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Abstract: This paper deals with the problem of the building’s resistance under 
influence of extreme loads from above-ground explosion. The shock wave 
propagation in the subsoil and in the air and the effect of the subsoil and space 
wave propagation on high rise building is evaluated. The blast load from explosion 
of 1000kg TNT at 30m distance from the building is defined in accordance with the 
USA standards. The William-Warnke‘s failure criterion and the smeared approach 
for cracking and reinforcement modelling is used for nonlinear analysis of the 
three type of the reinforced concrete walls. The wave propagation is simulated on 
3D FEM model in software ANSYS on the base of the experimental results Yong Lu 
and Zhongqi Wang (2006). Copyright2010 Preprint of KONBiN. 
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Streszczenie: Artykuł zajmuje się problemem wytrzymałości budynku pod 
działaniem skrajnych obciążeń od nadziemnych wybuchów. Dokonano oceny 
rozchodzenia się fali uderzeniowej w podłożu gruntowym i w powietrzu oraz efektu 
rozchodzenia się fali uderzeniowej w podłożu i powietrzu na wysokie budynki. 
Obciążenie podmuchowe od wybuchu 1000 kg TNT z odległości 30 m od budynku 
zdefiniowano wg norm przyjętych w USA. Dla nieliniowej analizy trzech typów 
ścian z żelbetu posłużono się kryterium zniszczenia William-Warnke i modelem 
rysy rozmytej do modelowania pękania i zbrojenia. Rozchodzenie się fali jest 
symulowane na modelu 3D FEM w programie ANSYS na bazie eksperymentalnych 
wyników Yong Lu i Zhongqi Wang (2006). 
 
Słowa kluczowe: obciążenie podmuchowe, żelbet, zawalenie ściany, FEM, ANSYS 
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1. Introduction 
This paper deals with the problem of the building’s resistance under influence of 
extreme loads from above-ground explosion (Kralik and Rozsar, 2008, 2009, 
Kralik, 2009). The shock wave propagation in the subsoil and in the air and the 
effect of the subsoil and space wave propagation on high rise building is evaluated. 
The blast load is defined in accordance with the USA standards (FEMA426, 2003). 
The response of the concrete structures under the shock load is a complex 
nonlinear and rate-dependent process (Bangash, 1993). The phenomenon is 
considered, that the peak intensity in extremely short duration time of impulsive 
load, material nonlinearity and strain rate effect play important role in this analysis. 
The response of the concrete structures subjected to the blast or the impact load 
introduces the very high strain-rate effect. At these strain-rates, the strength of the 
concrete can increase (Ngo, 2005). This phenomenon is considered in modelling 
the material properties of the concrete. All of these theoretical assumptions are 
presented in assessing of the three type wall of the high building. 

2. Blast load 
The term detonation refers to a very rapid and stable chemical reaction which 
proceeds through the explosive material at a speed, called the detonation velocity, 
which is supersonic in the unreacted explosive. Detonation velocities range from 
6700 to 8500 meters per second for most high explosives. The detonation wave 
rapidly converts the solid or liquid explosive into a very hot, dense, high-pressure 
gas, and the volume of this gas which had been the explosive material is then the 
source of strong blast waves in air. Pressures immediately behind the detonation 
front range from 18 to 34 GPa. The blast effects of an explosion are in the form of 
a shock wave composed of a high intensity shock front which expands outward 
from the surface of the explosive into the surrounding air. As the wave expands, it 
decays in strength, lengthens in duration, and decreases in velocity. 
Expressions for the peak of static over-pressure Psmax developed in a blast have 
been presented in the literature to model free-field conditions in which dynamic 
interactions of the wave front with objects obstructing the blast wave path is small 
enough to be neglected. Psmax have typically been correlated with the scaled 
distance parameter (Z) which is defined by 

1 3z R W  (1) 
where R is standoff distance in metres and W is the charge weight of the blast in kg 
based on TNT equivalence. Brode (1955) developed the correlation between Psmax 
and Z based on numerical modelling. This correlation was subsequently reviewed 
by Smith (1994) who compared Brode's model with results obtained from more 
recent experimental studies. 
Friedlander wave equation defines the rise and fall of the static overpressure Ps 
with time  

 
    -

.max1.8 1- exp sbt T
s s sP t P t T  (2)  
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Fig. 1 Blast wave propagation in free air 

where the "1.8" factor accounts for the effects of a hemispherical blast, b is the 
parameter controlling the rate of wave amplitude decay and Ts is the time of 
duration of the blast pulse. Ts has been correlated with the standoff distance (R) by 
Smith 
    1 3 1 6

10 10log 2.75 0.27logsT W R W    (3) 
Parameter „b“ can be determined from the expression 
 2 3.7 4.2b z z    (4) 
The reflected over-pressure Pr arising from the interaction of the blast waves with a 
flat- surface has been modelled by Smith and is approximated by  
 max maxPr r sC P  , (5) 
where  4

max3( )r sC P   (6) 

 
Fig. 2  Maximum and minimum static over-pressure with spherical blast 
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An important parameter in the reflected over-pressure is the “clearing time” T’’ 
which defines the time taken for the reflected over-pressure to decay completely. 

 
Fig. 3 Blast load on structural element 

The response of structure is dependent on the relationship of natural frequency of 
structure and “clearing time” T’’.  
 3T S U   (7) 
where S is minimum dimension on the frontal surface of the blast and U is the blast 
front velocity. 

 .max6 7
7

s o
o

o

P PU a
P


  (8) 

Po is the ambient pressure and ao is the speed of sound. This theoretical background 
is used to define blast load from explosion scenario. 

3. Material model of concrete 
Concrete is a material with a different behaviour under compression stress and 
tension stress, also there is different behaviour under static and dynamic loading 
(Jerga and Križma, 2009). Therefore, formulation of failure criterion is 
complicated. Several failure criterion are well known for concrete- Mohr – 
Coulomb, Drucker – Prager, William – Warnke, Chen (Chen, W. F., Ting, E. C., 
1980). In this paper is used William and Warnke failure criterion for concrete. 
Willam and Warnke (1974) developed a widely used model for the triaxial failure 
surface of unconfined plain concrete. The failure surface is separated into 
hydrostatic (change in volume) and deviatoric (change in shape) sections. 
The failure criterion for triaxial stress state is defined as 

 0cF f S   (9) 
where F  is a function of principal stress state,  fc is uniaxial crushing strength, S is 
failure surface. A total of five input strength parameters (each of which can be 
temperature dependent) are needed to define the failure surface as well as an 
ambient hydrostatic stress state. This are : fc - the ultimate uniaxial compressive 
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strength; ft - the ultimate uniaxial tensile strength; fcb - the ultimate biaxial 
compressive strength and f1 = 1,45fc ;  f2 = 1,7255fc. 
The Willam and Warnke (1974) mathematical model of the failure surface for the 
concrete has the following advantages: 

1. Close fit of experimental data in the operating range; 
2. Simple identification of model parameters from standard test data; 
3. Smoothness (e.g. continuous surface with continuously varying tangent 

planes); 
4. Convexity (e.g. monotonically curved surface without inflection points). 

 
Fig. 4 Failure surface separated into hydrostatic and deviator sections 

For using William Warnke model of the concrete in the ANSYS is required to 
define 9 different constants. These 9 constants are:  Shear transfer coefficients for 
an open crack; Shear transfer coefficients for a closed crack; Uniaxial tensile 
cracking stress; Uniaxial crushing stress (positive); Biaxial crushing stress 
(positive); Ambient hydrostatic stress state; Biaxial crushing stress (positive); 
Uniaxial crushing stress (positive); Stiffness multiplier for cracked tensile 
condition. 
Typical shear transfer coefficients belong to the interval 0.0 to 1.0. Coefficient 0.0 
represents a smooth crack (complete loss of shear transfer) and 1.0 represents a 
rough crack (no loss of shear transfer). Convergence problems occurred when the 
shear transfer coefficient for the open crack dropped below 0.2.  
The function F and the failure surface S are expressed in terms of principal 
stresses. The failure of concrete is categorized into four domains. 
A) Compression - compression - compression 
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B) Tensile - compression - compression 
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C) Tensile - tensile – compression 

 4 , 1, 2,3iF F i      (14) 
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 (15) 

D) Tensile - tensile - tensile  

 3 , 1, 2iF F i    (16) 
 4 t cS S f f    (17) 
where σ1, σ2, σ3 are the principal stresses; η  is a function of principal stresses; r1, r2 
are the functions of principal stresses and strength of concrete; p1, p2 are the 
functions of the p used for modelling the reinforcement and the cracks. For the 
modelling of the reinforcement concrete in the system ANSYS is used 3D element 
Solid65 (Zmindak et all, 2005). 

4. Design strengths 
Under the action of rapidly applied loads the rate of strain application increases and 
this may have a market influence on the mechanical properties of structural 
materials. In comparison with the mechanical properties under static loading the 
effect may be summarized as in the table 1. 

Table 1. Dynamics increasing factor for properties of structural materials 
Type of 
stress Concrete Reinforcing bars 

 fdcu/fcu fdy/fy 
Bending 1,25 1,2 
Shear 1 1,1 
Compression 1,15 1,1 

5. Clearing time of the blast load 
At first step we consider situation, when the clearing time of blast load is long 
compared with first natural period. The basic principle of the analysis is to equate 
the work done on the structure and the strain energy acquired by the structure as it 
deforms. 
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Now consider the situation, when clearing time of blast load is much shorter 
compared with first natural period. The basic principle is that the kinetic energy of 
blast load is converted to strain energy. 
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  (19) 

According relationship illustrated on figure 5, there is possible to note, that the 
structure with greater natural period has less favourable response as structure with 
smaller natural period, for the same explosion load. This phenomenon will be 
discussed later after walls analysis. 
 

  
Fig. 5  Relationship between natural period and clearing time of blast load 

 

6. Computational  model of the analysed walls 

In this paper is presented nonlinear analysis of shear walls of concrete buildings 
subjected to the explosion of 1t TNT distanced 30m from the building. Analyzed 
walls are 9m, 21m and 60m high, 12m wide and the thickness of walls is 0,25m. 

At a first step, the wall was designed to resist to the wind load and vertical load 
(region in Bratislava) in linear zone of stress-strain diagram. Vertical load is 
considered according to EN 1991 for residential buildings. Reinforcement concrete 
wall was modelled from 3D element SOLID65. There is used Newmark time 
integration for solving the problem of structural dynamics and Newton-Raphson 
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method for solving the problem of material nonlinearity. All of three types of shear 
walls was considered with and without openings and there was analysed the 
influence of openings on resistance of walls. 

 
Fig. 6  Scheme of shear walls of analysed concrete building 

 

7. Response of walls 

The shear wall was designed to resist to the wind load and vertical load (region in 
Bratislava) in linear zone of stress-strain diagram. Then, we concentrated on 
resistance of the wall subjected to the blast load. 

Table 2. Results from dynamics nonlinear analysis 

Wall Natural freq. Max. h.disp. Max. shear F Fresist 

9m 39.487 Hz 0.0013 m 4564.339 kN 7500 kN 

9m openings 29.146 Hz f 4351.251 kN 6200 kN 

21m 18.135 Hz 0.0050 m 5594.821 kN 7500 kN 

21m openings 8.245 Hz f 5482.174 kN 6200 kN 

60m 6.395 Hz 0.0040 m 5588.351 kN 7500 kN 

60m openings 5.487 HZ f 5336.413 kN 6200 kN 
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Fig. 7 Failures on reinforced concrete walls due to blast loading 

As shown in table 2, walls with openings will be 
damaged. The damage of walls is shown on figures of 
concrete cracks and crush of walls. The analysis of 
walls shows, that the walls without openings have due 
capacity to withstand this impact load. There is 
problem with openings in walls. On figure 7 is shown 
the failures of walls 9 and 21m high. The wall 9m high 
has local shear failure and the wall 21m high has shear-
compression failure. The wall with high 60m will be 
damaged by shear failure crack during wall width on 
the 10. floor as is shown on figure 7. 
On figure 7 is shown the shear failure of concrete walls 
with openings. There are presented two types of shear 
failure: sliding shear and shear-compression failure. 
Basic linear shear resistance is given by  Vn = (0.17fc

0,5 

+ ρfy )bwlw, where fc is the uniaxial concrete strength, ρ 
is the reinforcement ratio, fy is the yield stress of 
reinforcement bars, bw is the wall thickness and lw is the 
wall length. 
Other phenomenon is reducing the shear strength under 
the influence of bending moment. The shear resistance 
of wall is reduced and decreasing by cracks and crush 
propagation in concrete. This phenomenon has 
occurred on damaged walls. 
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Fig. 8 Shear modes of failure: sliding shear and shear-compression failure 

 

In chapter 5 was discussed relationship between natural period and clearing time of 
blast load. In our simulations was clearing time constant for blast load from 
detonation of 1000kg TNT located 30m from structure. We have analysed three 
types of shear walls with different properties and different natural frequencies 
From analysis of maximal horizontal displacement on the top of wall in relation to 
natural frequency is shown, that the structure with greater natural frequency is 
more sensitive to blast load as structure with small natural frequency. The wall 
with the high 9m and the natural frequency 6,4 Hz is subjected to the blast load 
only in three storeys; therefore the displacement on the top is not a maximum in the 
graph. The length of blast wave from detonation of 1000kg TNT located 30m from 
structure normally extends to seven storey of building. Other walls are subjected to 
the blast load in seven storeys and the behaviour of walls confirms the theory from 
chapter five. 
Some interesting phenomenon interesting is the shape of the wall (60m tall) 
oscillation. There is shown, that the simplified solution of model of cantilever with 
one single degree of freedom used for practical engineering neglects higher 
cantilever vibration shapes.  
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Fig. 9  Maximal horizontal displacement on the top of walls 

8. Conclusion 

This paper presents the behaviour of shear concrete walls subjected to the blast 
load. There was used full dynamics nonlinear simulation for modelling of response 
of the walls. Material model of reinforced concrete was described and used in 
analysis. The relationship between natural period and response of structure wall 
was described theoretically and confirmed by the results of the analysis. From 
analysis results that the openings in shear walls subjected to the blast load are a 
problem for local failures and wall damage. According to American standards, it is 
necessary to design structures to the effects of explosions. Analysis presented in 
this paper shows, that explosion is not problem only for strategic high rise building, 
but from the physical page is a bigger problem small building with big rigidity. 
This phenomenon is important to consider for designing of industrial smaller 
buildings, if there is a risk to be subjected to the blast load from industrial accident. 
Analysed shear walls without openings have due capacity to withstand blast load 
from considered explosion. 

This project was realized with the financial support of the Grant Agency of the 
Slovak Republic (VEGA 1/0849/08).  
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