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Abstract 

It is of interest to know the response of the unretrofitted reinforced concrete exterior walls under blast 

loading because some infrastructures might be targets of terrorist attack. Detailed numerical simulation 

and analysis of a typical concrete wall under different blast loads is presented in this study. The concrete 

material model used in the study includes a dynamic plastic damage model, a modified damage dependent 

piece-wise Drucker-Prager strength envelope, and a nonlinear equation of state considering the 

heterogeneity and porosity of concrete materials. The strain rate effect on tensile and compressive 

strength is considered separately. The concrete damage is based on Mazars’ damage model, which 

combines tensile and compressive damage. The present numerical model was calibrated first by 

comparing the numerical results with laboratory blast test results of reinforced concrete slabs. The 

calibrated model is then employed to simulate the response of a typical reinforced concrete exterior wall 

under blast loads. TNT charge weights corresponding to some typical terrorist bombs, that is, from 10kg 

to 5000kg, are considered. In terms of different TNT charge weights, the responses of the reinforced 

concrete wall at different stand-off distances are simulated. Based on the numerical results, critical curves 

that relate damage levels with the explosion conditions are derived. The safe stand-off distances to resist 

different terrorist bombing scenarios are suggested.  
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1.  Introduction 

Some infrastructures, such as government buildings and embassy buildings, or even commercial 

buildings and residential buildings, might be target of terrorist attack. Terrorist bombing attacks in 

Oklahoma City, New York City, Saudi Arabia, Kenya, and Tanzania are grim examples of the massive 

damages to civilian lives and the structures resulting from such activities (Mosalam and Mosallam, 2001). 

In response to this growing concern, the protection level of some existing buildings against blast loading 

may need to be evaluated and some new buildings may need to be designed to get certain protection. 

Some standards (DOD, 2002) and the design methods (TM5-1300, 1990, DOD, 2005) were developed 

recently to analyze structure response to blast loads, and to assess structural performance with respect to 

blast weight and stand-off distance. For example, DOD (2002) provides minimum stand-off distances 

based on the required level of protection. If the minimum stand-off distances are met, conventional 

construction techniques can be used with some modifications. If the minimum stand-off cannot be 

achieved, the building must be hardened to get the required level of protection. The stand-off distance 

given in DOD (2002) provides a quick assessment of structural safety to blast loads. However, the 

primary drawback is that the damage level is only vaguely defined. It is not clear if ‘damage’ means 

collapse of the structure, or collapse of the infill walls, or formation of cracks on the infill walls, or other 

type of structure or structural component failure. TM5-1300 (1990) includes step-by-step analysis and 

design procedures for structures to resist the effects of explosions. It appears to be the most widely used 

publication by both military and civilian organizations for designing structures to prevent the propagation 

of explosion and to provide protection for personnel and valuable equipment. The analysis method in 

TM5-1300 can be used to approximately estimate structural responses and damage. But the method is 

mainly based on the Single Degree of Freedom (SDOF) approach, which cannot give a reliable prediction 

of local structure damage. To obtain more the accurate response of structures or structure members, 

detailed analysis than a SDOF approach is often necessary.  

In a blast event, the two parameters that most directly influence the blast environment are the bomb’s 

charge weight and the stand-off distance. In a design or analysis procedure, normally the dynamic loading 

(pressure and impulse) is determined by these two parameters, and then the response of the structure can 

be analyzed. In association with the pressure and impulse, the widely used way to assess structure damage 
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is P-I curve (Pressure-impulse curves corresponding to different damage level) (Ambrosini et al., 2005). 

A P-I curve can be obtained from a simple SDOF analysis, complicated numerical simulations (Lan and 

Crawford, 2003), or field blast tests. Recently, a range-to-effect chart (FEMA428, 2008) is also used to 

indicate the distance (or stand-off) to which a given size bomb will produce a given effect. This type of 

chart can be used to directly display the blast response of a building component at different level of 

protection. 

Current damage assessment methods usually simplify a structure to a SDOF model (Naito and 

Wheaton, 2006, Morison, 2006, Li and Meng, 2002). In Naito and Wheaton (2006)’s work, a SDOF 

modelling and a static finite element pushover analysis were combined to calculate the blast resistance of 

an existing shear wall subjected to an external explosion. P-I curves were obtained for the shear wall. 

Morison (2006) reviewed many available SDOF methods on reinforced concrete flexural members (walls 

and slabs) and revised some of the parameters. Based on a SDOF model, Li and Meng (2002) analyzed 

the characteristics of P-I curves for various descending pulse loads. The SDOF analysis is relatively 

straightforward and also provides an overall assessment of the structure response to blast loads. However, 

a SDOF approach may yield unreliable predictions because it cannot capture the coupling between the 

shear and flexural failure modes, it cannot capture the localized failure of the structure, and the damage 

criterion based on displacement response of the SDOF model is very difficult to be accurately defined 

(Lan and Crawford, 2003).   

With the rapid development of computer technology and the advancement of numerical techniques, it 

makes the predictions of the concrete structure damage to blast loads through computer simulation viable 

(Riedel et al., 1999, AUTODYN, 2005). However, the reliability of the computer simulation results 

greatly depends on the dynamic material model. Many research works have been done to analyze the 

behaviour of concrete structures under different loading conditions. Based on static tests, many static 

strength criteria have been proposed in the past (Pinto, 1996, Chen and Chen, 1975, Chen, 1982, 

Kotsovos and Newman, 1978, Ottesen, 1977). From dynamic experimental results, it has been found that 

both the tensile strength and the compressive strength are highly dependent on the strain rate, i.e., the 

strain rate effect (Bischoff and Perry, 1991, Fu et al., 1991, Malvar and Ross, 1998, Wibl and Schmidt-

Hurtienne, 1999, Schuler et al., 2006). The effect of strain rate on the concrete compressive and tensile 



 
 

4 

strength is typically represented by a parameter, namely the Dynamic Increase Factor (DIF). It is a ratio 

of the dynamic-to-static material constants versus strain rate. Some material models have been proposed 

to calculate concrete structural response to highly dynamic loads (Riedel et al., 1999, Holmquist and 

Johnson, 1993, Espinosia et al., 1998, Malvar et al.,1997, Zhou et al., 2005, Gebbeken and Ruppert, 

2000). In 1993, Johnson and Holmquist (2003) developed a brittle damage concrete model used in 

hydrocodes.  Based on this model, RHT model (Riedel at al., 1999) was developed in 1999. The yield and 

failure surfaces were improved by considering the stress deviator tensor J3 .The shape in the deviatoric 

plane is based on the static Willam-Warnke model. In 2000, Gebbeken and Ruppert (2000) developed a 

high-dynamic material model for concrete which is also derived on the basis of the Johnson-Holmquist 

model. In their model, a shape function was adopted to define octahedral stresses in the deviatoric plane; 

the strain rate effect and the damage variable had been improved. Recently, Leppänen (2006) improved 

the RHT model by using a different DIF for tension and a bi-linear crack softening law. In 2002, Gatuingt 

and Pijaudier-Cabot (2002) developed a damage visco-plastic model for concrete to consider the 

interaction between the spherical and deviatoric response. At the same time, meshfree method, such as 

SPH, has also been used to model concrete response under blast loading (Rabczuk and Eibl, 2003).  

Similar to those Johnson-Holmquist based models, the authors (Zhou et al., 2008) developed a simple 

plastic damage material model and incorporated the model to a hydrocode AUTODYN (2005).  In the 

model, the strength criterion is a damage-based modified Drucker-Prager model, a circle is used in the 

deviatoric plane to simplify the strength criterion; four sets of static-based experimental results were used 

to determine the meridian plane; the damage model adopted is based on Mazars’ damage model; different 

DIFs are employed to model the strain rate effect in tension and compression state to match the available 

experimental results. 3D simulations of RC slab responses to blast loads (Zhou at al., 2008) were carried 

out by using the model. The comparison between the numerical results with the test results showed that 

the concrete material model yielded reasonable prediction of RC slab damage to blast loads.  

In some buildings, the reinforced concrete (RC) wall is a common structural member. It is of interest 

to understand the behaviour of the RC walls under blast loading. The objective of the present study is to 

obtain a range-to-effect chart similar to that in (FEMA428, 2008) for RC walls. In the present study, the 

calibrated concrete material model together with AUTODYN is used to predict the behaviour of a typical 
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solid RC exterior wall under blast loading. According to FEMA428 (2008), the explosive weight in a 

terrorist bombing can be divided into four subcategories, that is, luggage bomb, automobiles bomb, vans 

bomb and trucks bomb. The TNT weight in a luggage bomb is less than 50kg. Automobile bomb is from 

50kg to 200kg TNT equivalent. The TNT equivalent charge weight in a van bomb is from 200kg to 

2000kg. The large scale truck bombs typically contain 2000kg or more of TNT equivalent. According this 

classification, different TNT charge weights, i.e., 10kg, 18kg, 25kg, 50kg, 100kg, 200kg, 500kg, 1000kg, 

2000kg and 5000kg, are selected as typical charge weights for the above mentioned four subcategories. In 

terms of these different TNT charge weights, the responses of the RC wall at different stand-off distances 

are numerically simulated. According to the numerical results, critical curves related to different damage 

conditions are suggested and then safe stand-off distances for different terrorist bombing scenarios are 

determined. 

2.  Concrete material model 

In the present study, the modified Drucker-Prager plastic damage model developed in our 

previous work (Zhou at al., 2008) is used. In the model, the stress tensor is separated into the 

hydrostatic tensor and the deviatoric tensor. The hydrostatic stress tensor controls the change of 

concrete volume and the deviatoric stress tensor controls the shape deformation. Tensile and 

compressive DIFs are adopted to amplify the tensile yield strength and the compressive yield 

strength with the strain rate. 

For the hydrostatic tensor, the hydrostatic pressure p is often related to the density ρ (or volume v) 

and the internal energy e through an Equation of State (EOS), 

),( efp ρ=                                                                                                  (1) 

Porous EOS has been widely used in many models (Riedel et al., 1999, Holmquist and Johnson, 

1993, Gebbeken and Ruppert, 2000). Typically the pressure-density response for a porous EOS can 

be separated into three response regions. The first region is linear elastic. The second region is 

referred to as the transition (or compaction) region. In this compaction region, concrete is assumed to 

be compacted gradually to convert to a granular kind of material. The third region is the fully 

compacted region when the pressure reaches a certain value. In this region, the air voids are 
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completely removed from the material. Gebbeken et al. (2006) specially designed detonation tests 

and flyer-plate-impact test to analyze the property of EOS for concrete. Typical Pressure-density 

curve is shown in Figure 1 (Gebbeken et al., 2006). The second region given in Figure 1 is a “best-

fit” of the pressure-density data. In the present model, Hermann(1969)’s P-α model is adopted to 

model the second region and the polynomial EOS is adopted to model the third region. The 

definition and selection of the parameters used in the EOS can be found in our previous work (Zhou 

et al., 2008). The constants used are listed in Table 1. 

The deviatoric stress tensor is governed by a damage-based yield strength surface. Before the 

stress state reaches the yield criterion, the concrete material is assumed to be elastic. The incremental 

form of the Hooke’s law is as follows 

                   



 ∆

−∆=∆
V
VGs iiii 3

12 ε ;    ijij Gs ε∆=∆ 2                                                                (2) 

where G is shear modulus, ∆sij is the deviatoric stress increment, ∆εij is the strain increment and 

∆V/V is the relative change in volume which can be determined by equation of state.  

The dynamic strength surface is amplified from static surface by considering the strain rate effect. 

Typically the compressive (tensile) strength is multiplied by a compressive (tensile) DIF. In the 

model, the DIF of the compressive strength is from the CEB recommendation (Bischoff and Perry, 

1991). The DIF for tensile strength is obtained from curve fitting the available experimental results 

as follows, 

                           0.1/ == tstd ffTDIF      for 1410 −−≤ sdε                                                      (3a) 

                dtstd ffTDIF εlog26.006.2/ +==      for 114 110 −−− ≤≤ ss dε                                  (3b) 

                         dtstd ffTDIF εlog206.2/ +==       for 11 −> sdε                                            (3c) 

where ijijd εεε  )3/2(=  is the equivalent strain rate, ijε  is the strain rate tensor. It should be noted 

that the highest cut-off strain rate considered is 1000s-1 to avoid overestimation of the strain rate 

effect.  

The piece-wise Drucker-Prager yield strength model (shown in Figure 2) is 



 
 

7 

02 ≤−−= idip apbJF   ( i = 1 ~ N )                                                         (4) 

where J2=1/2sijsij, is the second invariant of the stress deviator tensor sij; p is the hydro-pressure; aid=ai(1-

D); D is a damage scalar, which will be discussed later; ai and bi are the material constants which can be 

determined by four sets of experimental data: (1) the cut off hydro-tensile strength fttt, ( 321 σσσ ===tttf , 

point 1 in Figure 2, the value is obtained based on Kotsovos(1995)’ meridian curve); (2) the uniaxial 

tensile strength ft; ( 1σ=tf , 032 ==σσ , point 2 in Figure 2); (3) the uniaxial compressive strength fc 

( 021 == σσ , cf−=3σ , point 3 in Figure 2); and (4) the confined compressive strength ( cfI 3101 = , 

cfJ 62 2 = , point 4 in Figure 2, where I1 is the first stress invariant; J2 is the second deviatoric stress 

invariant. These values are based on a review of the test results on the compression meridian published in 

a textbook by Chen (1982)). Once the yield surface defined by Eq (4) is reached, the material has 

permanent plastic strain. The details on the plastic flow treatment in AUTODYN can be found in its 

theory manual (AUTODYN, 2005). The damage scalar D can be determined by the Mazars (1986)’ 

damage model, 

cctt DADAD += ,    0>tD ,  0>cD ,    and    1=+ ct AA                                            (5) 

The tensile damage Dt and the compressive damage Dc are  

0/)0
~(1)~( tttt

tt eD εεεαε −−−=     0/)0
~(1)~( cccc

cc eD εεεαε −−−=                                        (6) 

where αt  and αc  are damage parameters and both are taken as 0.5, while εto and εco are the threshold 

strains in uniaxial tensile and compressive states, they are assumed to be strain rate sensitive, that is, 

εto=TDIF×εsto, εco=CDIF×εsco, in which εsto and εsco are the static tensile threshold strain in uniaxial 

tension and compression.; tε
~  and cε

~  are the equivalent tensile and compressive strains, defined as 

( )∑
=
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3,1

2~
i

it εε , ( )∑
=

−=
3,1

2~
i

ic εε   where +
iε  is the positive principal strain. The ‘+’ means it vanishes if 

it is negative. −
iε  is negative principal strain, and the ‘−’ means it vanishes if it is positive. The 

weights At and Ac in Eq(5) are defined by the following expressions, 
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where ( )∑
=

−+ +=
3,1

2~
i

ii εεε  is the effective strain. Hi[x]=0 when x < 0 and Hi[x]=x when x ≥ 0.  

When the concrete material is under compression (p>0), the maximum Dmax needs to be set to allow some 

residual strength. It is well accepted by many researchers (Riedel et al., 1999, Holmquist and Johnson, 

1993, Gebbeken and Rippert, 2000) that the fully damaged concrete (or granular material) can still sustain 

a portion of shear stress. This phenomenon can be explained as friction resistance. In Johnson-Holmquist 

model (Holmquist and Johnson, 1993) and RHT model (Riedel et al., 1999), this part is assumed to be 

N
BP** =σ , where B and N are material constants, P* is the normalized pressure. In Gebekken’s model 

(Gebbeken and Rippert, 2000), the residual strength is assumed to be 33.8% of the compressive strength. 

So far the phenomenon of the friction resistance is still not well understood, and there is no test result 

available to determine the residual strength. In order not to overestimate this strength, in the present study, 

a relatively lower portion of strength, that is 20% of the compressive strength, is assumed as the residual 

capacity. For more detail description of this model, readers are referred to reference (Zhou et al., 2008).  

3  Calibration of the concrete model  

Figure 3 shows a sketch of the RC slabs tested in the Weapons System Division, Defence Science and 

Technology Organisation, Department of Defence, Australia. They are used to calibrate the model 

described above. The concrete compressive strength of the slabs is 50MPa. The cover for the 

reinforcement bars is about 20mm. As shown, a steel frame was used to mount the concrete slab. A 

cardboard box on the top of the slab is used as a disposable pedestal for the cylindrical explosive. 

Explosive charges of CompB and Powergel were used. The CompB charge was in a cylindrical shape, 

weighing about 0.5kg; the Powergel charge consisted of 3 slurry sticks with a total weight similar to the 

CompB charge. The charge was positioned as shown in Figure 3. 

In numerical model, air is modelled by an ideal gas equation of state. The standard constants of air 

from AUTODYN (2005) material library are used. High explosives (TNT) are typically modelled by 

using the Jones-Wilkins-Lee (JWL) equation of state. The hydrostatic pressure p is determined by the 

specific internal energy e and specific volume v as follows,  
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where C1, r1, C2, r2 and ω are material constants. For explosive charge CompB, C1, r1, C2, r2, and ω are 

3.7377×105MPa, 4.15, 3.7471×103MPa, 0.9, 0.35, respectively; while for the Powergel, they are 

4.976×104MPa, 3.907, 1.891×103MPa, 1.118 and 0.3333.  

In the test, the RC slab is placed on shape steels at two ends to make it work as a one way slab. Each 

boundary end has a width of 100mm as shown in Figure 3. It is assumed that the concrete slab is directly 

placed on the supports because the uplift movement is not fixed. The reinforcement bars are modeled by 

an elastoplastic steel model, in which the yield stress and Young’s modulus are assumed to be 310MPa 

and 200GPa, respectively. It should be noted that the Johnson Cook model was also used in the 

simulation. It was found that there is no difference because all the steel bars are still in elastic stage.   

In the numerical calculation, 2D fine mesh is used initially to simulate blast wave propagation. The 

2D simulation results are remapped to 3D model when blast wave reaches the concrete slab. In the 3D 

model, the interaction between the blast wave propagation in Euler subgrid and the solid Lagrange RC 

subgrid is considered. Both reinforcement and concrete are modelled by solid elements; perfect bond is 

assumed. The element size in the 2D model is 1×1mm2. In the central area of the 3D slab model, that is, 

within an area of 500×500mm2 , the element size is 4×4×4mm3 for concrete, steel, air and the high 

explosive. The mesh size increases gradually away from the slab centre. The total element number in the 

3D model is 646,000. The parameters for concrete strength model are given in Table 2.  

In the numerical simulation, the dynamic loading acted on the concrete surface can be obtained by 

considering the interaction between the Euler elements and the Lagrange elements. The Lagrange 

elements impose geometric constraints on the Euler elements while the Euler elements provide a pressure 

boundary to the Lagrange elements. This pressure boundary, i.e., the reflected pressure-time history is 

recorded during the calculation. The numerical peak reflected pressures are compared with those obtained 

from the empirical method in TM5-1300 (1990). In order to check the value in TM5-1300, the TNT 

equivalency ratio needs to be determined first. According to Table 2-1 in TM5-1300 (1990), the TNT 

equivalency ratio for CompB is 1.09; and the TNT equivalency ratio for Powergel is about 0.8 based on 
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the information the supplier provided. From the empirical chart in TM5-1300, the peak reflected pressure 

for the CompB charge case can be estimated as 215MPa. In the numerical simulation, the recorded peak 

reflected pressure is 206MPa. The numerical result agrees well with that from the empirical result with a 

deviation of 4.2%. The empirical peak pressure for the Powergel charge case is about 152MPa, while the 

numerical pressure is 128MPa with a deviation of 15.8%. The calculated impulses are also compared with 

these obtained from TM5-1300, the deviations are less significant as compared to the peak pressure. 

For the CompB charge case, the comparison of the damaged areas obtained from the numerical 

simulation with those from the test is shown in Figure 4. From this figure, it can be found that: 1) in the 

numerical simulation (Figure 4 a) there is a small damaged area at the center of the slab surface, which is 

compressive damage; 2) there is also a small indentation in the center area, which is caused by the high 

pressure from the explosion (Figure 4 b); 3) the calculated damaged area on the bottom surface of the slab 

shown in Figure 4 c has a similar shape and area with that in the test (Figure 4 d). The area of the 

rectangular marked in Figure 4 c and d has the same size of 480×300mm2. It was observed that spalling 

occurred in the test. The maximum depth of the cavity at the center is about 50mm. While in the 

numerical simulation, the depth of the damaged part at the center is 44mm, which is slightly lower than 

the experimental cavity depth. 

For the Powergel charge case, the comparison of the damaged areas obtained from the numerical 

simulation with those from the test is shown in Figure 5. Numerical results show that there is no damage 

on the upper side of the slab, which is consistent with the test results shown in Figure 5 (b). On the 

bottom surface of the slab, a small damaged area with a relatively low damage value can be found in the 

center of the slab as shown in Figure 5 (c). Similarly there are some cracks near the center of slab in 

Figure 5 (d).   

These comparisons demonstrate that the numerical model gives reasonable prediction of RC slab 

response to blast loads.  
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4  Simulation and results 

4.1  Typical RC wall setup  

Figure 6 shows a RC wall in a typical building for office or residential use. The dimension of the wall 

is 3400×3500×300mm3. On each side, the vertical and longitudinal reinforcement is ∅16@150mm, and 

the transverse reinforcement is ∅16@200mm. Therefore, the reinforcement ratio in the wall is about 

1.5%.  

4.2  Numerical simulation of the RC wall response 

The finite element model is shown in Figure 7. Four front layers of concrete elements are removed to 

show the reinforcement. The mesh includes 68×140×20 brick concrete elements and 2 layers of beam 

elements for reinforcement. Both the concrete and the steel are assumed to have the same respective 

parameters as those in the calibration test (the material parameters for concrete strength are given in Table 

2). As shown in Figure 6, explosion is assumed to take place on ground surface at a stand-off distance. 

Only one half of the RC wall is modelled because of symmetry. In the simulation, the boundary is 

assumed to be fixed. 

Because the duration of the blast wave is extremely short, structures usually have no time to deform 

significantly during the action of blast wave. Therefore the blast wave-structure interaction effect is 

normally insignificant. In common blast effect analysis and design, the blast wave-structure interaction 

effect is neglected, i.e., the reflected blast pressure is applied to the structure surface as external dynamic 

loads without considering the blast wave propagation (TM5-1300, 1990). Moreover, including blast 

wave-structure interaction in the 3D numerical model substantially increases the computational effort. 

Because of the limitations of the computer memory and software capacity, bigger mesh sizes often have 

to be used if blast wave-structure interaction is modelled. For example, for the problem under 

consideration in this study, if blast wave-structure interaction is modelled in the 3D simulation, the 

smallest mesh size that can be adopted is 25 mm for the stand-off distance of 2m (it is 65mm when the 

stand-off distance is 10m), whereas it is 15 mm for all cases if the interaction is not modelled. Modelling 

the interaction with a big mesh size may lead to more significant numerical errors than neglecting the 

interaction. For these reasons, the blast wave-structure interaction is not modelled. In this study, the 
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reflected pressure-time histories are obtained with a fine mesh size in an axi-symmetric simulation first, 

and then applied to the RC wall as external dynamic loads to calculate the response and damage.  

In numerical simulations, a series of stand-off distances are considered. At each stand-off distance, 

likely charge weights as described above are used to carry out the numerical simulation of RC wall 

responses. The pressure time histories at different gauge points on the surface of RC wall derived from 

AUTODYN 2D simulation are used as input on the respective surface areas of the wall. One of the 2D 

models is shown in Figure 8. The wall surface is assumed as rigid to get the blast loading. The pressure 

time histories on these gauge points are recorded. Figure 8 b is a typical pressure-time history at gauge 

point A for D=10m, w=500kg. In order to accurately input the blast loading, the wall surface is divided 

into 5 different pressure areas as shown in Figure 9. The loading on each area is set as the same as the 

recorded pressure at the corresponding gauge point. The peak reflected pressure and impulse are 

compared with that obtained from TM5-1300 (1990), as shown in Table 3. From this table, it can be 

found that most of the peak reflected pressures obtained from AUTODYN are higher than that obtained 

from TM5-1300 with a deviation up to 15%; and for all the cases, the impulses obtained from 

AUTODYN 2D are higher than that of TM5-1300 with a deviation up to 23%. Because the latter is based 

on a large amount of test results, the calculated response in the present study may be over estimated. It 

should be noted that in most design and analysis of structure wall response to blast loads, the pressure is 

usually assumed as uniform over the entire wall. This assumption is acceptable if the stand-off distance is 

relatively large and the blast wave front is plane. It may lead to inaccurate prediction of wall response to 

blast load if explosion center is near the wall. The current study that divides the wall into five zones in 

estimating the blast loadings on the wall will yield more accurate prediction of wall responses than the 

uniform pressure distribution assumption.   

In the present study, the damage condition of the RC wall can be divided into four levels: 1) no 

damage: from initial state to some slight cracks (in numerical simulation this corresponds to a small 

damage area with a low damage value); 2) slight damage: from a few cracks to crushing or spalling 

damage up to one third of the wall thickness, and the reinforcement bars are still in elastic stage, usually 

there is no damage on the front surface; 3) moderate damage: crush and spall depth from one third of the 

wall thickness to almost perforation, in this case normally it can be found that the steel bars in a small 
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area near the centre are in the plastic range, sometimes compressive damage can be found on the front 

surface; 4) severe damage: for damage more severe than fully perforation, large portion of steel bars are 

in the plastic region. It should be mentioned that the present damage levels can be related to different 

protection levels. Only the damage level (4) can be considered as structural failure with low protection 

level. Similar damage categories can also be found in (Xu and Lu, 2006). It should also be noted that 

these damage definitions are subjective. This is because 1) the definition of damage level of a structure is 

usually fuzzy; 2) the damage scalar defined in this numerical model is based on the theory of continuum 

mechanics, which does not explicitly differentiate the crack propagation and spalling, although it predicts 

damage propagation. The correlation between the damage scalar and concrete damage used in this study 

is based on the comparison between numerical simulations and test results in the calibration study. The 

spalling depth and the perforation are estimated from the damage level across the wall depth. When the 

damage level is higher than 0.99 for all the elements across the RC wall depth, it is assumed that the 

perforation occurs.  

Typical slight damage, moderate damage and severe damage scenarios for the RC wall in Figure 6 are 

shown in Figure 10. For slight damage and moderate damage, normally there is no or only small damaged 

area can be found in the front surface besides the damage at the back surface, while for the severe damage 

case, large damaged area can also be found on the front surface because the high pressure can directly 

crush the concrete (as shown in Figure 10 e).  From the numerical results, it can also be found that: when 

the charge is near the RC wall, i.e., the stand-off distance is 2m, the severe damage area is at the lower 

part of the wall because the pressure varies significantly in different part of the wall surface (as shown in 

Figure 10 b). When the stand-off distance is larger than 5m, the pressure-time history in different area 

does not vary significantly. Therefore, the RC wall is under almost a uniformly distributed loading (as 

shown in Figure 10 c to f).  

Based on the numerical results, some critical charge weight – stand-off distance relationships are 

constructed in Figure 11. The first curve determined is the threshold curve from no damage to small 

damage, the relationship between the stand-off distance to the charge weight can be approximated as, 

5.12)ln(2.5 −= wR     ( mRm 202 ≤≤ )                                               (9) 
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where R is the stand-off distance in meters, w is the charge weight in kg. Any combination of R and w on 

the left of this curve means that no damage will occur. The second curve is the critical curve from slight 

damage to moderate damage, which can be determined by,  

1.20)ln(6.5 −= wR       ( mRm 202 ≤≤ )                                               (10) 

For those points between the first curve and the second curve, slight damage is expected. The third curve 

divides the moderate damage and the severe damage, which is  

3.28)ln(0.6 −= wR       ( mRm 202 ≤≤ )                                               (11) 

Any point at the right side of the third curve means that the combination of R and w will cause severe 

damage to the RC wall considered in this study. It should be noted that the three curves are only suitable 

for the stand-off distance ranging between 2m and 20m. In Figure 11, the scattered points are the 

numerical results obtained in the present study. FEMA (2008)’s threshold line for failure of concrete 

columns is also given for comparison. It can be found that FEMA’s line is close to the third curve when 

the charge weight is higher than 1000kg. However, when the charge weight is lower, FEMA suggested 

stand-off distance is much higher than Eq. (11). From this figure, it is clear that for a truck bomb, the safe 

stand-off distance to avoid severe damage should be at least 20m, while for a van bomb, the safe stand-off 

distance is around 10m. It should be noted that this results are obtained based on the particular RC wall 

analysed in this study. More analyses are needed on RC walls of different dimensions, different 

reinforcement ratios, and different boundary conditions in order to derive a more general formula for a 

quick assessment of the RC wall performance to blast loads.    

5  Conclusions  

A dynamic plastic damage model for concrete developed in a previous paper has been adopted to 

predict the damage of a reinforced concrete wall under blast loading in the present study. Numerical 

simulations of the dynamic responses of a typical RC wall to many different cases of blast loadings have 

been carried out. The dynamic blast loading is derived from the AUTODYN 2D simulation. Comparison 

between the numerical results and the empirical chart in TM5-1300 shows that the peak pressure and 

impulse of the simulated pressure time histories agree well. The largest difference between the numerical 
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simulation and the empirical prediction from TM5-1300 is about 23%. The simulated pressure time 

histories are used as input to the 3D model to calculate the response and damage of the RC wall to blast 

loads. Based on the numerical results, critical curves corresponding to different damage levels have been 

derived. From the critical curves, it is clear that for the RC wall considered in this study, if a truck bomb 

of 3000kg occurs, the safe stand-off distance to avoid severe damage is about 20m, whereas for a van 

bomb of 600kg, the safe stand-off distance is about 10m. The derived analytical formulae allows for a 

quick assessment of the RC wall performance under blast loadings. To derive the more general analytical 

formulae, more simulations are needed with RC walls of different dimensions, different reinforcement 

ratios, and different boundary conditions  
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Figure 1. Typical Pressure-density relationship in EOS (Gebbeken et al., 2006) 
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Figure 2. Damage-dependent piece-wise Drucker-Prager strength criterion 
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Figure 3. Details of the RC slab 
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    (a)  Numerical prediction (upper face)      

 

 

 
 

(b)  Experimental results (upper face) 

       
 

    (c)  Numerical prediction (bottom face) 

 
 
      (d)  Experimental results (bottom face)  

Figure 4. Comparison of the numerical results and the experimental results (Comp B) 
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    (a)  Numerical prediction (upper face)      

 

 

 
 

(b)  Experimental results (upper face) 

       
 

    (c)  Numerical prediction (bottom face) 

 
 
      (d)  Experimental results (bottom face) 

Figure 5. Comparison of the numerical results and the experimental results (Powergel) 
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Figure 6.  Typical RC wall in a building  
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Figure 7.   Finite elment model of the target RC wall  
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a) 2D numerical model 
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b) Pressure time history on gauge point A (W=500kg, R=10m) 

Figure 8. 2D numerical model and typical pressure-time history on a gauge point  
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Figure 9 Areas for different pressure time history (mm) 
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a) slight damage  
(back surface, R=2m, w=25kg) 

                   b) severe damage  
      (back surface, R=2m, w=200kg) 

                  

c) slight damage  
(back surface, R=5m, w=50kg) 

                 d) moderate damage  
      (back surface, R=5m, w=100kg) 

                        

e) severe damage  
(front surface, R=20m, w=5000kg) 

                    f) severe damage  
     (back surface, R=20m, w=5000kg) 

Figure 10.  Typical damage contour for slight damage, moderate damage and severe damage 
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Figure 11 Critical charge weight – stand-off distance for different damage level 
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Table 1 Material constants for EOS of concrete 

 
Solid density ρs 2.750×103kg/m3 A2 3.958×104MPa 
Initial densityρ0 2.314×103kg/m3 A3 9.04×103MPa 

Initial soundspeed C0 2.920×103m/s B0 1.22 
Initial compaction pressure pe 23.3MPa B1 1.22 
Solid compaction pressure ps 6000MPa T1 1.513×105MPa 

Polynomial EOS parameters A1 1.513×105MPa T2 0 
 
 

Table 2 Material constants for concrete strength model 
 

αt, αc εst0 εsc0 ft fc fttt 

0.5 3.5e-4 3.5e-3 4MPa 50MPa 2MPa 
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Table 3 Peak reflected pressure and impulse on the RC wall 
 
 

 
Charge 
weight 

(kg) 

 
Distance  

(m) 

 
Scaled 

distance 
(m/kg1/3) 

TM5-1300 Numerical results 
(AUTODYN) 

Deviation 

 Peak 
pressure 
(MPa) 

Impulse 
(MPa⋅ms) 

Peak 
pressure 
(MPa) 

Impulse 
(MPa⋅ms) 

Peak 
pressure 

Impulse 

10 2 0.928 9.93 2.11 9.34 2.17 -6.32% 2.76% 
18 2 0.763 16.70 3.36 15.50 3.56 -7.74% 5.62% 
25 2 0.684 20.75 4.38 21.47 4.80 3.35% 8.75% 
50 2 0.543 33.67 7.72 29.60 8.30 -13.75% 6.99% 
100 2 0.431 51.99 13.80 50.16 16.52 -3.65% 16.46% 
200 2 0.342 77.79 24.99 68.95 32.50 -12.82% 23.11% 
50 5 1.357 3.42 2.18 3.99 2.44 14.29% 10.66% 
100 5 1.077 6.65 3.71 7.64 4.08 12.96% 9.07% 
200 5 0.855 12.24 6.40 13.29 6.80 7.90% 5.88% 
500 5 0.630 24.82 13.38 25.6 14.7 3.05% 8.98% 
50 10 2.714 0.43 0.93 0.51 1.11 15.69% 16.22% 
100 10 2.154 0.85 1.54 0.97 1.88 12.37% 18.09% 
200 10 1.710 1.70 2.58 1.97 3.07 13.71% 15.96% 
500 10 1.260 4.25 5.17 5.04 5.73 15.67% 9.77% 
1000 10 1.000 8.15 8.85 9.41 10.1 13.39% 12.38% 
500 20 2.520 0.54 2.19 0.61 2.66 11.48% 17.67% 
1000 20 2.000 1.06 3.64 1.21 4.43 12.40% 17.83% 
2000 20 1.587 2.13 6.10 2.49 7.20 14.46% 15.28% 
5000 20 1.170 5.27 12.28 6.19 13.50 14.86% 9.04% 
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