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ABSTRACT 

Important and critical structures should be designed to resist transient extreme loads such as high 

velocity impacts and explosions. Blast-resistant design of structures includes architectural design 

and structural design against explosion forces. Blast loads could be internal due to explosion of gas 

pipes or external due to chemical bombs and car attacks. During the last few years, Egypt witnessed 

terrorist bombs and car attacks on important structures. These events caused large life losses and led 

to severe damage and collapse of several heritage and security buildings. In this paper, the response 

and damage of single-degree-of-freedom (SDOF) structures to blast loads are presented. The blast 

load is modeled as a time-variant function with positive and negative pressure zones. Firstly, the 

governing nonlinear differential equation of motion for SDOF of inelastic structures under blast 

load is provided. Subsequently, the solution of this equation is obtained using numerical integration 

of the equation of motion in the MATLAB platform [1]. Finally, the definition of various energy 

terms dissipated by the structure and associated damage indices are given. The formulation 

developed is numerically demonstrated with reference to energy dissipated and damage of a simple 

structure modeled as a SDOF inelastic system to blast load. A new scalar index based on damage 

indices is proposed. These measures are of essential importance since they provide quantitative 

measures on damage level of the structure and necessary repair. 

Keywords: blast load, damage index, explosion, hysteretic energy, inelastic structures, plastic behavior. 

1. Introduction

The major use of explosives has been in warfare such as bombs, explosive shells, 

torpedoes and missile warheads. On the other hand, the peaceful use of explosives is to break 

rocks in mining. Also, explosions are used in malting roads and tunnels inside mountains and 

in extracting important materials such as gold and phosphate. Explosions are used also in 

demolishing of structures that are deteriorated or damaged due to aging etc. or which were 

constructed illegally. Unlike earthquakes, floods and cyclones which represent natural 

disasters, blast loads represent a man-made disaster caused by humans. Note that, there are 

two types of loads static loads (live loads and dead loads) and dynamic loads (earthquake 
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loads, snow loads, impact loads, water waves, Air plan, machine vibration, etc…..). Previous 

researches consider blast loads are dynamic loads [2]. Explosions produce sudden shocks 

with extreme transient loads in a very short time duration. 

An explosion is a release of energy with chemical reactions on a large scale in a short 

period of time (usually a fracture of a second). Explosions can be categorized on the basis 

of their nature as nuclear, physical and chemical events. The detonation of a condensed 

high explosive generates hot gases under a high pressure of up to 30 MPa, a temperature of 

about 3000 - 4000    and shock waves which propagate a high-pressure gas travelling with 

very high velocity about 7000 m/s to areas far from the origin of the incident [3, 4 and 5]. 

The hot gas expands forcing out the volume it occupies. As a consequence, a layer of 

compressed air resulting in a blast wave is generated in front of this gas volume containing 

most of the energy released by the explosion.  

Blast wave instantaneously increases to a value of pressure above the ambient 

atmospheric pressure and propagates in all directions (figure 1). This is referred to as the 

side-on overpressure that decays as the shock wave expanding outward from the explosion 

source. After a short time period, the pressure behind the front may suddenly drop below 

the ambient pressure. During such a negative pressure phase, a partial vacuum is created 

and air is sucked in. This is also accompanied by high suction winds that carry the debris 

for long distances away from the explosion source [4].  

The observed characteristics of air blast waves are found to be affected by the physical 

properties of the explosion source. Figure 1 shows a typical blast pressure profile. At the 

arrival time   , following the explosion, pressure at that position suddenly increases to a 

peak value of overpressure,    over the ambient pressure,   . The pressure then decays to 

ambient level at time   , then decays further to an under pressure     (creating a partial 

vacuum) before eventually returning to ambient conditions at time          . The negative 

phase is of a longer duration and a lower magnitude than the positive duration. It is often 

neglected for design. This approach is generally conservative because component response 

calculated without consideration of the negative phase can be significantly greater than 

measured component response in blast tests [6]. As the stand-off distance increases, the 

duration of the positive-phase blast wave increases resulting in a lower-amplitude, longer-

duration shock pulse [3]. The quantity    is usually referred to as the peak side-on 

overpressure, incident peak over-pressure or merely peak overpressure [5]. The blast load 

total duration ranges from 0.001 to about 0.10 s [ ]  

Subsequently, the investigation of effects of explosion loads on engineering structures has 

begun for 70 years [7]. Following are examples of international codes and scientific research that 

gave us a comprehensive view of defining and modeling of blast loads and their effects on 

structures and buildings. In 1959, department of the Army released a technical manual entitled 

―structures to resist the effects of accidental explosions‖. The revised edition of this manual, 

known as U. S. TM 5-1300 [5] is used by civilian organizations and military for designing 

structures to, (1) prevent the propagation of explosion, (2) provide protection for personal and (3) 

provide guidance to designers on the blast design of structural components and connections 

subjected to blast loads. Indian Standard code [8] covers the criteria for design of structures for 

blast effects of explosions above ground. Whereas, the U.S. Army manual [9] gives a useful 

screening tool for assessing blast loads when it considers explosive device and location. Whereas, 

the American Society of Civil Engineers document [10] focuses on blast design of components 
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subjected to industrial explosions. Eurocode [11] gives rules and strategies for protecting 

buildings against accidental actions. The U.S. Army corps of engineers [12] distributes SDOF 

blast effects design spreadsheets for the design and analysis of structural components subject to 

blast loads. Canadian Standard Association [13] considers the design and assessment of buildings 

subjected to blast loads and achieving suitable levels of building safety. 

Over the past five decades, researches have been undertaken in the modeling of blast 

pressure on buildings and structures [2, 14, 15, 16 and 17]. Previous research provides an 

accurate description of explosion and characteristics of the blast wave by developing 

mathematical representations for important explosions [9, 14, 18, 19, 20, 21, 22, 23 and 24]. 

 

 

 

 

 

 

 

Fig. 1. Blast wave-pressure time-history [5]. 

Fertice [25] has studied the computation of blast loading on aboveground structures. 

LZA & Gilsanz and LZA et al. [26 and 27] have reviewed a large number of data in this 

field from the Second World War. Tens of thousands of records of bomb damage have 

been compiled referring to England, France, Germany and Japan. Simplified elastic 

perfectly plastic resistance functions for concrete elements may ignore the accurate 

nonlinear behavior of concrete other tri-linear and fiber models may provide accurate 

modeling for concrete structures under blast loads. Vrom [28 and 29] describes the 

idealized blast loads, the blast-structure interaction, and the response of SDOF systems to 

blast loading, the dynamic load factor, pressure impulse diagrams and the modeling of a 

structure as a SDOF system under blast load. 

Marchand [30] reviewed the contents of American Institute of Steel Construction 

(AISC). He also studied the dynamic response of steel structures to blast loads focusing on 

the behavior of columns and connections. Ngo et al. [4] gave an overview on the analysis 

and design of structures subjected to blast loads. The study focuses on the design 

considerations against extreme events such as a bomb blast. Structures, which are designed 

for resisting explosion and impact, are permitted to contribute all of their resistance, to 

absorb damage locally and to insure the integrity of the entire structure. It is likely that 

local failure may happen, due to the uncertainty associated with the loads. 

If a building is designed for a blast, the concrete components usually perform better 

compared to other materials such as timber and other metals such as aluminum and steel. 

This could be attributed to more mass, more damping and energy absorbing capacity of 

concrete [31]. Indeed, the analysis and design of structures subjected to blast loads require 

a detailed understanding of the blast phenomenon and the dynamic response of various 

structural elements.  
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2. Measures of explosive charge using TNT equivalent 

Explosives are different according to their explosion characteristics such as 

effectiveness, detonation rate and amount of energy released. So, it is necessary to have a 

datum to assess the detonation characteristics of each type of explosive material. 

Therefore, the use of TNT as the reference explosive is universal [32]. 

The first stage in quantifying blast waves is to change the actual mass of the charge into 

a TNT equivalent mass. For achieving this we should multiply the mass of explosive by a 

conversion factor based on its specific energy and that of TNT. Table 1 shows the 

conversion factors for a number of explosives [32]. An alternative approach which is 

described in U. S. TM5-855-1 [9] makes use of two conversion factors. Choosing any one 

of these factors depends on peak overpressure or impulse. Thus, for compound B the 

equivalent pressure factor is 1.11 while that for impulse is 0.98 (see Table 1). 

        Table 1.  

        Conversion factors for explosives [32]. 

Explosive 
Mass specific 

Energy   (kj/kg) 

TNT Equivalent 

        

Compound B (60%RDX,40%TNT) 5190 1.148 

RDX (Cyclonite) 5360 1.185 

HMX 5680 1.256 

Nitroglycerin (liquid) 6700 1.481 

TNT 4520 1.000 

Blasting Gelatin* 4520 1.000 

Nitroglycerin dynamite 60% 2710 0.600 

Semtex 5660 1.250 

        Note: * 91.0 % nitroglycerin, 7.9 % nitrocellulose, 0.9 % antacid, 0.2 % water. 

3. Basic parameters of the explosion 

A blast load can be defined for blast design purposes in terms of several parameters. 

These parameters are overpressures, impulse and scaled distance, which represent the 

combined effects of charge weight and standoff distance. Other parameters include the 

explosion wave front velocity    and the maximum dynamic pressure    . 

Namely, the explosion wave front velocity    and the maximum dynamic pressure    

are given as [2, 19 and 22]: 

     √
       

   
                                                               (1) 

   
   

 

         
                                                                     (2) 

where    is the speed of sound in air at ambient pressure (355 m/s),    is the peak static 

overpressure at the wave front in bar and    is the atmospheric pressure of about 1 bar or 101 kpa. 

Mathematical relations for the maximum (peak) static overpressure (  ) have been 

presented in the literature [4, 14, 23 and 24]. Therefore,     has typically been correlated 

with the scaled distance parameter ( ) which is defined by Mays and Smith [21] as 

follows:  
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                                                                                (3) 

Where   is the stand-off distance in meters and   is the charge weight of the blast in kg 

based on TNT equivalence. For example, in 1993, the blast occurred at the World Trade 

Centre (WTC) has a charge weight of 816.5 kg TNT [20] and the bomb of April 1995 of 

the Alfred P. Murrah Federal Building in Oklahoma City has a charge weight 1800 kg of 

high explosives and located 5 m from the north face of the building and about 12–15 m 

from the east end [31]. Dharaneepathy et al. [33] studied the effect of the stand-off 

distance on tall shells of different heights.  

Brode [14] introduced a mathematical relationship to calculate the peak overpressure in 

bars as follows [4]:  

   
     

 
 

     

   
    

                                                   (4-a) 

                           
   

                                                                              (4-b)  

Newmark and Hansen [24] introduced a relationship to calculate the maximum blast 

overpressure    in bar, for a high explosive charge detonates at the ground surface as [4]: 

       (
 

  )      
 

    
 

 
                                                        (5-a) 

                      
    

   
    

 
 
 

                                                                            (5-b) 

Mills [23] introduced another expression of the peak overpressure in kPa as [4]: 

      
    

   
   

   
   

 
                                                            (6) 

Friedlander wave equation defines the rise and fall of the static over pressure       with 

time. Mathematically, this can be defined as [22] and [34]:  

            (  
 

  
)  

   

                                                           (7) 

Herein,   is the exponential function,    is the peak overpressure,   is the time elapsed 

and the constant 1.8 accounts for the hemispherical blast effects (i.e. the reflection factor). 

The constant b is the parameter controlling the rate of wave amplitude decay. This 

parameter can be related to the ratio (      
      

) as: 

  ( |
     

     

|)                                                            (8) 

Alternatively, the stand-off distance can be given as [22]: 

                                                                      (9) 

and    is the duration of the positive blast pulse.    has been correlated with the stand of 

distance ( ) by Smith [17]. This correlation can be mathematically approximated with a linear 

relationship between    and   in a log-log format with   being held constant, as follows:        

                  (
  

 
 
 

)                   (
 

 
 
 

)                                           (10) 
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When blast waves encounter a solid surface or an object made of a medium denser than 

air, they will reflect it causing what is known as a reflected pressure   . Rankine and Biggs 

derived a mathematical expression that relates reflected pressure    and the specific heat 

ratio   as follows [2] and [35]: 

                                                                          (11)  

Herein the air behaves as a real gas with a specific heat ratio    
  

  
  For air,   is set 

equal to 1.4 [22]. Substituting    into this equation leads to: 

                           (
       

      
)                                                                  (12) 

Reflected overpressure can be idealized by an equivalent triangular pulse of maximum peak 

pressure    and time duration   , which yields the reflected impulse    (e.g. [4, 5 and 21]): 

   
 

 
                                                                         (13) 

Other blast wave parameter includes    which is the duration of the positive phase 

when the pressure is in excess of ambient pressure and   
  the specific impulse of the wave 

which is the area under the pressure time curve from the moment of arrival,   , to the end 

of the positive phase and is given by: 

  
    ∫   

     
  

                                                                   (14-a) 

For the above Friedlander equation (7), the positive impulse can be analytically calculated as: 

                                      
   

    

  
[       ]                                                     (14-b)  

Brode [14] proposed the maximum value of negative pressure in the negative phase of 

the blast, given by: 

    
    

 
                                                                 (15) 

Note that, the negative phase of the overpressure is not important and can be ignored 

[6]. The associated specific negative impulse in this phase   
  is given in terms of the 

positive impulse and the stand-off distance as follows: 

  
    

  (  
 

  
)                                                                   (16) 

The next section shows the difference between explosions and earthquakes. 

4. The difference between explosions and earthquakes 

Explosion differs from earthquake ground motion in the amount of energy released for a 

very short duration of time. Earthquake duration usually ranges from (10-100 s) while blast 

duration ranges from (0.001-0.1 s) [36]. Accordingly, the total duration of an average duration 

earthquake is about 1000 times that of a blast load. Example for that, the time of the long 

ground shaking from the Northridge event is 12 s and the time duration of the Murrah Building 

blast is 9 ms [3]. On the other hand (Ngo et al.) [4], the average strain rate of a blast load is 

about 10
5
 times that for average earthquakes as will be mentioned hereafter, see (figure 2). It is 

well known that strain rate is the change in strain of a material with respect to time ( 
  

  
 ). 
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The nuclear bomb of a Hiroshima in 6 August 1945 created a blast equivalent to about 

16  10
3
 t of TNT and contained about 64 kg (141 lb) of uranium-235 [37]. This blast is 

equivalent to an earthquake of magnitude 6 on the Richter's scale [36]. Similarly, Nagasaki 

bomb in 9 August 1945 is equivalent to 21   10
3
 t of TNT. This event is equivalent to an 

earthquake of magnitude 6.1 on the Richter's scale [36]. 

As mentioned above, blast loads occur over a significantly shorter period of time than 

seismic loads. Thus, material strain rate effects become critical and must be accounted for 

in predicting connection performance for short duration loadings such as blast. Also, blast 

loads are generally applied non-uniformly to a structure, leading to a variation of load 

amplitude across the face of the building. This intern reduces blast loads on the sides and 

rear of the building away from the blast. Figure 2 shows the approximate ranges of the 

expected strain rates for different loading conditions. It can be seen that earthquake strain 

rate is located in the range of      to         , while blast pressures normally yield loads 

associated with strain rates in the range:     to         [4]. 

 

 

Fig. 2. Strain rates associated with different types of loads [4]. 

Blast loads are generally local loads, leading to local damage to the structure. Conversely, 

seismic loads are ground motions applied uniformly across the base or the foundation of the 

structure. Hence, all components in the structure are subjected to the shaking associated with 

this motion [3]. Note that a blast charge of about 12.5   10
3
 t of TNT is equivalent to an 

earthquake of 5.0 Richter's magnitude that is capable of creating damage to the structure. The 

next section provides a brief review on structural response due to blast loading. 

5. Structural response to blast loading 

The simplest discretization of transient problems is by means of the SDOF approach [38, 39 

and 40]. When a structure is subjected to sudden extreme transient loads such as plane attacks 

or blast loads, it experiences a rapid loading environment that results in sudden changes in 

stresses and strains in structural members during a short period of time compared to static loads 

such as live loads and dead loads [4]. Bangash [31], U. S. TM 5-1300 [41] and Ngo [5] provide 

the response analysis of building structures to explosions. The structural response depends on a 

number of factors including the structure layout in the plan, the structural detailing, the natural 

frequency, damping characteristics, material properties, explosive charge source and its range 

and DOFs as well as the individual components of the structure. 

In this paper numerical integration of the differential equation governing the structural 

response of SDOF to blast loads is employed. These numerical methods are based on the 

mathematical equations that describe the basic laws of physics governing the structural 

response to the blast phenomenon. These principles include conservation of mass and 

energy. In addition, the physical behavior of materials is described by constitutive laws. 

5.1. Bilinear inelastic SDOF system 

The material possesses an initial stiffness    during the linear stage. Subsequently, the 

material behaves nonlinearly with a degrading stiffness    (less than     under large 
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amplitudes. The parameter   
  

  
 is known as the strain-hardening ratio (see figure 3). The 

strain-hardening ratio ranges from zero for elastic-plastic behavior to a fracture less than 1. 

Note that     implies linear behavior. The response of elastic-plastic structures 

represents a special case of the bilinear structures (   = 0). 

The nonlinear equation of motion governing the response of a SDOF system is given as: 

  ̈      ̇                                                                     (17)     

Where  ,   are the mass and damping of the SDOF system,      is the displacement 

response,  ̇    is the velocity response,      is the acceleration response,       is the 

nonlinear restoring force in the spring and      is the blast force to the SDOF system. The 

above equation of motion may describe the dynamic response of a single-story building 

structure under a blast load. As discussed earlier, for linear structural behavior the restoring 

force       is a linear function of the displacement response      and the spring stiffness 

coefficient     Whereas, in the more general case, when structural nonlinearities are 

considered,        is a nonlinear function of the structure response. Thus, the restoring 

force is a function of the displacement response and the velocity response.  

For nonlinear dynamical systems with elastic-plastic characteristics (     ), the 

above equation of motion may be re-written as: 

 ̈        ̇          ̅    ̇   
    

 
                                 (18) 

Where      √    is the damping ratio and    is the yield displacement. It may be 

recalled that, at larger amplitudes the natural vibration period is not defined for bilinear systems. 

The function   ̅    ̇  may be defined as the spring restoring force in a dimensionless form. 

Referring to the above equation, it may be noted that for a given blast load     , the 

displacement response depends on the natural frequency  , the damping ratio   and the 

yield displacement    as shown in figure 3-a. Herein, the yield displacement    is defined 

as     ⁄  where    is the yield stress. The dynamic analysis of bilinear structures governed 

by the above equation of motion can be carried out directly by solving this equation. 

Alternatively, the dynamic analysis of these systems can be characterized in terms of the 

bilinear displacement response normalized to the yield displacement. This dimensionless 

quantity is known as the ductility factor. Thus, defining this factor as             ⁄ and 

substituting into Equation. (18), one obtains 

 ̈        ̇          ̅    ̇   
    

   
                                   (19) 

It follows from this equation of motion that the ductility factor for systems driven by a 

time-variant dynamical load is also a time-variant quantity. It may be observed that the 

expressions  ̈        ̈    and  ̇        ̇    were employed in deriving the above 

equation. The constant        ⁄ , appearing on the right side of this equation, can be 

interpreted as the acceleration of the mass necessary to produce the yield force    and 

  ̅    ̇  is the force–deformation relation in dimensionless form. The response analysis of 

bilinear systems governed by the above equation of motion is generally carried out using 

step by step numerical integration techniques. 
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(a)                                   (b) 

Fig. 3. (a) SDOF system (b) Bilinear force-displacement relation. 

6. Dissipated energy under blast loads 

Moustafa [42] and [43] provided an overview on the dissipated energy for SDOF 

structures under earthquake loads. These energy terms can be quantified by integrating the 

structure equation of motion [43, 44, 45, 46 and 47]. These energy quantities could be 

estimated based on the absolute or the relative response of the structure. There are some 

differences between relative energy equation and absolute energy equation [46]. In this 

paper, the relative equation is used. The energy balance for the bilinear system can be 

written as: 

∫      
 

 
    ∫   ̇   

 

 
    ∫   

 

 
   ∫        

 

 
                           (20) 

Equation (21) presents the energy balance equation, which can be written as: 

                                                                       (21) 

where      is the relative kinetic energy (     
 

 
  ̇ ). It should be noted that     is 

the energy absorbed by damping. It can be shown that [48]: 

       ∫   ̇  

 
    ∫  

    

 

 

 
      ∫    

 

 
                              (22) 

On the other hand, the absorbed energy   , which consists of the recoverable elastic 

strain energy    and hysteretic energy   . The absorbed energy is obtained as: 

      ∫       ̇         
 

 
                                            (23) 

      
  

 

   
                                                              (24) 

                                                                    (25) 

Where    is the initial stiffness of the SDOF bilinear structure. 

 

    is the relative input energy . It may be written as: 

       ∫     
 

 
   ∫      ̇     

 

 
                                       (26)                                                
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The next section explains the use of the response parameters and plastic energy in 

developing damage indices. 

7. Damage size of inelastic structures under blast loads 

Previous research work has quantified damage of structures in terms of damage indices 

[43, 49 and 50]. There are many researches that discussed define of the structural damage 

such as: (1) Yao and Yeh [51] defined structural damage as deficiency and deterioration of 

any structural characteristic caused by external loads. This damage could occur to a 

structural member or to the connection of two structural members in the form of cracks or 

rotation, (2) Chung et al. [52] defined damage as the degradation of a member with certain 

consequences regarding the member’s capacity to resist further load, (3) FEMA 306 [53] 

defined damage as the physical evidence of bilinear deformation of a structural member  

and (4) Hwang and Scribner [54] defined collapse as a damage state that the member 

strength at maximum deformation has dropped below seventy–five percent of its initial 

yield strength. Likewise, Park and Ang and Pauley and Priestley [55 and 56] considered a 

twenty percent drop in strength as the failure criterion for reinforced concrete members. It 

is generally accepted that damage in structural members can be due to excessive ductility 

demand and cumulative hysteretic action [55, 57, 58, 59, 60, 61and 62]. 

Ductility is the best–known and probably the most widely used index in damage 

assessment [63, 64 and 65]. Recent studies have shown that ductility is not a reliable 

damage index by itself since it does not account for the influences of the duration of the 

frequency content, strong shaking and the cumulative bilinear deformation [47, 61, 66, 67 

and 68]. Powell and Allahabadi [69] proposed a damage index in terms of the ultimate 

ductility    and the maximum ductility     : 

     
      

       
  

        

    
                                                         (27) 

However,     does not include effects from hysteretic energy dissipation. 

 

Cosenza et al [49] and Fajfar [67] proposed a damage index based on the structure 

hysteretic energy    and: 

     
  (    )⁄

     
                                                                 (28) 

A robust damage measure should include not only the maximum response but the effect of repeated 

cyclic loading as well. Park and coworkers developed a simple damage index [55, 70 and 71]: 

      
    

  
  

  

    
  

    

  
  

  

      
                                         (29) 

where,      is the maximum absolute value of the displacement,    is the ultimate 

deformation,    is the yield displacement,    is the dissipated hysteretic energy, β is a positive 

constant that weighs the effect of cyclic loading on structural damage, to assess the structure 

safety, Eq. (29) was used to estimate the damage index of the structure subjected to the blast 

load. On the basis of the recommendation of Park et al., the factor β for steel structures is equal 

0.025 [71] and [72]. Note that, the variation of the value   is considered in this study. 
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     is the Park and Ang damage index and    is the yield force. The state of the structural 

damage is defined as: (a) repairable damage, when          , (b) damaged beyond repair, 

when              , and (c) total or complete collapse, when          [70]. 

A scalar index representing the accumulated damage can be obtained by estimating the 

area under the Park and Ang damage index as follows: 

    ∫          
  
 

                                                      (30) 

Referring to Eq. (30), an energy index representing the normalized cumulative 

hysteretic energy developed by Fajfar [49] and Cosenza [67] can be obtained as follows: 

    
 

           
∫          
  
 

                                        (31) 

Where 
 

     
  is a constant. 

To the best of our knowledge, all the above studies derived mathematical expressions 

for damage of structures to earthquakes. In this study, we employ some of these 

expressions in estimating damage of structures to blast loads. 

8. Numerical results and discussion 

To illustrate the formulation developed in this study, the dynamic response of a simple 

structure, modeled as a damped bilinear SDOF system under blast load, is presented in this 

section. The static overpressure, the response displacement, the dissipated hysteretic kinetic, 

damping and input energies and damage indices are evaluated. The total mass of the structure 

is taken as 2       kg and the initial stiffness = 2       N/m. The yield displacement in 

tension and compression is taken as 0.01 and -0.01 m, respectively. The parameters of the 

blast load are taken as the charge weight   = 2000 kg of TNT, the scaled distance   = 0.40 

and the stand-off distance   = 5 m. Herein,                     , maximum blast 

force                          and the time duration of the positive and negative 

pressures are      0.018 s and the total duration,     0.05 s, respectively. 

The numerical results of the parametric study carried out in this section for the response 

of SDOF structure under blast load are illustrated in figures 5 to 9 and demonstrated in 

tables 2 to 8. Based on an extensive investigation of the numerical results obtained, the 

following remarks are drawn: 

1- The structure oscillates a way from its equilibrium position and system returns back to 

rest by the end of the duration explosion load keeping a permanent deformation. The 

amplitude of the displacement response starts to build up until it reaches its maximum 

value    of 0.19 m at about 0.09 s and subsequently it starts to decay keeping 

permanent deformation of 0.01 m at about 1 s. Unlike, the elastic system, the bilinear 

structure after yielding does not oscillate about its initial equilibrium position. 

Yielding causes the structure to drift from its initial equilibrium position and system 

oscillates around a new equilibrium position until this gets shifted by another yielding. 

Accordingly, after the explosion ends the structure comes to rest at a position different 

from its initial equilibrium position. For instant, when                    the 

permanent deformation         m, the maximum absolute ductility ratio    

    , the maximum yielding energy      
   37      and the maximum damping 
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energy      
          ,           (damaged beyond repair) and additionally, 

          and           (see figure 4 and tables 4 and 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Response of inelastic SDOF system (              , (a) Displacement response, (b) 

Velocity response, (c) Acceleration response, (d) Hysteretic loop, (e) Damping energy, (f) Yield 

energy, (g) Strain and Kinetic energy, (h) Park and Ang damage index. 

2- The structural response to the blast load depends on the charge weight and the stand-

off distance. For the same charge weight the increase in the stand-off distance is 

associated with a decrease in the response and dissipated energies of the structure. 
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The state of the structure damage is changed from total collapse to repairable 

damage (see table 2). The increase of the stand-off distance with constant   = 0.01, 

       is associated with a decrease in cumulative damage indices and cumulative 

yield energy (see Table 3). For instant, when the scaled distance   increases from 

0.30 to 0.80 and constant   = 0.01,       ,    decreases from 0.48 m to 0.02 m 

(96%),    decreases from 0.23 m to 0.005 m (98%),      
 decreases from 0.47 to 

0.03      (94%) and      
 decreases from 4.28 to 0.05      (99%).      

decreases from 3.73 to 0.15 (96%). The state of the structure damage is changed 

from total collapse to repairable damage. Indeed,      decreases from 22.36 to 0.9 

(96%) and     decreases from 28.39 to 0.05 (99.8%). 

Table 2.  

Effect of scaled distance on response of bilinear SDOF (  = 0.01,       ). 

  
   

(m) 

   

(m) 
   

     
 

       

     
 

       
     Damage status 

0.30 0.48 0.23 17.80 4.28 0.47 3.73 Total collapse 

0.40 0.22 0.11 1.60 1.42 0.10 0.28 Repairable damage 

0.80 0.02 0.005 1.20 0.05 0.03 0.15 Repairable damage 

Table 3.  

Effect of scaled distance on cumulative damage indices and cumulative energy (  = 0.01,       ). 

          

0.30 22.36 28.39 

0.40 1.68 5.10 

0.80 0.90 0.05 

3- The total duration    of the blast load is seen to affect the structural response. As the 

total duration increase, the yield energy increases and larger number of stress 

reversals are observed. For example, for        and   =      maximum 

displacement, permanent deformation, maximum hysteretic energy, damping energy 

and Park and Ang damage index are 0.18 m, 0.02 m, 1.28     , 0.24      and 0.93 

to         s. These values become 0.26 m, 0.12 m, 1.68     , 0.26      and 

1.92 for         s. On the other hand, the increase of the total duration with 

constant        and   =      is associated with increase in cumulative damage 

indices and cumulative yield energy (    increases from 4.58 to 12.20 and     

increases from 5.58 to 6) as shown in figure 4. 

4- The influence of a decrease in the damping ratio   with constant   = 0.20 is seen to 

be associated with an increase in the maximum displacement and the yielding 

energy. On the other hand, the permanent deformation and the damping energy are 

decreased (see figure 5 and table 4). For instant, when damping ratio decreases from 

0.03 to 0.01 and constant       ,    increases from 0.17 m to 0.19 m (12%),    

decreases from 0.03 m to 0.01 m (67%),      
 decreases from 0.32 to 0.13      

(59%) and      
 increases from 1.21 to 1.37      (13%). The state of the structure 

damage is changed from damaged beyond repair to total collapse. The increase in 

damping ratio with constant   = 0.20 is associated with decrease in cumulative 

damage indices and cumulative yield energy (see table 5). 



133 
 JES, Assiut University, Faculty of Engineering, Vol. 45, No. 3, May 2017, pp.301–323  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Effect of damage ratio on response of inelastic SDOF system (        (a) 

Displacement response, (b)Velocity response, (c) Acceleration response, (d) Hysteretic loop, (e) 

Damping energy, (e)Yield energy, (e) Strain and Kinetic energies, (h) Cumulative damage indices, 

(i) Ductility damage index , Cosenza and Fajfar damage index and Park and Ang damage index. 
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Table 4.  

Effect of damping ratio on structure response (  = 0.20). 

  
   

(m) 
   (m)    

     
 

       

     
 

       
     Damage status 

0 0.20 0.01 8.85 1.48 0 1.79 Total collapse 

0.01 0.19 0.01 6.39 1.37 0.13 1.28 Total collapse 

0.02 0.18 0.02 4.67 1.28 0.24 0.93 Damaged beyond repair 

0.03 0.17 0.03 3.79 1.21 0.32 0.75 Damaged beyond repair 

Table 5.  
Effect of damping ratio on cumulative damage indices (  = 0.20). 

          

0 10.73 5.22 

0.01 7.68 4.86 

0.02 5.58 4.58 

0.03 4.50 4.32 

5- The increase in the strain-hardening ratio    with constant        is seen to be 

associated with a decrease in the maximum displacement, permanent deformation 

and yield energy. On the other hand, the damping energy is increased (see figure 6 

and table 6). For instant, when the strain-hardening ratio increases from 0.05 to 0.20 

and constant with       ,    decreases from 0.24 m to 0.19 m (21%) while    

decreases from 0.17 m to 0.02 (88%). At the same time      
  decreases from 1.33 

to 1.28      (3.8%) and      
 decreases from 0.20 to 0.18      (10%). The state 

of the structure damage is changed from repairable damage to damage beyond 

repair. The increase in strain-hardening ratio with constant        is associated 

with increase in cumulative damage indices related to the increase in      (Because 

there is a direct relationship between them). Also, the increase in strain-hardening 

ratio with constant        is associated with decrease in cumulative yield energy 

related to the decrease in      
 (see tables 6 and 7). 

Table 6.  

Effect of strain hardening ratio on structure response         . 

     

(m) 

   

(m) 

        
 

       

     
 

       

     Damage status 

0 0.28 0.25 1.00 1.35 0.22 0.19 Repairable damage 

0.05 0.24 0.17 1.20 1.33 0.20 0.22 Repairable damage 

0.10 0.22 0.11 1.50 1.31 0.19 0.30 Repairable damage 

0.20 0.19 0.02 4.67 1.28 0.18 0.93 Damaged beyond repair 

Table 7.  
Effect of strain hardening ratio on cumulative damage indices (       ). 

          

0 1.14 4.80 

0.05 1.32 4.79 

0.10 1.74 4.66 

0.20 5.58 4.58 
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Fig. 6. Effect of strain hardening ratio on response of inelastic SDOF system (       ) (a) 

Displacement response, (b)Velocity response, (c) Acceleration response, (d) Hysteretic loop, (e) 

Damping energy, (e)Yield energy, (e) Strain and Kinetic energies, (h) Cumulative damage indices, 

(i) Ductility damage index , Cosenza and Fajfar damage index and Park and Ang damage index. 
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6- The effect of initial natural frequency on response of bilinear SDOF with constant 

  = 0.01 and        is shown in Table 8. The decrease of   is associated with a 

decrease in the response, dissipated energies and damage indices of the structure. 

Thus, for         rad/s, the damage status is damaged beyond repair, while for 

        rad/s, the damage status is repairable damage. 

Table 8.  

Effect of initial natural frequency on response of bilinear SDOF (  = 0.01,       ). 

  
(rad/s) 

   
(m) 

   

(m) 
   

          
 

       

     
 

       
     Damage status 

44.70 0.36 0.13 3.50 2.80 0.25 0.60 Damaged beyond repair 

31.60 0.22 0.11 1.61 1.42 0.10 0.28 Repairable damage 

25.80 0.17 0.07 1.50 0.95 0.08 0.25 Repairable damage 

7- Figure 7 shows the influence of changing the value of β on the Park and Ang damage 

index. It is seen that β is directly proportional to      with a linear relation. For 

instant, when β increases from 0 to 0.20 with constant        and        ,      

increases from 1.08 to 1.35. 

 

 

 

 

 

 

 

Fig. 7. Effect of the value   on the Park and Ang damage index,        

8- The influence of the variation of the damping ratio on the structure elastic-plastic 

deformation (      was seen to be significant. As might be expected, with 

increasing the damping ratio, the structure maximum elastic-plastic response is seen 

to be reduced (see figure 8). Thus, the structure maximum elastic-plastic 

deformation was computed to be 0.29 m for       . This value reduces to 0.26 if 

       (10%). Thus when damping ratio increases from 0.01 to 0.03,    decreases 

from 0.26 m to 0.23 m (11.50%). At the same time      
  decreases from 1.37 to 

1.21      (11.70%) and      
 increases from 0.12 to 0.31      (158%). 
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Fig. 8. Effect of damping ratio on response of elastic-plastic SDOF system (a) Displacement 

response, (b) Velocity response, (c) Hysteretic loop, (d) Damping energy, (e)Yield energy, (f) Strain 

and Kinetic energies 

9. Conclusions, Recommendations and Future work  

This section presents the overall conclusions of this research. The performance of high-

risk facilities such as public, commercial and industrial structures under extreme loads 

such as explosions and high velocity impact is an important problem. This study 

investigated the blast response and damage analysis of simple structures under blast loads. 

The structure is modeled as SDOF system with bilinear or elastic-plastic force-

displacement relation. The blast load is modeled as a time-series of decaying amplitude 

with positive and negative pressure zones. The blast load is defined in terms of charge 

weight in TNT, off-set distance and scaled distance. The equation of motion governing the 

response for inelastic SDOF system is solved using Newmark β method in the MATLAB-

platform [1]. The structural response is estimated using maximum and permanent 

displacement, input, irrecoverable hysteretic, damping, kinetic and recoverable elastic 
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strain energies. The damage status of the structure is quantified using Park and Ang 

damage indices. Damage indices make it possible to decide necessary structural repair. The 

conclusions can be summarized as follows: 

(1) The structural response and associated damage level depend on the explosion load 

characteristics in terms of charge weight and stand-off distance. The damage level 

increases with increase in charge weight and decrease in stand-off distance. 

(2) Damage level depends on material properties such as damping ratio, strain-

hardening ratio and yield strength. Damage is seen to be inversely proportional to 

damping and directly proportional to strain hardening ration. 

(3) Input energy to the inelastic structure is dissipated mainly by yielding and damping. The 

inelastic structure after yielding oscillates around a new equilibrium position and does 

not return back to its initial equilibrium position developing permanent deformation.  

(4) This research could be extended to more complex structures such as skeletal buildings 

composed of RC walls and slabs and nuclear power plants using the finite element 

method. The blast load could be modeled within the framework of probabilistic 

analysis. Herein, the structural response will be a random process characterized in 

terms of its moments such as mean and standard deviation. Future research could 

include the development of a new damage index to quantify damage of structures 

under blast loads. The extension of the work to account for more accurate material 

behavior models such as tri-linear and fiber model needs to be investigated as a 

future work. The work could also be extended to account for the simultaneous 

occurrence of two or more loads such as earthquake and blast loads or blast and fire 

loads or blast and impact and fire loads using the finite element method.  

(5) Guidelines on extreme load and provisions on progressive collapse prevention and 

improving ductility of structural members should be included in current building 

regulations and design standards. 
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 للمنشآت غير المرنة جحث جؤثير أحمال الإنفجارات الطاقة المشححة والحلفيات

 الملخص العربى

إٌ انًُشآخ انٓايح ٔانذٕٛٚح ٚجة أٌ ٚرى ذصًًٛٓا تذٛس ذقأو الأدًال انقصٕٖ انعاتزج كؤدًال 

انصذياخ عانٛح انظزعح ٔالإَفجاراخ. ٔذصًٛى انًُشآخ نًقأيح الإَفجاراخ ٚرضًٍ إدرٛاطاخ يعًارٚح 

ٌ ذكٌٕ داخهٛح َرٛجح ٔكذنك ذصًٛى انعُاصز الإَشائٛح نًقأيح قٕٖ الإَفجاراخ. ٔأدًال الإَفجاراخ ًٚكٍ أ

إَفجار أَاتٛة انغاس أٔ خارجٛح َرٛجح انقُاتم انكًٛٛائٛح أٔ ْجٕو تظٛارج. فٙ انٕاقع فئٌ انقُاتم الإرْاتٛح 

ٔانٓجٕو تانظٛاراخ عهٗ انًُشآخ انٓايح أصثخ دذز يهذٕظ فٙ يصز خلال انظُٕاخ انقلائم انًاضٛح يًا 

شائٙ كثٛز ٔإَٓٛار انعذٚذ يٍ انًُشآخ الأشزٚح ٔانًثاَٙ الأيُٛح. ذظثة فٙ فقذاٌ أرٔاح كصٛزج ٔأدٖ إنٗ ذهف إَ

ٔٚرُأل ْذا انثذس عزض الإطرجاتح ٔالأضزار نهًُشآخ انثظٛطح ادادٚح انذزٚح غٛز انًزَح ذذد ذؤشٛز 

أدًال الإَفجاراخ. ٚرى ًَذجح دًم الإَفجار كذانح يرغٛزج فٙ انشيٍ ذذرٕ٘ عهٙ يزدهرٙ ضغظ يٕجة 

لاً ٚرى ًَذجح انًعادلاخ انرفاضهٛح غٛز انخطٛح نهذزكح نهٓٛاكم غٛز انًزَح ذذد ذؤشٛز دًم ٔضغظ طانة. أٔ

الإَفجار. ٔتعذْا ٚرى دم ْذِ انًعادلاخ. ٔأخٛزاً ٚرى ذعزٚف يخرهف يصطهذاخ انطاقّ انرٙ ٚرى ذثذٚذْا 

َشائٙ نُااو اداد٘ ٔيؤشزاخ انضزر انًزذثطح تٓا. ٔذى ذٕضٛخ انذراطح تذظاب انطاقح انًشررح ٔانرهف الإ

انذزٚح ذذد ذؤشٛز دًم إَفجار عٍ طزٚق انركايم انعذد٘ نًعادنح دزكح انًُشؤ تئطرخذاو تزَايج 

MATLAB. ( ٔٚقرزح فٙ ْذِ انٕرقح إَشاء يؤشز رقًٙ جذٚذPark and Ang damage index and 

Cosenza and Fajfar damage index .) ْٔذِ انًقاٚٛض يًٓح لأَٓا ذعطٙ يقٛاص كًٙ عٍ يظرٕٖ انرهف

 الإَشائٙ ٔانرزيٛى 

 

 

  

 

 

 

 

 

 

 


