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ABSTRACT 

In blast and impact, structures usually undergo large plastic deformations or failure, and they absorb considerable energy. In this 

paper, the characteristics of blast loads and corresponding structural response, as well as the current advances in this area, were 

briefly reviewed. The concept and effects of blast wave, the main means of blast impact, are introduced. Several critical structural 

responses are classified and briefly illustrated. Several commonly used analytical models were presented and compared to estimate 

the dynamic behavior of structure under blast loading. The numerical approaches to analyze the structure responses to blast impact 

were also summarized with a number of available constitutive relations of explosive charge and material properties of structures. 

The analysis and design of composite structures subjected to blast loads require a detailed understanding of blast phenomena and the 

dynamic response of various structural elements. This gives a comprehensive overview of the effects of internal explosion on 

structures. 
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1. INTRODUCTION 

Today, the impact resistance of engineering structures 

subjected to blast and impact is of great interest to engineering 

communities and government agencies against possible 

terrorist threats. In the explosion, the peak pressure produced 

by shock wave is much greater than the static collapse pressure 

of the structures. The structures usually undergo large plastic 

deformation and absorb energy before collapsing to a more 

stable configuration or fracture. A deep insight into the 

relationship of explosion loads and the structure 

deformation/fracture behaviour will offer a structure with 

significantly enhanced energy absorption and blast impact 

resistance performance. 

The energy absorption behaviour of structures and materials 

has recently been presented comprehensively in a monograph 

by Lu and Yu (2006). The topics include general methodology 

of analysis, metallic structural components such as circular and 

square tubes under various loading, ductile tearing, the 

dynamic effect of materials and structures, and the 

performance of composites and cellular solids like 

honeycombs, metal foams and wood. Several cases are also 

presented, which bear high relevance to practical civil 

engineering structures. Another monograph by Jones (1989) is 

available, which is fully devoted to the structural response to 

impact loading. In this book, the failure of structures is treated 

thoroughly, together with experiments and theoretical models. 

Given the existence of the two monographs mentioned above, 

in this paper, we focus our review on the impact response of 

metallic structures under blast loadings, which has received 

much research attention recently. The topic is arranged as 

follows: Section 2 introduces the concept and effects of blast 

wave, which are the main means of blast impact. Next several 

critical structural responses are classified and briefly described 

in Section 3. Sec 4-6 reviews the current advances in 

investigation for blast loading and structural responses.1 

Finally, a summary is presented in Section 6. 

 

2. BLAST WAVES AND THEIR EFFECTS 

The detonation of explosive creates a shock wave in the 

surrounding air, which is known as a blast wave. Figure 1 
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(1985) shows a typical pressure -time his-tory for a blast wave, 

where ta is the time of arrival of the blast wave, Ps is the peak 

pressure of the blast wave and Pa is ambient air pressure. The 

discontinuous pressure rise at the shock front is shown by the 

jump in pressure from Pa to Ps at time ta. Figure 1 also shows 

an approximately exponential decrease in pressure until the 

pressure drops down to the pre shock level at time ta+td. Apart 

from Ps and ta, an-other significant blast wave parameter is the 

specific impulse of the wave during the positive phase Is, as 

given by 

Is = ∫t
t
a

a
 
+td

 P (t )dt (1) 

where P(t) is overpressure as a function of time. According to 

Cole (1948), the blast loading can be qualified based on the 

charge weight and stand-off distance. Generally, the amount 

of charge of ex-plosive in terms of weight is converted to an 

equivalent value of TNT weight (known as TNT equivalency) 

by a conversion factor. In other words, the TNT is employed 

as a reference for all explosives. Sometimes scaling laws are 

used to predict the properties of blast waves from large-scale 

explosions based on tests on a much smaller scale. 

 

 

 

 

 

 

 

 

 

Figure 1. Blast wave pressure-time profile 

The most common form of blast scaling is Hopkinson Cranz or 

cuberoot scaling (Baker et al,1983). It states that self-similar 

blast waves are produced at identical scaled distances when 

two explosive charges of similar geometry and of the same 

explosive, but of different sizes, are detonated in the same 

atmosphere. It is customary to use as a scaled distance a 

dimensional parameter, Z, as Follows: 

 

Z=R/W
1/3

 (2) 

 

where R is the distance from the center of the explosive source, 

and W is the charge mass of TNT In some cases, the 

interaction of a shock with a surface can be quite complex; 

hence the geometry and the state of the incident shock are very 

important when studying blast interaction with surfaces. For 

example, when a shock undergoes reflection, its strength can 

be increased significantly. The magnification is highly non-

linear and depends upon the incident shock strength and the 

angle of incidence. Current advances in these methodologies 

are re-viewed in the subsequent sections. 

3. RESPONSE OF STRUCTURES SUBJECTED 

TO BLAST LOADS 

Explosions of a high explosive usually result in large plastic 

deformations of structures. The important characteristics of 

structural response include (1) mode of deformation and 

fracture, (2) impulse transfer, and (3) energy absorption in 

plastic deformation. The mode of deformation and facture is 

the most important characteristic as all the other parameters 

depend on it. Generally the methodologies of investigating the 

structural response include experimental studies, theoretical 

modeling and numerical simulations. 

 

4. THEORETICAL MODELLING 

Theoretical or analytical models provide valuable in-formation 

for locating damage and establishing criteria for acceptance 

and/or repair of structural components. Analytical solutions 

that can describe damage would enable one to recognize 

impact parameters. Parametric studies can then show how the 

failure of structures varies with impact 2 parameters. 

Furthermore, analytical solutions provide bench-mark solutions 

for more refined finite element analysis. Nevertheless, most 

analytical models are complex, as they must involve dynamic, 

large deformation, plastic deformation of structures. 

 

A review of the relevant literature was given by Jones (1989), 

and Nurick and Martin (1989). Based on the nature of 

analytical modelling methodologies, the analytical models can 

be classified as (1) Single-degree-of-freedom models; (2) 

Modal approximation models; and (3) Rigid plastic theory 

based models, which are introduced as follows: 

 

4.1 Single-Degree-Of-Freedom Models 

Single- degree-of-freedom (SDOF) models, also known as 

spring-mass models, have been used widely to predict dynamic 

response of a broad range of structures when subjected to 

dynamic loads. Re-sponse of a SDOF structural model 
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provides funda-mental response mode, which is normally 

responsi-ble for overall structural failure. Parameters used to 

describe SDOF model are converted from actual structure by 

using equivalent mass, damping and re-sistance function 

(Smith and Heterington, 1994). The equation to describe an 

SDOF structure is 

 

Mx   + cx_ + Kx = P(t) (3) 

  

where M is the structure mass, K is structure resistance, and c 

is the structure damping coefficient. x and P(t) denote 

displacement and load respectively. In the case of blasting 

loading condition, this equation is usually simplified by setting 

the damping term c to zero because in one cycle of 

displacement attenuation is small, ignoring c is a conservative 

ap-proach and for structures taken beyond their elastic limit, 

energy dissipation is mainly by plastic deformation. An 

equivalent SDOF structure for a beam subjected to uniform 

impulsive loads is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. An equivalent SDOF system for a beam 

 

Based on the concept of SDOF systems, Biggs (1964) 

formulated simple dimensionless design carts (i.e. Pressure-

Impulse chart, or P-I chart) to predict the dynamic response of 

structures in which plastic hinges with full plastic capacity 

develop. Rigid, perfectly plastic methods were developed and 

reason-able correlation with test results were achieved, 

provided that the peak load is much higher than the maximum 

resistance and the loading regime is impulsive. Similar studies 

can be found in the papers by Symonds (1953), Hodge (1956), 

Youngdahl (1970), Abrahamson and Lindberg (1976), and Li 

and Meng (1998). 

 

4.2 Modal approximation models 

Modal solutions are of fundamental importance for explaining 

and estimating the deformation of structures that develop in 

response to impact or blasting loading. For either rigid-

perfectly plastic or rigid-strain hardening structures that are 

given a heavy blow over a segment of the structure, the de-

formation that develops divides into an initial transient phase 

where the pattern or location of deformation is continually 

changing, and a modal phase where the pattern is constant. 

During the transient phase the pattern of deformation steadily 

evolves from the initial velocity distribution imposed at impact 

to a mode configuration. After attaining the velocity 

distribution of a stable mode configuration, the pattern of 

deformation remains constant for some period of time. In most 

cases a substantial part of the impact energy is dissipated in a 

mode configuration during the second phase of deformation 

(Stonge and Yu, 1993).Work by Symonds (Symonds, 1980; 

Symonds, 1980) including the effects of elastic deformations 

and large deflections in the analysis of structures subjected to 

pulse loading using approximate theoretical techniques has 

been demonstrated for fully clamped beams of mild steel. 

Symonds (Symonds, 1980; Symonds, 1980) used a modelling 

technique which confines elastic effects entirely to an 

introductory stage (no plastic deformation) and to a residual 

vibration after plastic deformation. Elastic deflection 

components are ignored during plastic deformation. A plate 

model proposed by Yankelevsky (1985) incorporates rigid 

segments interconnected by plastic hinge lines which produce a 

displacement field typically used for collapse mechanisms in 

yield line theory of reinforced concrete slabs. The approaches 

proposed by Schleyer and Hsu (2000) and Schleyer et al. 

(2003) differed from the approach used by Symonds and 

Yankelevsky by combining elastic deflection com-ponents and 

plastic deformations in each stage of the analysis and by 

solving the equilibrium equations numerically. Wierzbicki & 

Nurick (1996) used the momentum conservation approach and 

eigenvalue expansion method to derive an approximate modal 
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solution for large transient deformations of plates subjected to 

central explosive loading. Based on this method, Lee and 

Wierzbicki (2005) and Wang and Hopkins (1954) further 

proposed modal solutions for the three stages of the failure of 

thin clamped circular plates loaded by localized shock impact, 

namely dishing, discing and petalling. 

 

4.3 Rigid plastic theory based models 

Based on the rigid plastic theory, Wang and Hopkings 1954) 

and Symmonds (1954) analysed the response of clamped 

axisymmetric plates and beams, respectively subjected to 

impulsive loads. Both these studies were restricted to linear 

bending kinematics with in-plane stretching neglected. Jones 

(1989) extended the analysis of Symmonds (1954) by giving an 

approximate solution for the response of clamped beams under 

finite deflections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.typical plastic hinges 

Based on the model by Jones (1989), Fleck et al. (2004); Qui et 

al. (2004), Radford and Fleck (2006) recently developed a 

series of analytical models, to predict the dynamic response of 

sandwich structures under a uniform shock loading Fleck and 

Deshphande (2004) or a non-uniform one over a central patch 

(Radford et al. 2006; Qiu et al., 2005). The sandwich structures 

comprise steel face-sheets and cellular solid cores, with ends 

fully clamped. The response to shock loading is measured by 

the permanent transverse deflection at the mid-span of the 

structures. The structural response of the sand-wich structures 

can be split into three sequential stages: Stage I: This is 

actually a 1D air-structure interaction process during the blast 

event, resultingin a uniform velocity of the outer face-sheet; 

Stage II: The core crushes and the velocities of the faces and 

core become equalized by momentum sharing; and Stage III: 

This is the retardation stage at which the structure is brought to 

rest by plastic bending and stretching. The problem under 

consideration here is turned into a classical one for monolithic 

beams or plates, which has been extensively studied and 

presented in Jones (1989). Figure 3 shows a typical plastic 

hinges travelling process of a plate in stage III of the blast 

response loaded by a uniform impulsive impact. 

 

5. NUMERICAL SIMULATIONS 

Since blast tests can be very expensive and dangerous, finite 

elements analysis (FEA) offers the possibility to evaluate 

response of the impulsively loaded structures using commercial 

software packages such as ANSYS and LS-DYNA. FEA has 

the capability of predicting distribution of internal stress and 

strains that are difficult to be measured experimentally. Also 

FEA can be employed to understand how structures fail and to 

identify critical parameters. 

The following sub-sections will discuss the approaches of 

modelling the blast loads and the material properties from 

which the structures are made. 

 

5.1 Modeling blast loads 

5.1.1 Defining the pulse-time curve directly 

The idea of directly defining the pulse-time curve is quite 

straightforward and may be the easiest way to model blast 

loads. However, the coupling effects of the loads and 

structures, such as the change of structural curvature and shock 

wave reflections, are not considered. Therefore, sometimes the 

simulation performance of this method is not satisfactory. 

 

5.1.2 Defining blast loads using blast pressure functions 

The blast loads can be conveniently calculated using blast 

pressure functions such as ConWep (1991), which was 

developed by the US Army. The Con-Wep function can 

produce non-uniform loads ex-erted on the top surface of the 

plates. This blast function can be used for two cases: free air 

detona-tion of a spherical charge, and the ground surface 

detonation of a hemispherical charge. The input pa-rameters 
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include equivalent TNT mass, type of blast (surface or air), 

detonation location, and surface identification for which the 

pressure is applied. The pressure is calculated based on the 

following equa-tion: 

 

P(τ) = P ⋅ cos
2
 θ + P ⋅ (1 + cos

2
 θ − 2cosθ) (1-4) 

r i 

where θ is the angle of incidence, defined by the tangent to the 

wave front and the target’s surface, Pr is the reflected pressure, 

and Pi is the incident pres-sure. It can be seen that ConWep 

calculates the re-flected pressure values and applies them to the 

des-ignated surfaces by taking into account the angle of 

incidence of the blast wave. It updates the angle of incidence 

incrementally and thus account for the ef-fect of surface 

rotation on the pressure load during a blast event. 

The drawback of ConWep is that it cannot be used to simulate 

the purely localized impulsive loads produced by explosive 

flakes or prisms. Some simu-lations using ConWep can be 

found in the literature (Yen et al., 2005; Neuberger et al, in 

press). 

An engineering analysis of the blast pressure and fragments 

associated with high explosive detonations acting on protective 

structures must be made to describe the response of the 

protective structures to donor output. The response to the blast 

output is expressed in terms of design ranges according to the 

pressure intensity, namely, (1) high pressure, and (2) low 

pressure. As subsequently shown, these design ranges are 

related to the relative location of the protective structure to the 

explosion. 

 

Pressure-Time curves: 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1.3 Modelling the explosive as a material 

In this method, the explosive is modelled as a mate-rial. When 

the explosive is detonated, its volume ex-pands significantly 

and interacts with the structure. The contact force between the 

expanded explosive product and structure is then calculated. 

The expan-sion of the explosive is defined by three parameters: 

position of the detonation point, burn speed of the explosive 

and the geometry of the explosive. 

The explosive materials are usually simulated by us-ing Jones-

Wilkins-Lee (JWL) high explosive equa-tion of state, which 

describes the pressure of the detonation (Haliquist, 1998). 

The JWL equation is written as 

       

ωρ 

    

ωρ  
E
 

 

  

ωρ 

 

−
 
R
 1ρ + B 1 − 

 −R  

P = A 1 − 

 

e 

 

R  ρ 

e 2 ρ +  m0 

 

R ρ 

  

          ρ0  

 1 0     2 0       

             (5)  

where P is the blast pressure, ρ is the explosive den-sity, ρ0 is 

the explosive density at the beginning of 

detonation process, A, B, R , R , ω,  and E m

0 

are ma-  

1 2   

terial constants, which are related to the type of explosive and 

can be found in the explosive hand-books. 

5.2 Modelling materials 

Problems involving material nonlinearity are considered in 

this thesis. It is assumed that displacements are small so that 

the geometric effects are small and hence the geometric 

effects can be neglected. However, depending upon the input 

given to the material models of concrete and steel in ANSYS, 

the response of the reinforced concrete column can be 

different. For the present analysis the following material 

models have been used. 
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SOLID65 ELEMENT 

5.2.1 Steel Reinforcement 

The properties of reinforcing steel, unlike concrete, are 

generally not dependent on environmental conditions or time. 

Thus, the specification of a single stress-strain relation is 

sufficient to define the material properties needed in the 

analysis of reinforced concrete structures. For all practical 

purpose steel exhibits the same stress-strain curve in 

compression as in tension. For the present study, reinforcing 

steel has been considered as bilinear isotropic hardening. 

Idealized elasto-plastic stress-strain behavior from a uniaxial 

tension test is shown in Figure 4, where initially the behavior 

is elastic until yield stress y σ is reached. The elastic modulus 

is denoted by E. After yielding, the plastic phase begins with 

a slope of t E, known as the tangent modulus. 

 

 

 

 

 

 

 

Figure 4. Idealized elasto-plastic stress-strain curve 

 

5.2.2 Concrete Models 

Development of a model for the behavior of concrete is a 

challenging task. Concrete is a quasi-brittle material and has 

different behavior in compression and tension. The tensile 

strength of the concrete is typically 10% of the compressive 

strength. In compression, the stress-strain curve for concrete is 

linearly elastic up to about 30% of the maximum compressive 

strength. After it reaches the maximum compressive strength, 

the curve descends in to a softening region, and eventually 

failure occurs at an ultimate strain. In tension, the stress-strain 

curve for concrete is approximately linearly elastic up to the 

maximum tensile strength, beyond which, the concrete cracks 

and the strength decreases gradually to zero. The ANSYS 

program requires the uniaxial stress-strain relationship for 

concrete in compression. There are different models for 

concrete. Two of them are introduced here namely Multi crack 

model. 

 

5.2.2.1 Multi Crack Model 

Multi-linear Isotropic Hardening Stress-Strain Curve The 

uniaxial behavior is described by a piece wise linear stress-

strain curve, starting at the origin, with positive stress and 

strain values. The slope of the first segment of the curve must 

correspond to the elastic modulus of the material and no 

segment slope should be larger. No segment can have a slope 

less than zero. Numerical Expressions (Desayi and Krishnan 

[16]), Equation 39 and 40, have been used along with Equation 

41 (Gere and Timoshenko [11]) to construct the multi-linear 

stress-strain curve for concrete in the study. 

 

5.2.2.2 Composite Wall Design 

Composite construction is primarily used for barricades and 

consists of two concrete panels separated by sand fill. Details 

of each panel are similar to those described for single laced 

walls (or walls reinforced with single leg stirrups). The 

concrete panels may be supported at the base either by the floor 

slabs or a concrete pedestal. When the pedestal is used, 

reinforcement across the base of both panels terminates in the 

floor slab and provides a monolithic connection between the 

two panels. The floor reinforcement serves as the monolithic 

connection when pedestals are not used. The upper portion of 

the wall may either be open or solid. Open sections are usually 

used when the upper edge of the wall is unsupported; the solid 

section is used when an external tie system is used to restrain 

the motion and provide support for the top of the wall. The 

solid section must be reinforced to resist torsion and bending 

induced by the ties and the panels. The impulse capacity of 

composite walls is a function of the density of the sand fill. The 

sand will be compacted after construction due to its own 

weight and/or by water drainage when the wall is exposed to 

the weather. The sand fill must be continuously maintained at 

the level stipulated in the design by mechanical means which 

will allow periodic rearrangement of the sand fill. Clay pipe or 

other similar material may be placed in the wall cavity with the 

sand so that when the wall is loaded the clay pipe will be 

crushed by the impact of the donor panel, thereby providing 

space within the wall cavity into which the compacted sand 

may flow, hence reducing its density. If possible, the sand 

should be protected from the elements by sealing the top of the 

cavity. 

Typical Composite Wall Details 
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6. SUMMARY 

In blast impact, structures usually undergo large plastic 

deformations or failure, and they absorb considerable energy. 

In this paper, the characteristics of blast loads and 

corresponding structural response, as well as the current 

advances in this area, were briefly reviewed. 

The detonation of explosive creates a blast wave in the 

surrounding air, and interacts with the struc-tures. The resulting 

structural response is divided into three modes: (I) Large 

inelastic deformation; (II) Tearing (tensile failure) at or over 

the support; and (III) Transverse shear failure at the support. 

Mode I can transit to Mode II and III with the in-crease of 

impulsive loads. 

The approaches to investigating blast loads and corresponding 

structural response can be experimen-tal, analytical or 

numerical. In experiments, one can use ballistic pendulums and 

a wide range of sensors to measure impulse, pressure and 

structural re-sponses, such as acceleration and displacement. 

Analytical models provide valuable information for locating 

and quantifying damage, and establish criteria for different 

deformation/failure modes. The commonly used analytical 

models include (1) Sin-gle-degree-of-freedom models; (2) 

Modal approxi-mation models; and (3) Rigid plastic theory 

based models. In a SDOF model, the actual structural re-sponse 

is described by using an equivalent spring-mass system. Modal 

approximation modelling method divides the deformation into 

an initial tran-sient phase where the pattern or location of 

deforma-tion is continually changing and a modal phase where 

the pattern is constant. In the rigid plastic the-ory based 

approach, the deformation is also divided into stages and the 

structure is assumed to be made of a rigid plastic material. 

Numerical simulation techniques such as FEM have the 

capability of predicting distribution of in-ternal stress and 

strains that are difficult to be measured experimentally, and 

help to understand how structures fail and to identify critical 

parameters. In the simulations, the blast loads can be modelled 

us-ing an impulse-time curve or blast pressure function. 

Alternatively, one can model the high explosives as special 

materials, and the interaction between ex-panded explosives 

and structures can be further cal-culated. The structures 

subjected to the blast impact are usually made of monolithic 

metals or cellular solids. A number of constitutive relations are 

avail-able to describe their mechanical behaviours with the 

effects of strain, strain rate and/or temperature. 

 

6.1 CONCLUSIONS 

For high-risks facilities such as public and commercial tall 

buildings, design considerations against extreme events (bomb 

blast, high velocity impact) is very important. It is 

recommended that guidelines on abnormal load cases and 

provisions on progressive collapse prevention should be 

included in the current Building Regulations and Design 

Standards. Requirements on ductility levels also help improve 

the building performance under severe load conditions. 
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