) Relation of yield strength vs. theta; (b) Relation of yield strength vs. H      

6.2.3 Finite element analysis of RFHD 

The basic parameters of the device RFHD, such as the yield strength (f) and softening 

behavior, can be calculated by using theoretic method. However, theoretical solutions are 

obtained with a few assumptions. For example, the pressures on the plates from the bolt in 

practice are unevenly distributed as will be shown in Figure 6-4, but the exact distribution 

has to be assumed in theoretical derivations. Besides, the contact interfaces keep changing 

when it is subjected to axial load. This is also difficult to be reliably considered in 

theoretical derivation. The friction force and the energy absorption will be affected by 

assumptions made in theoretic method. To overcome these problems, finite element 

method is utilized for the analysis. The numerical models are built by using commercial 

software ANSYS and LS-PREPOST. The finite element model is shown in Figure 6-5 (a). 

There are about 70,000 8-node solid elements for single rotational friction hinge device 

RFHD. Each node has six degrees of freedoms (DOFs), i.e., three translational DOFs and 

three rotational DOFs. All parts are made of 1045 steel. The 1045 steel material properties 

used in the calculations are given in Table 6-1. 

 

Table 6-1 Material properties of 1045 steel [114]  

Property 
Young's 

Modulus 

Poisson’s 

Ratio 

Yield 

Stress 

Tangent 

Modulus 
Density 

Hardening 

Parameter, β 
C P 

Value 203GPa 0.3 507MPa 3350MPa 7850 Kg/m3 1 40 s-1 6 

 

The analyzing procedure is divided into two phases. The first phase is to apply preload in 

bolt assembly. The second one is the transient explicit finite element analysis to derive the 

load-displacement relation of the device. 
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Figure 6-4 Pressure distribution on the frictional plates 

 

 

(a) 

 

(b) 

Figure 6-5 (a) Finite element model of RFHD; (b) Finite element model of bolt 
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6.2.3.1 Preload method and dynamic relaxation 

The energy is dissipated by the rotational friction of the hinges. The rotational friction 

depends on the preload in bolt assembly. It is essential to preload the bolt assembly in a 

precise way. The methods of modeling the preloading in a bolt assembly include “applying 

force on the bolt and nut”, “applying thermal gradient on the bolt shank”, “using 

*INITIAL STRESS SOLID card in LS-DYNA” and “using *INITIAL STRESS 

SECTION card in LS-DYNA” [114].  The method of “using *INITIAL STRESS 

SECTION” is an easy and straightforward way to apply preload. Three keyword cards 

named * DATABASE CROSS SECTION PLANE, * INITIAL STRESS SECTION and 

*DEFINE CURVE are employed [95]. The *DATABASE CROSS SECTION PLANE 

card defines the cross section where the preload is applied. As shown in Figure 6-5 (b), the 

N, L and M vectors define the direction of the cross section of bolt shank. The stress is 

assigned to the bolt by using * INITIAL STRESS SECTION card and the stress value is 

defined by using * DEFINE CURVE card [95]. 

 

When preloading in bolt assembly, the initial kinetic energy is inevitably generated. This will 

affect the following transient analysis. To eliminate this in the transient analysis, dynamic 

relaxation (DR) and stress-initialization should be implemented prior to the transient 

analysis. Dynamic relaxation, as a damp technique, is employed to perform quasi-static 

simulation in a “Psuedo” phase prior to transient analysis. The kinetic energy can be 

damped to near zero. The stress and displacement field at the end of “Psuedo” phase can 

also be initialized [97]. Dynamic relaxation is activated by setting SIDR variable equal to 1 

in * DEFINE CURVE card.  

 

6.2.3.2 Transient analysis 

As blast loading acts on the device primarily in compressive direction only, and after the 

positive phase blast loading, the panel might recover its original configuration due to 

negative phase blast loading and the spring in the device, the friction device deforms 

mainly in the compression direction only. Therefore, only the performance of the friction 

device in one direction is considered in the present study. As shown in Figure 6-6, the 

force-displacement relation of the device is simulated by moving the load plate downward 

at a constant velocity and then back to its original position, simulating a displacement 

controlled test.  The displacement time history of the load plate is defined by using 

keyword *BOUNDARY PRESCRIBED MOTION SET. In this study, the prescribed 

displacement time history is defined in Figure 6-6. The support plate is assumed fully 

clamped at the bottom.  
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Figure 6-6 Time history of prescribed displacement in numerical analysis 

 

To prevent one part of the device penetrating into the others, a penalty-based contact 

algorithm is used in LS-DYNA. Friction coefficient needs be defined in the keyword 

*CONTACT AUTOMATIC SINGLE SURFACE. Friction calculation in LS-DYNA is 

based on Coulomb formulation. The formula for friction coefficient in LS-DYNA is given 

below [97]. 

 

( ) relDC V
c D S DF F F e                                               (6-6) 

 

where Fs is the static friction coefficient; FD is the dynamic friction coefficient; DC is 

the exponential decay coefficient; Vrel is the relative velocity of the surface. In this study, 

static friction value and dynamic friction value are assigned as 0.5 and 0.4, respectively 

[114]. The DC value is assumed as 0.5 [115]. 

 

The computational accuracy is dependent on the element size. Mesh convergence tests are 

performed by using the minimum element sizes of 0.2mm, 0.3mm and 0.4mm.  In 

numerical calculations, the displacement time history defined in Figure 6-6 is imposed on 

the loading plate of the RFHD while the supporting plate is fixed to simulate a 

displacement controlled test. The generated resistance force of the system is recorded and 

compared. Figure 6-7 shows that the force time histories of RFHD obtained from the 
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models with different mesh sizes are in close agreement, indicating decrease of the mesh 

size has little effect on the numerical results but incur longer calculation time. Hence, in 

this study mesh size of 0.3mm is used in the subsequent calculations. 
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Figure 6-7 Effect of element size on the force time history  

 

6.2.3.3 Numerical model calibration 

To calibrate the numerical model, the total normal force of the four-bolts assembly 

subjects to pretension is theoretically calculated as 

 

                     2650 10 / 2 4 3926F P S n Hr N                                (6-7) 

 

where P is the preload which equals to 50 MPa, S is the cross section area of one bolt; Hr is 

the diameter of bolt shank; n is the number of bolts. As shown in Figure 6-8, the normal 

force of the assembly from the four hinges obtained from numerical simulation also has a 

constant value around 3900N during the whole analysis. This proves that the preloading is 

in action during the whole analysis. The theoretical and numerical results of normal forces 

are in close agreement.   
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Figure 6-8 Time histories of normal section force (different preloads on bolts) 

 

The vertical force of RFHD can be theoretically calculated as 

 

/2 /2 2 3 3

/2 /2

2
2 ' ' ( / 2) ( / 2)

3

m m
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L L

m rH H
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            (6-9) 

 

where Lm=0.008m and Hr=0.005m as defined in Section 6.2.2; the actual pretension on 

the plates (P’) is about 36 MPa as shown in Figure 6-4; the number of contact surfaces (n) 

is 6 per hinge (i.e. two contact surfaces between bolt heads and friction plate, four contact 

surfaces between the friction plates); the friction coefficient ( ) equals 0.5; the length of 

plate (L) equals 0.035m; the initial included angle   is 45 degree. 

 

As shown in Figure 6-9 (a), the compressive force obtained from numerical simulation is 

around 1800N, demonstrating the good agreement between the theoretical and numerical 

results. These results demonstrate that the numerical model gives reasonable estimations of 

the performance of friction hinge devices considered in the present study.  
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(b) 

Figure 6-9 (a) Force time history; (b) Force-displacement relation 

 

Figure 6-10 shows the energy absorptions owing to the deformation of RHFD. As 

expected the sliding energy dissipated by friction has the largest share in total energy, which 

is around 13.0J at 0.002s. The corresponding force required to displace the device with the 

prescribed displacement shown in Figure 6-6 is also calculated. The force time history is 

shown in Figure 6-9 (a). The force-displacement relation is shown in Figure 6-9 (b). Force 

time history and the force-displacement curves are all fitted with linear curves. As shown, 

the yield strength is about 1800N in compression and 850N in tension. The force 

displacement relation will be used to derive the simplified equivalent RFHD model in the 

subsequent analysis of sandwich panel responses to blast loads.  
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Figure 6-10 Energy absorptions of the device RFHD 

6.2.4 Simplification of RFHDS model 

As mentioned above, there are about 70,000 8-node hexahedral solid elements for a single 

rotational friction hinge device RFHD. To model the blast panel configured with a series 

of rotational friction hinge devices, the computational cost is huge. Therefore, in this study 

the RFHD model is simplified to a discrete model with * MAT SPRING GENERAL 

NONLINEAR (Mat_S06). The equivalency of two models is achieved by matching the 

force-displacement curves.  

 

Two load curves for loading and unloading describing force versus displacement 

relationship of RFHD are derived and used in keyword card * MAT SPRING GENERAL 

NONLINEAR (Mat_S06) in subsequent analysis. Figure 6-11 gives the idealized force-

displacement loading and unloading curves derived from the above analysis. The 

corresponding points of loading and unloading curves used in LS-DYNA are provided in 

Table 6-2. The points  start with the most negative (compressive) displacement and ending 

with the most positive (tensile) value [95]. The area envloped by loading and unloaidng 

curves stands for energy absorption which is around 13.3J at one cycle, demonstrating the 

good agreement between the theoretical and numerical results. 
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Figure 6-11 Derived force-displacement relation of RFHD  

 

Table 6-2 Points of loading and unloading curves for RFHD used in LS-DYNA (Mat_S06) 

Preload (MPa) 
 

Load curve for loading Load curve for unloading

displacement(m) force(N) displacement(m) force(N)

50 

Compression 
-0.005 -1800 -0.0001 -1800

-0.00025 -1800 0 0

Tension 
0.00025 850 0.0001 850

0.005 850 - -

 

With the derived force displacement relation, RFHD can be straightforwardly modeled as a 

nonlinear spring with * MAT SPRING GENERAL NONLINEAR (Mat_S06) in LS-

DYNA. The spring in RFHDS can be easily modeled with * MAT SPRING ELASTIC 

(Mat_S01). Therefore, the RFHDS are modeled as two parallel springs. This greatly 

simplifies the modeling effort, reduces the element size and computational time. With the 

simplified model, the sandwich panels equipped with many RFHDS subjected to blast 

loading can be analyzed effectively. 
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6.3 Modeling of sandwich panel with RFHDS  

6.3.1 Panel configuration  

 

(a) 
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(b)     

Figure 6-12 (a) Schematic diagram of sandwich panels equipped with RFHDS; (b) 

Reflected pressure time histories at the point directly below the explosive at different scale 

distances 

 

A rectangular sandwich panel consisting of double layers with 36 sets of RFHDS inside is 

considered first. The panel is made of 1045 steel with the dimensions of 300 by 300 mm. 

The thicknesses of both layers are 5mm. The distance between outer and inner layers is 

50mm, in which 36 sets of energy absorbers of RFHDS are placed evenly in six rows by six 

columns. The schematic diagram is shown in Figure 6-12 (a). To demonstrate the 

effectiveness of RFHDS, a sandwich panel equipped with 36 sets of energy absorbers of 

RFHD without spring inside is also investigated.  
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6.3.2 Modeling  

A 500g TNT is detonated at a distance of 300 mm above the outer layer as shown in Figure 

6-12 (a). The scaled distance (Z) is 0.38m/kg1/3. Similar to the  blast loading model 

employed in Chapter 3, blast load is generated by using the keyword *LOAD BLAST 

ENHANCED (LBE) in LS-DYNA via the CONWEP feature in LS-DYNA. The peak 

reflected pressure at the center point of the outer layer (the layer facing the explosion 

center) is around 53.3MPa when 500g TNT is detonated at 300mm away, which is shown 

in Figure 6-12 (b). 

 

 

Figure 6-13 Finite element model of sandwich panels with RFHD(S) 

 

The finite element model is shown in Figure 6-13. The Belytschko-Tsay shell element [97] 

is utilized to model both layers. The minimum element size is about 10mm. The elastic-

plastic material model named *MAT PLASTIC KINEMATIC in LS-DYNA is used to 

model steel. The material properties used in the calculation are given in Table 6-1.   

 

It should be noted that a numerical model with a single steel plate and a double layered 

steel plate was calibrated in Chapter 3 against field blasting test. The same model, i.e., 

material properties, element types and element sizes are used here to simulate the responses 

of sandwich panels with RFHDS to blast loads. Compared to the calibrated model in 

Chapter 3, the only difference is the additional RFHDS in the panel. Therefore the model 

adopted here is considered reliable in predicting sandwich panel responses to blast loads.  

 

In numerical simulation, a RFHDS is considered as a combination of a RFHD and a 

spring. The spring is modeled as a discrete element with *MAT SPRING ELASTIC 

(Mat_S01). The stiffness of the spring is assumed as 20 kN/m initially. RFHD is modeled 
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with *MAT SPRING GENERAL NONLINEAR (Mat_S06) with the equivalent material 

properties described above. The data points of the loading and unloading curves are also 

provided in Table 6-2. 

 

 In this study, the RFHDS are assumed fully connected to the two face-sheets with the 

connections modeled as common points. The simplified boundary conditions of the 

sandwich panel are assumed to be fully clamped along the perimeter of the inner face-

sheet. To prevent the outer face-sheet penetrating into the inner face-sheet, the keyword 

card *CONTACT AUTOMATIC SINGLE SURFACE using penalty-based contact 

algorithm is employed.  

6.3.3 Results and discussions 

To compare the effectiveness of the sandwich panel with RFHDS, a monolithic plate and a 

sandwich panel with RFHD are also calculated under the same conditions. For comparison 

purpose, the thickness of the monolithic plate is assumed to be 10 mm, i.e. the 

combination of the two 5 mm layers of the sandwich panel. The response quantities 

including peak displacement, permanent displacement, internal energy dissipation and 

reaction forces are compared herein. 

 

Figure 6-14 shows the displacement time histories of the centre points of outer layers. As 

shown, the center point of the outer layer of the panel with RFHDS has a permanent 

deformation of 24 mm after experiencing a peak displacement of 34mm. The counterpart 

of the panel with RFHD has a permanent displacement of 33 mm after experiencing a peak 

displacement of 36mm. The center point of the monolithic plate has a permanent 

displacement of 15mm.  
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Figure 6-14 Displacement time histories of center points of outer and inner layers 
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The displacement time histories at the centre point of the inner layer of the two sandwich 

panels are also shown in Figure 6-14. As shown, the center point of the inner layer of the 

panel with RFHDS has a peak displacement of 4 mm and nearly no permanent 

displacement. The counterpart of the panel with RFHD experiences a peak displacement 

of 4.5 mm and nearly no permanent displacement either. As shown in Figure 6-15, the 

monolithic panel experiences the peak reaction force of around 450kN. The peak reaction 

force is the peak value of resultant reaction force around the boundary. After installing 

RFHDS inside the panel, the peak reaction force reduces to around 110kN, which is 75.6% 

less.  
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Figure 6-15 Time histories of reaction force 

 

As shown in Figure 6-16, the input energy has been mainly absorbed by the energy 

absorbing devices RFHD(S) through rotational friction while the supporting plate and 

loading plate have little share of internal energy absorption, indicating  the excellent 

performances of  RFHD(S) in dissipating the input energy and thereby protecting the 

panels. On the other hand, the monolithic plate dissipates most energy in a form of plastic 

deformation of the plate.  

 

From the above numerical simulations, the sandwich panel installed with RFHDS can 

partially recover its original configuration after the action of blast loading. It has been 

numerically demonstrated that the sandwich panels with RFHDS outperform the 

monolithic plate on the displacement response, the energy absorption and the reaction 

force, indicating the advantage of using RFHDS to mitigate the blast loading and maintain 

its operational and blast-resistant capability. 
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Figure 6-16 Energy absorptions of various parts  

6.4 Parametric studies of RFHDS 

The above numerical results are obtained with RFHDS of certain configurations, preload 

in bolts and friction coefficient. Since energy dissipation significantly depends on the 

applied preload and friction coefficient, in this section, parametric calculations is carried 

out to investigate the influence of different preloads and friction coefficients on RHFD 

response characteristics and energy absorption capacities.  

6.4.1 Effect of preload on bolts 

Four RFHD having different preloads on bolt assembly (i.e. 50MPa, 100MPa, 150MPa and 

200MPa) are considered. The effects of different preloads on RFHD mechanical properties 

are compared in this section. The static and dynamic friction coefficients are 0.5 and 0.4, 

respectively. The detailed finite element model is the same as that presented in Section 

6.2.3. Same displacement time history as shown in Figure 6-6 is applied in numerical 

simulations to derive the force-displacement relation of the friction damper device.   

 

The normal forces on the cross sections of four hinges due to different preloads on bolt 

are shown in Figure 6-8. Figure 6-17(a) shows the time history of the vertical force of the 

friction damper induced by applying the displacement time history shown in Figure 6-6. 

The corresponding force-displacement relationship is shown in Figure 6-17(b). The force-

displacement curves are all fitted with linear curves which are idealized as loading and 

unloading curves. The points of loading and unloading curves for RFHD used in LS-

DYNA are summarized in Table 6-3. It can be noted that increasing the preload from 50 
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MPa to 150 MPa result in a significant increase in the yield force. However, further 

increasing the preload from 150 MPa to 200 MPa has relatively insignificant effect on the 

yielding force. This is because the pressures on the plates are unevenly distributed and the 

contact interfaces keep changing disproportionally when they are subjected to different 

preloads, therefore resulting in a nonlinear increment of the yield force with preload. The 

derived force-displacement relations are used in the subsequent analysis of sandwich panel 

responses to blast loads.  
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Figure 6-17 Different preloads on bolts  

(a) Forces time histories; (b) Force-displacement curves  
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Table 6-3 Points of loading and unloading curves for RFHD used in LS-DYNA (effect of 

preload on bolts) 

Preload Force 
Load curve for loading Load curve for unloading 

Displacement (m) Force (N) Displacement (m) Force (N) 

50 MPa 

Compressive 
-0.03 -1800 -0.0001 -1800 

-0.00025 -1800 0 0 

Tensile 
0.00025 850 0.0001 850 

0.03 850 - - 

100 MPa 

Compressive 
-0.03 -2350 -0.0001 -2350 

-0.00025 -2350 0 0 

Tensile 
0.00025 1700 0.0001 1700 

0.03 1700 - - 

150 MPa 

Compressive 
-0.03 -3650 -0.0001 -3650 

-0.00025 -3650 0 0 

Tensile 
0.00025 2800 0.0001 2800 

0.03 2800 - - 

200 MPa 

Compressive 
-0.03 -3950 -0.0001 -3950 

-0.00025 -3950 0 0 

Tensile 
0.00025 3350 0.0001 3350 

0.03 3350 - - 

 

6.4.2 Effect of friction coefficient (Fs and Fd) 

Friction calculation is based on Coulomb formulation. The keyword card *CONTACT 

AUTOMATIC SINGLE SURFACE is utilized where friction coefficients are defined as 

static friction coefficient (Fs) and dynamic friction coefficient (Fd) in LS-DYNA [97]. 

Three RFHD having different friction coefficients, i.e., 0.5(Fs) +0.4(Fd), 0.4(Fs) +0.3(Fd) 

and 0.3(Fs) +0.2(Fd), respectively are compared in this section.  

 

Figure 6-18 shows the force-displacement relationship of the friction damper induced by 

applying the displacement time history shown in Figure 6-6. The force-displacement curves 

are all fitted with linear curves which are idealized as loading and unloading curves. The 

corresponding data points are summarized in Table 6-4. It can be seen that the higher 

friction coefficients result in the increase of the yield force of the friction damper, which 

will affect the protective performance of sandwich panel subjected to blast loads. 
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Figure 6-18 Force-displacement curves corresponding to different friction coefficients 

 

Table 6-4 Points of loading and unloading curves for RFHD (effect of friction coefficient) 

Fs: Static; 

Fd: Dynamic 
Force 

Load curve for loading Load curve for unloading

Displacement (m) Force (N) Displacement (m) Force (N)

Fs=0.5 Fd=0.4 

Compressive 
-0.03 -1800 -1E-4 -1800

-2.50E-04 -1800 0 0

Tensile 
2.50E-04 850 1E-4 850

0.03 850 - -

Fs=0.4 Fd=0.3 

Compressive 
-0.03 -1800 -1E-4 -1250

-2.50E-04 -1800 0 0

Tensile 
2.50E-04 850 1E-4 450

0.03 850 - -

Fs=0.3 Fd=0.2 

Compressive 
-0.03 -1100 -1E-4 -1100

-2.50E-04 -1100 0 0

Tensile 
2.50E-04 250 1E-4 250

0.03 250 - -

6.5 Parametric studies of sandwich panel with RFHDS  

The parametric studies of sandwich panel with RFHDS are undertaken to investigate the 

effects of spring stiffness of RFHDS, layout of RFHDS, thicknesses of plates, the preload 

on bolt assembly and blast intensity on its blast loading resistance capacities. The peak 

displacement, the permanent displacement, the internal energy absorption and the reaction 

force are taken as the panel response parameters to examine its capacities.  
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6.5.1 Effect of spring stiffness of RFHDS 

Responses of four panels with RFHDS (6 by 6) having different stiffness of spring (i.e. 20 

kN/m; 30 kN/m; 40 kN/m; 50 kN/m;) are compared in this section. The preloads on bolt 

assembly are 50 MPa. The thicknesses of outer layer and inner layer are both 5mm. The 

static and dynamic friction coefficients are 0.5 and 0.4, respectively.  

 

As shown in Figure 6-19 (a,b), the permanent displacement of outer layer decreases by 88% 

from 24mm to 3mm with the spring stiffness increasing from 20 kN/m to 50 kN/m, while 

the peak displacements of both layers and the permanent displacement of inner layer 

change slightly as compared to the permanent displacement of the outer layer. Figure 6-19 

(c) and Table 6-5 show the peak reaction force increases gradually by 19% with the increase 

of the spring stiffness from 20 kN/m to 50 kN/m. As shown in Figure 6-19 (d), the energy 

dissipated by RFHDS has the large share of the total energy around 97% and changes 

slightly with the increase of the spring stiffness. Therefore, a conclusion can be drawn that 

higher spring stiffness improves the capability of the panel for the outer layer to recover to 

its original position after blast loading, but the peak reaction force increases slightly with 

the increase of spring stiffness. 

 

Table 6-5 Displacements, internal energy and reaction forces (effect of spring stiffness of 

RFHDS) 

Stiffness 

of Spring 

of 

RFHDS 

(kN/m) 

Displacement (m) Internal Energy 
Peak Reaction 

Force 

Outer layer Inner layer (J) (N) 

Peak Permanent Peak Permanent
Ei-1 

(O) 

Ei-2 

(I) 

Ei-3

(D) 

Et 

(Total)
F 

20 0.034 0.024 0.0042 0.0002 30 4 2134 2186 110000 

30 0.033 0.016 0.0044 0.0004 32 8 2123 2187 117000 

40 0.032 0.008 0.0046 0.0007 39 14 2113 2186 124000 

50 0.031 0.003 0.0048 0.0010 43 18 2098 2186 131000 
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 (c) (d) 

Figure 6-19 Effect of spring stiffness on sandwich panel responses 

(a) Displacement time histories at the center point of outer layers; (b) Displacement time 

histories at the center point of inner layers; (c) Time histories of reaction force; (d) Internal 

energy absorptions of different parts of the panel 

6.5.2 Effect of layout of RFHDS  

Three panels with different numbers of RFHDS (i.e. 6*6, 4*4 and 3*3) are compared 

herein. The preload on bolt assembly is 50MPa. The thicknesses of outer layer and inner 

layer are both 5mm. The stiffness of spring of RFHDS is 30 kN/m. The static and 

dynamic friction coefficients are 0.5 and 0.4, respectively.  

 

As shown in Figure 6-20 (a,b), the peak displacement of outer layer decreases by 49% from 

45 mm to 23 mm with the increase of the number of RFHDS from 3*3 to 6*6, while the 

permanent displacements of both layers and the peak displacement of inner layer only 

change slightly as compared to the peak displacement of outer layer. Figure 6-20 (c) and 

Table 6-6 show the panel with 6*6 RFHDS experiences 156% higher peak reaction force 

than the panel with 3*3 RFHDS. The panel with 4*4 RFHDS generates 78% higher peak 

reaction force than the panel with 3*3 RFHDS. It is because the panel with more RFHDS 
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inside makes the panel stiffer. As shown in Figure 6-20 (d), the energy dissipated by 

RFHDS has the bulky share of the total energy. The shares of energy dissipated by RFHDS 

with layouts of 3*3, 4*4 and 6*6 are 62%, 86% and 79%, respectively, while the shares of 

internal energy of both layers are 31%, 11% and 19%, respectively. The results indicate that 

the share of energy dissipated by RFHDS does not increase monotonically with the 

increase of the number of RFHDS. This is because the panel with too many RFHDS inside 

results in less displacement of outer layer and less rotation of RFHDS. Therefore, an 

optimal design for energy dissipation should take into consideration the number of 

RFHDS, the yield force and the friction coefficient, as well as the blast loads. Because the 

performance of RFHDS is also blast load dependent, it is difficult to derive an universal 

optimal sandwich panel with RFHDS for blast loading resistance. In the three examples 

studied here, the panel with 4*4 RFHDS in this study performs the best. It results in the 

smallest permanent displacement and absorbs most energy by RFHDS, although the peak 

reaction force is larger than the panel with 3*3 RFHDS.  
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  (c) (d) 

Figure 6-20 Effect of layout of RFHDS on sandwich panel responses 

(a) Displacement time histories at the center point of outer layers; (b) Displacement time 

histories at the center point of inner layers; (c) Time histories of reaction force; (d) Internal 

energy absorptions of different parts of the panel 
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Table 6-6 Displacements, internal energy and reaction forces (effect of layout of RFHDS) 

Category 

Displacement (m) Internal Energy 
Peak Reaction 

Force 

Outer layer Inner layer (J) (N)

Peak Permanent Peak Permanent
Ei-1 

(O) 

Ei-2 

(I) 

Ei-3 

(D) 

Et 

(Total) 
F 

3*3 0.045 0.002 0.0035 0.0002 687 2 1393 2249 90000

4*4 0.035 0.001 0.0050 0.0002 226 20 1930 2232 160000

6*6 0.023 0.003 0.0088 0.0036 84 320 1724 2183 230000

6.5.3 Effect of thicknesses 

Five panels with different combinations of thicknesses of outer layer and inner layer (i.e. 

5mm (O)+5mm (i), 10mm (O)+5mm (i), 15mm (O)+5mm (i), 5mm (O)+10mm (i), 5mm 

(O)+15mm (i)) are compared herein. The preload on bolt assembly is 50 MPa. The 

stiffness of spring of RFHDS (6 by 6) is 30 kN/m. The static and dynamic friction 

coefficients are 0.5 and 0.4, respectively.  

 

Table 6-7 Displacements, internal energy and reaction forces (effect of thicknesses of 

plates) 

Thickness 

(mm) outer 

+ inner layer 

Displacement (m) Internal Energy 

Peak 

Reaction 

Force 

Outer layer Inner layer (J) (N)

Peak Permanent Peak Permanent 
Ei-1 

(O) 

Ei-2 

(I) 

Ei-3 

(D) 

Et 

(Total) 
F 

5(o)+ 5(i) 0.033 0.016 0.0044 0.0004 32 8 2123 2187 117000

10(o)+ 5(i) 0.016 0.013 0.0040 0.0001 1 2 1072 1081 105000

15(o)+ 5(i) 0.010 0.009 0.0039 0.0001 1 1 714 720 101000

5(o)+ 10(i) 0.033 0.016 0.0006 0.0001 33 1 2133 2185 122000

5(o)+ 15(i) 0.033 0.017 0.0002 0.00001 31 1 2134 2184 110000

 

As shown in Figure 6-21 and Table 6-7, with the increase of the thickness of outer layer 

from 5mm to 15mm, the peak and permanent displacements of outer layer decrease by 

70% and 44%, respectively, while the respective displacements of the inner layer only 

change slightly. The peak reaction force also decreases by 14%, and the total energy 

decreases significantly by 67%. The energy dissipated by RFHDS, as the major energy 

absorbing device, decreases accordingly. This is because of the less displacement of the 

outer layer and hence the less rotation occurring in RFHDS owing to a thicker outer layer 



School of Civil and Resource Engineering 

Chapter 6                                                                              The University of Western Australia 

6-26 

deforms less and provides larger inertial resistance to the blast loads. On the other hand, by 

increasing the thickness of inner layer from 5mm to 15mm, the peak and permanent 

displacements of outer layer alter slightly while the peak displacement of inner layer 

decreases from 4.4mm to 0.2mm. The peak reaction force, the total energy and the energy 

dissipated by RFHDS all only change slightly. These results indicate that changing the 

thickness of the outer layer has a significant effect on the deformation of the outer layer 

and energy absorption of the RFHDS, and relatively less effect on reaction force, and only 

insignificant effect on the deformation of the inner layer. Changing the thickness of the 

inner layer results in a significant change only on the displacement of the inner layer, and 

has almost no effect on the deformation of the outer layer, energy absorption of RFHDS 

and reaction force. Therefore a relatively thicker inner layer and thinner outer layer should 

be a better design as it provides the most protections with minimum inner layer 

deformation, and large energy absorptions through the deformation of the outer layer and 

RFHDS.   
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 (c) (d) 

Figure 6-21 Effect of thicknesses of layers on sandwich panel responses 

(a) Displacement time histories at the center point of outer layers; (b) Displacement time 

histories at the center point of inner layers; (c) Time histories of reaction force; (d) Internal 

energy absorptions of different parts of the panel 
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6.5.4 Effect of preload on bolt assembly 

As discussed above, the preload on bolt assembly determines the mechanism of RFHDS as 

described by loading and unloading curves given in Table 6-3. To study the effects of 

preloads on bolt assembly, four panels with RFHDS (6 by 6) having different preloads on 

bolt assembly (i.e. 50 MPa, 100 MPa, 150 MPa and 200 MPa) are compared. The 

thicknesses of outer layer and inner layer are both 5mm. The stiffness of spring of RFHDS 

is 30kN/m. The static and dynamic friction coefficients are 0.5 and 0.4, respectively. 

 

Table 6-8 Displacements, internal energy and reaction forces (effect of preload on bolt 

assembly) 

Preload on 

bolt 

assembly(MPa) 

Displacement (m) Internal Energy 

Peak 

Reaction 

Force 

Outer layer Inner layer (J) (N)

Peak Permanent Peak Permanent
Ei-1 

(O) 

Ei-2 

(I) 

Ei-3 

(D) 

Et 

(Total) 
F 

50 0.033 0.016 0.0044 0.0004 32 8 2123 2187 117000

100 0.030 0.020 0.0050 0.0012 84 36 2045 2191 139000

150 0.024 0.018 0.0069 0.0020 184 157 1759 2163 188000

200 0.024 0.017 0.0074 0.0021 200 200 1668 2163 195000

 

As shown in Figure 6-22 (a,b), the peak displacement of outer layer decreases by 27% with 

the increase of the preload on bolt assembly from 50 MPa to 200 MPa, while the peak 

displacement of inner layer changes slightly as compared to that of the outer layer. The 

permanent displacements of the both layers only change slightly with the increase of the 

preload on bolt assembly. However, as shown in Figure 6-22 (c) and Table 6-8, the peak 

reaction force increases by 67% with the increase of the preload on bolt assembly from 50 

MPa to 200 MPa because a stiffer RFHDS transfers more load to the inner layer and then 

to the supports. As shown in Figure 6-22 (d), the share of energy dissipated by RFHDS 

drops from 97% to 77% while the share of internal energy of both layers increases from 

2% to 18% with the increase of the preload on bolt assembly from 50 MPa to 200 MPa. 

Therefore, it is concluded that with the preload on bolt assembly at a certain low level to 

allow RFHDS to yield at a relatively low force, the protective performance can be 

improved with a significant reduction in the peak reaction force and more energy 

dissipation by RFHDS. This is because a large preload leads to a higher yield force of the 

friction damper as discussed above, which then makes the friction damper behave more 
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like a brace member and results in more deformations of the layers instead of the friction 

damper.  
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Figure 6-22 Effect of bolt preload on sandwich panel responses 

(a) Displacement time histories at the center point of outer layers; (b) Displacement time 

histories at the center point of inner layers; (c) Time histories of reaction force; (d) Internal 

energy absorptions of different parts of the panel 

6.5.5 Effect of blast intensity 

As denoted in the FEMA [19], the terrorist bombs can be divided into four categories, i.e. 

luggage bomb, automobile bomb, van bomb and truck bomb. The TNT equivalent weight 

of a luggage bomb is around 25kg. Automobile bomb is about 115 kg TNT equivalent. The 

TNT equivalent detonation weight in a van bomb is around 680kg. The truck bomb 

typically contains 6800kg TNT equivalent. To check the effectiveness of the proposed 

sandwich panel in resisting those blast loads from these terrorist bombing scenarios, four 

typical TNT charge weights (i.e., 25kg, 115kg, 680kg and 6800kg) at threshold standoff 

distances of 3m, 6m, 12m and 29m, respectively are considered in the study. The RFHDS 

considered in the simulations have the preload on bolt assembly 50 MPa, the stiffness of 
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spring of RFHDS (6 by 6) 30 kN/m, the thicknesses of both outer layer and inner layer 

5mm, and the static and dynamic friction coefficients 0.5 and 0.4, respectively. 

 

Table 6-9 Displacements, internal energy and reaction forces (effect of blast intensity) 
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Figure 6-23 Reflected pressure time histories (different terrorist bomb scenarios)  

 

Figure 6-23 shows the reflected pressure time histories under different terrorist bombing 

scenarios considered in this study. The peak reflected pressures are 4.6, 2.7, 2.0 and 1.4 

MPa and the reflected impulses are 143.8, 191.0, 305.6 and 577.4 Ns, respectively; as given 

in Table 6-9. As shown in Figure 6-24 (a,b), the peak and permanent displacement of outer 

layer increases with the rise of the reflected impulses. However, the peak and permanent 

displacements of the inner layer only change slightly with the blast intensity. Figure 6-24(c) 

shows the peak reaction force varies around 12% among the four terrorist bombing 
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scenarios. As shown in Figure 6-24(d), the energy dissipated by RFHDS and the total 

energy both proportionally increase with the rise of the reflected impulse. These results 

demonstrate that the responses of the sandwich panel correlate with the impulse, instead of 

the peak blast pressure. Increasing the impulse of the blast loading results in an increase in 

the deformation of the outer layer and the amount of energy absorbed by the RHFDS, but 

has relatively insignificant influence on the responses of inner layer and the reaction force.    
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Figure 6-24 Effect of terrorist bombing scenario on sandwich panel responses 

(a) Displacement time histories at the center point of outer layers; (b) Displacement time 

histories at the center point of inner layers; (c) Time histories of reaction force; (d) Internal 

energy absorptions of different parts of the panel 

6.6 Summary 

This chapter presents a modified friction damper device with a spring (RFHDS) to be used 

in sandwich panels to mitigate blast loading effects. The mechanism of the RFHDS has 

been investigated by using theoretical derivation and numerical simulations. Its equivalent 

force-displacement relation and energy absorption capacity were derived. The effectiveness 

of the sandwich panel equipped with RFHDS to mitigate blast loading effects has been 
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studied through intensive numerical simulations. The results demonstrate that placing the 

proposed RFHDS in sandwich panels greatly improves the capacities of the panels in 

resisting blast loads. Placing RFHDS in the panel can effectively reduce its peak and 

permanent deformations, and reduce the reaction forces because the RFHDS absorb most 

of the blasting energies. The performance of the sandwich panel with RFHDS depends on 

the friction coefficients between the steel layers forming the friction damper, the preload 

applied to the friction damper, the number of RFHDS, the thickness of the outer and inner 

layers, and the blast loading intensities.  
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Chapter 7  

Concluding Remarks 

 

7.1 Main findings 

This thesis presents three innovative structural forms of protective panels (i.e. multi-arch 

double-layered panels, stiffened multi-arch double-layered panels and sandwich panels with 

rotational friction dampers) which are potentially for better energy absorptions and blast 

and impact loading resistance. The dynamic response and energy absorption performance 

of the proposed protective panels under blast and impact loadings have been investigated 

by using experimental and numerical methodologies. Parametric studies have also been 

undertaken to investigate the effects of panel configurations on the blast and impact 

resistance capacity and identify the optimal configurations. The major contributions and 

findings made in this research are summarized below. 

 

Chapter 3 presents a novel panel with multi-arch double-layered structural form. Numerical 

results by using LS-DYNA have demonstrated this new structural form outperforms other 

existing structural panels in resisting blast loading due to multi-arch cancelling out certain 

blast loads between two adjacent arches. The parametric calculations have been conducted 

to study the blast load-carrying capacities of this new multi-arch double-layered panel. It is 

found that the higher is the front arched surface, the larger is the front to back panel 

thickness ratio, the more effective is the multi-arch double-layered panel in resisting blast 

loadings. When employed as the blast resistant door, it is found that a blast door with this 

new structure form can sustain higher blast loadings as compared with a traditional door 
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panel. This multi-arch double-layered structural form might find other applications of 

structural panels to resist blast loadings. 

 

In Chapter 4, experimental tests have been carried out to investigate the structural response 

of the multi-arch double-layered panels subjected to uniform impulsive loadings. The 

deformation modes of specimens have been examined and discussed in this chapter. All 

specimens after impact show typical Mode I response (i.e. large plastic deformation) and 

dome-like plastic deformation on the inner layer. The front arched layer of all multi-arch 

specimens experience different levels of plastic deformation. Debonding between the 

arched layer and the back flat layer was observed along the springing lines. Two specimens 

show better performance than the flat panel in terms of the center point displacement at 

the inner layer under three repeated impulsive loadings. Parametric studies found that the 

higher is the front arched surface, the more is the arch number, the thicker is the outer 

layer, the more effective is the multi-arch double-layered panel in reducing center point 

displacement at the inner layer. In addition, a numerical model has been developed to 

predict the multi-arch panels’ response to uniform impulsive loadings by using LS-DYNA. 

The validity of the model has been verified with the experimental test results. Based on the 

calibrated model, the peak boundary reaction forces have been extracted from the 

numerical results to examine the effectiveness of multi-arch panels against uniform 

impulsive loadings. It is found that the higher is the front arched surface, the more is the 

arch number, the thicker is the outer thicker layer, the more effective is the multi-arch 

double-layered panel in reducing boundary reaction forces. Less boundary reaction forces 

will make the design of the supports relatively easier.  

 

Chapter 5 presents the numerical simulations of stiffened multi-arch double-layered panels 

subjected to blast loading. The numerical results demonstrate that the stiffened five-arch 

double-layered panel with stiffeners placed strategically outperforms the unstiffened panel 

of the same weight in resisting blast loads. Parametric studies on the effect of different 

stiffener layouts, stiffener section size, boundary conditions and strain rate on the blast-

resistant capacity have also been carried out. It is found that the maximum structural 

response reduction of the stiffened five-arch panel depends on the strategic placement of 

stiffeners, appropriate boundary conditions and stiffener section sizes. The employment of 

stiffener further improves the effectiveness of the unstiffened multi-arch double-layered 

panel in resisting blast loads.  
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Chapter 6 introduces a modified rotational friction damper device with a spring (RFHDS) 

to be used in sandwich panels to mitigate blast loading effects. The mechanism of the 

RFHDS has been investigated by using theoretical derivation and numerical simulations. Its 

equivalent force-displacement relation and energy absorption capacity have been derived. 

The effectiveness of the sandwich panel equipped with RFHDS to mitigate blast loading 

effects has been studied through intensive numerical simulations. The results demonstrate 

that placing the proposed RFHDS in sandwich panels greatly improves the capacities of 

the panels in resisting blast loads. Placing RFHDS in the panel can effectively reduce its 

peak and permanent deformations, and reduce the reaction forces because the RFHDS 

absorb most of the blasting energies. The performance of the sandwich panel with RFHDS 

depends on the friction coefficients between the steel layers forming the friction damper, 

the preload applied to the friction damper, the number of RFHDS, the thickness of the 

outer and inner layers, and the blast loading intensities. The sandwich protective panel with 

friction damper RFHDS might find applications to mitigate blast loading effects in blast-

resistant panel design. 

7.2 Recommendations for future work 

With the above experimental and/or numerical work of three novel protective panels 

against blast and impact loadings, further investigations could be made in the future study 

as follows. 

 

Chapter 3 presents numerical study on novel multi-arch double-layered panel for blast load 

resistance. Further study need be conducted to investigate the blast resistant capacity of the 

multi-arch double-layered protective panels installed with core materials and/or energy 

absorbers inside. In Chapter 4, experimental tests have been carried out to investigate the 

structural response and verify the performance of the multi-arch double-layered panel 

subjected to uniform impulsive loadings. As all specimens after impact test show typical 

Mode I response (i.e. large plastic deformation), a larger range of impact loadings could be 

applied to identify the deformation or damage modes of the panels. Future research could 

consider the multi-arch double-layered panels subjected to single or multiple blast testing in 

order to verify the observations and findings in Chapter 3. In addition, future research 

could also consider designing more effective and cost-saving manufacture approaches 

concerning the large-scale fabrication of these multi-arch double-layered panels, as well as 

stronger continuous connection between front multi-arch layer and back flat layer.  
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Chapter 5 presents the numerical simulations of stiffened five-arch double-layered panels 

subjected to blast loadings. Chapter 6 introduces a modified friction damper device with a 

spring (RFHDS) to be used in sandwich panels to mitigate blast loading effects. Both 

numerical simulations could be followed by testing to check the validity of the numerical 

model and verify the numerical results. A more physics-based model could be built by 

considering heating effect and failure criteria, etc. In addition, a trial of structural form by 

the combination of multi-arch front surface sandwich with friction dampers to dissipate 

more energy and mitigate the structural response could be conducted. 

 

Further study is needed to develop the analytical solutions for easy use in engineering 

application with some sorts of assumption and simplifications. Moreover, Further study is 

needed to develop useful guidelines for engineers to apply more efficient and safer 

protective panel design and manufacture. 

 

The current study limits to studying panel responses to blast loadings. For a protective 

panel, its capacity to resist projectile penetration is also an important concern. Therefore, 

future study should investigate the panel capability to resist missle penetration.  
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