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ABSTRACT: This paper investigates the influence of an explosive load, due to 

a terrorist action, on the behavior of a long bridge, and studies the explosion 

characteristics and their effect on the bridge. The theoretical formulation is based 

on a continuum approach which has been used in literature to analyze such long 

or suspension bridges. The analysis is carried out with the modal superposition 

method. The resulting differential equations are solved using the Duhamel’s 

integral. 
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1. INTRODUCTION 
A sudden explosion in the broader locality of a civil work is ever a serious event 

due usually in terrorist action. 

In the last decades, military and state constructions around the world have 

been attacked by terrorists without distinction between military and civilian 

target. Such an action especially in bridges, which brings about the collapse of 

the bridge, would cause a temporary or long-term interruption of transportation 

and financial burdens.  

Generally, the rapid release of a large amount of energy may be characterized 

as explosion. 

Very soon, after the bombing in Nagasaki and Hiroshima, the Atomic Energy 

Commission of USA together with the American Military Forces, studied the 

phenomenon and gave the results and the first instructions and Codes [1]. 

Considering the power of one kiloton weapon as a “reference power”, they 

provided information and formulas through scale relations as well as tables and 

diagrams for explosions with different power. We note that 1KT is the explosion 

produced by 1000 tons of TNT. To realize the above sizes, we mention that each 

one of the dropped atomic bombs on Japan in 1945, was a weapon of about 20 

KT.  

One of the main civilian structures targets of the future might be the long and 

great bridges. Their collapse would cause a temporary or long-term interruption 

of transportation and a significant financial burden. Therefore, it is very important 
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to study the behavior of bridges, especially of long bridges, to loads resulting 

from explosions. Current building design codes and guidelines, such as U.S. 

Department of Defense criteria [2, 3], ASCE7 Standard [4] and the European 

codes [5, 6] contain guidelines and provisions for explosion resistant design and 

progressive collapse prevention of buildings.  

Many researchers have studied the behavior of bridges under the action of 

explosive loads [7-17], bridges made of either steel [18, 19], or concrete [20-24] 

or stone structures [25]. There are also studies for blast loadings on Cable-Stayed-

Bridges [26-29] or Suspension Bridges [30]. Finally, there are many studies that 

use FEM [31-36] and a few experimental [37]. 

The purpose of this paper is to investigate the influence of an explosive load, 

due to a terrorist action, on the behavior of a long or a suspension bridge, and 

studies the explosion characteristics and their effect on the bridge. The theoretical 

formulation is based on a continuum approach which has been used in literature 

to analyze such long or suspension bridges. The analysis is carried out with the 

modal superposition method. The resulting differential equations are solved using 

the Duhamel’s integral. 

A variety of numerical examples allows to draw important conclusions for 

structural design purpose, while the results have been compared with 

conventional solving methods.  

Finally, we assume that the explosives have been placed in one or more places 

of the bridge while they are scheduled to explode simultaneously or with a time 

difference.  

 

2   EXPLOSION LOADS 
The point of the ground surface that is exactly below the explosion point is called 

ground zero or G.Z.   

The maximum overpressure developed from a weapon of 1KT (=1000 tons of 

TNT) varies in relation to the distance from G.Z., according to the diagrams of 

figure 1 [1], where the pressure po is in psi and the distance in miles. We note that  

1𝑝𝑠𝑖 = 6.90𝐾𝑁/𝑚2and 1𝑚𝑖𝑙𝑒 = 1600𝑚. 

The above diagrams can be expressed by the following equations [40]: 

  

2.1  Explosion on the earth 
In this case the corresponding curve has the following equation: 

 𝑝𝑜 = 2760 ⋅ 𝑒
−
𝑑

70 − 0.0314 ⋅ 𝑑 + 49.6                         (1a) 

 

2.2  Explosion in the air 
In this case the corresponding curve has the following equation: 

 𝑝𝑜 = 656 ⋅ 𝑒
−

𝑑

120 + 6.9                                       (1b) 
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In the above relations d is the distance from G.Z. in meters and po is the pressure 

in dN/m2. 

 
Figure 1.  Maximum overpressure in relation to distance from G.Z. 
 

This paper studies terrorist actions on bridges. For a deck width of 12m and 

assuming that the explosives are placed at the left or the right end of the deck (i.e. 

0.10 or 12m from the end) the time functions given by [1] are shown in figures 

2a. 

        
2a. Left End (𝑑 = 0.10𝑚)                              2b. Right End (𝑑 = 10𝑚) 

Figure 2.  Explosion’s time function 
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The above diagrams show that the action of the explosion lasts less than 0.028 

sec. 

Therefore, the action of an explosion, very close to the point of the explosion, 

can be considered as an instantaneous action at time 𝑡𝑖 (time at which the 

explosion occurs) and thus -can be expressed by the Dirac Function  𝛿(𝑡 − 𝑡𝑖) , 
where  𝑡𝑖 is the ignition time of the explosive load. 

 

3   ACTION ON A LONG BRIDGE 
Let us assume (without restriction of the generality) the one-span long bridge of 

figure 3, with a cross-section of double symmetry (i.e. 𝑧𝑀 = 0). 

The equations of motion are: 

 
𝐸𝐼𝑦𝑤

′′′′ + 𝑐𝑤̇ + 𝑚𝑤̈ = ∑ 𝑃𝑖𝛿(𝑥 − 𝛼𝑖)𝛿(𝑡 − 𝑡𝑖)𝑖  

𝐸𝐼𝜔𝜃
′′′′ − 𝐺𝐼𝑑𝜃

″ + 𝑐𝜃̇ + 𝐼𝑝𝑥𝜃̈ = 𝑒 ⋅ ∑ 𝑃𝑖𝛿(𝑥 − 𝛼𝑖)𝛿(𝑡 − 𝑡𝑖)𝑖  
}   (2a,b) 

where 𝑃𝑖 the explosion load at 𝑥 = 𝛼𝑖 and 𝑡𝑖 the ignition time of the explosive 

load 𝑃𝑖. 

 
Figure 3.  Long bridge with cross-section of double symmetry  

 

3.1  The shape functions 
In order to solve the equations of motion (2a,b), we have to know the shape 

functions of the free vibrating one-span bridge. 

 

3.1.1  Vertical free motion 
The shape functions and the eigenfrequencies are given by the following 

expressions: 

𝑋𝑛(𝑥) = 𝑐1𝑛 ⋅ 𝑠𝑖𝑛
𝑛𝜋𝑥

ℓ
                                        (3a) 

𝜔𝑧𝑛
2 =

𝑛4𝜋4𝐸𝐼𝑦

𝑚ℓ4
  ,    𝑛 = 1,2,3, . . ..                              (3b) 
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3.1.2  Torsional free motion 
The Shape functions are: 

𝛷𝑛(𝑥) = 𝑐1𝑛 ⋅ (𝑠𝑖𝑛 𝜆1𝑛 𝑥 −
𝑠𝑖𝑛 𝜆1𝑛ℓ

𝑠𝑖𝑛ℎ 𝜆2𝑛ℓ
⋅ 𝑠𝑖𝑛ℎ 𝜆2𝑛 𝑥)

where:      𝜆1 = √−
𝐺𝐼𝑑

2𝐸𝐼𝜔
+√(

𝐺𝐼𝑑

2𝐸𝐼𝜔
)
2
+
𝐼𝑝𝑥𝜔𝜃

2

𝐸𝐼𝜔
   

 and            𝜆2 = √
𝐺𝐼𝑑

2𝐸𝐼𝜔
+√(

𝐺𝐼𝑑

2𝐸𝐼𝜔
)
2
+
𝐼𝑝𝑥𝜔𝜃

2

𝐸𝐼𝜔 }
 
 
 

 
 
 

        (3c) 

While the eigenfrequencies are given by the expression: 

𝜔𝜃𝑛
2 =

𝑛4𝜋4𝐸𝐼𝜔

𝐼𝑝𝑥ℓ
4 +

𝑛2𝜋2𝐺𝐼𝑑

𝐼𝑝𝑥ℓ
2     ,     𝑛 = 1,2,3, . . ..                    (3d) 

 

3.2   Solution of equ. (2a)    
In order to solve equation (2a) we are searching for a solution of separate 

variables under the form: 

𝑤(𝑥, 𝑡) = ∑ 𝑋𝑛(𝑥) ⋅ 𝑇𝑛(𝑡)𝑛                                     (4a) 

where 𝑇𝑛 are the time functions under determination and 𝑋𝑛 are functions 

arbitrarily chosen, which satisfy the boundary conditions. As such functions we 

choose the shape functions of the bridge given by equation (3a). Introducing (4a) 

into (2a) we get: 

𝐸𝐼𝑦 ∑ 𝑋𝑛
′′′′𝑇𝑛𝑛 + 𝑐∑ 𝑋𝑛𝑇̇𝑛𝑛 +𝑚∑ 𝑋𝑛𝑇̈𝑛𝑛 = ∑ 𝑃𝑖𝛿(𝑥 − 𝛼𝑖)𝛿(𝑡 − 𝑡𝑖)𝑖     (4b) 

Remembering that 𝑋𝑛 satisfies the equation of free motion 𝐸𝐼𝑦𝑋𝑛
′′′′ −𝑚𝜔𝑧𝑛

2 𝑋𝑛 =

0, equation (4b) becomes: 

𝑚∑ 𝑋𝑛𝑇̈𝑛𝑛 + 𝑐 ∑ 𝑋𝑛𝑇̇𝑛𝑛 +𝑚∑ 𝜔𝑧𝑛
2 𝑋𝑛𝑇𝑛𝑛 = ∑ 𝑃𝑖𝛿(𝑥 − 𝛼𝑖)𝛿(𝑡 − 𝑡𝑖)𝑖     (4c) 

Multiplying the above by 𝑋𝑘 and integrating from 0 to L we obtain: 

𝑇̈𝑘 +
𝑐

𝑚
𝑇̇𝑘 +𝜔𝑧𝑘

2 𝑇𝑘 =
1

𝑚∫ 𝑋𝑘
2𝑑𝑥

𝐿

0

⋅ ∑ 𝑃𝑖𝑋𝑘(𝛼𝑖)𝛿(𝑡 − 𝑡𝑖)𝑖                   (4d) 

The solution of the above equation is given by the Duhamel’s integral: 

𝑇𝑘(𝑡) =
1

𝑚𝜔̄𝑧𝑘 ∫ 𝑋𝑘
2𝑑𝑥

𝐿

0

⋅ ∑ ∫ 𝑃𝑖𝑋𝑘(𝛼𝑖) ⋅ 𝑒
−𝛽(𝑡−𝜏) 𝑠𝑖𝑛[ 𝜔̄𝑧𝑘(𝑡 − 𝜏)] ⋅ 𝛿(𝜏 − 𝑡𝑖)𝑑𝜏

𝑡

0𝑖     

or finally: 

𝑇𝑘(𝑡) =
1

𝑚𝜔̄𝑧𝑘 ∫ 𝑋𝑘
2𝑑𝑥

𝐿

0

⋅ ∑ 𝑃𝑖𝑋𝑘(𝛼𝑖) ⋅ 𝑒
−𝛽(𝑡−𝑡𝑖) 𝑠𝑖𝑛[ 𝜔̄𝑧𝑘(𝑡 − 𝑡𝑖)]𝑖  

𝑤𝑖𝑡ℎ 𝜔̄𝑧𝑘 = √𝜔𝑧𝑘
2 − 𝛽2 𝑎𝑛𝑑 𝛽 =

𝑐

2𝑚
 

}     (4e) 

 



56                                                                                     Terrorist actions on long bridges  

3.3   Solution of equ. (2b)   
In order to solve equation (2a) we are searching for a solution of separate 

variables under the form: 

𝜃(𝑥, 𝑡) = ∑ 𝛷𝑛(𝑥) ⋅ 𝐺𝑛(𝑡)𝑛                                     (5a) 

Where 𝐺𝑛 are the time functions under determination and 𝛷𝑛are functions 

arbitrarily chosen, which satisfy the boundary conditions. As such functions we 

choose the shape functions of the bridge given by equations (3c). Introducing (5a) 

into (2b) and following a procedure like this one of §3.2, we finally find: 

𝐺𝑘(𝑡) =
1

𝐼𝑝𝑥𝜔̄𝜃𝑘 ∫ 𝐺𝑘
2𝑑𝑥

𝐿

0

⋅ 𝑒 ⋅ ∑ 𝑃𝑖𝛷𝑘(𝛼𝑖) ⋅ 𝑒
−𝛽(𝑡−𝑡𝑖) 𝑠𝑖𝑛[ 𝜔̄𝜃𝑘(𝑡 − 𝑡𝑖)]𝑖  

𝑤𝑖𝑡ℎ 𝜔̄𝜃𝑘 = √𝜔𝜃𝑘
2 − 𝛽2 𝑎𝑛𝑑 𝛽 =

𝑐

2𝑚
 

}  (5b) 

 

4   NUMERICAL EXAMPLES AND DISCUSSION 
In this section, a numerical investigation based on the equations obtained in the 

previous paragraphs has been developed. The main goal of the presented 

examples is to study the influence of explosions of different intensities which 

occur at different places on a long bridge as well as on a suspension bridge.  

Explosive Loads 

The usual intensity of explosions from terrorist actions ranges from 0.05 to 0.10 

KT (or 50 to 100 tons of TNT). Rarely, in particularly significant terrorist actions 

explosions with power up to 0.30 KT (~300 tons of TNT) can be used. 

In this paper we will study explosions loads with power 0.1, 0.3, and 1 KT (100, 

300, and 1000 tons of TNT), placed at one or more places and exploding with 

time difference 0.1, 0.2, or 0.5 sec.  

Long Bridge 

We consider a one-span bridge of length 𝐿 = 100𝑚, mass per unit length 𝑚 =
800𝑘𝑔/𝑚, 2𝑒 = 12.50𝑚, 𝐼𝑦 = 0.50𝑚

4, 𝐼𝑧 = 8,00𝑚
4, 𝐼𝑑 = 0.05𝑚

4, 𝐼𝜔 =

0.25𝑚6, and 𝐼𝑝𝑥 = 10200𝑘𝑔𝑠𝑒𝑐
2.  The bridge is made of homogeneous and 

isotropic material with modulus of elasticity 𝐸 = 2.1 ⋅ 1010𝑑𝑁/𝑚2.  The 

acceptable deformations are: L /200 for the vertical motion and 10o (or 0.1745 

rad) for the torsional motion  

 

4.1   The long bridges 

4.1.1. Vertical motion 
Applying the formulae of §3.2 we get the following plots: 

The plots of figure 4, show that the produced vertical deformations for explosive 

placed at 𝑥 = 𝐿/2 and power 1 KT are not acceptable. 

 



Avraam & Michaltsos                                                                                                      57 

 
Figure 4. The vertical motion of the middle of the bridge for explosives placed at x=L/2 and   

explosion power of 1KT (  _ ), 0.3KT (- - -), and 0.1KT (…..) 
 

 
Figure 5.  The vertical motion of the middle of the bridge for explosives placed at x=L/4, x=L/2, 

x=3L/4 and explosions power of 1KT (  _ ),  0.3KT (- - -), and 0.1KT (…..) 

 

The plots of figure 5, show that the produced vertical deformations for explosives 

placed at 𝑥 = 𝐿/4, 𝑥 = 𝐿/2, and 𝑥 = 3𝐿/4 are acceptable only for explosives’ 

power 0.1 KT. 
 

 
Figure 6. The vertical motion of the middle of the bridge for explosives placed at x=L/4, x=L/2, 

x=3L/4 but fired at different times and explosions power of 1KT. 
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In the plots of figure 6, we see the vertical motion of the middle of the bridge for 

explosives placed at 𝑥 = 𝐿/2, and 𝑥 = 𝐿/4, 𝑥 = 3𝐿/4, but the two last fired 0.1 

sec later than the first one. Comparing the deformations of fig.6 to those of fig.5 

we observe an increase of the deformations of about 12%. 
 

 
Figure 7. The vertical motion of the middle of the bridge for explosives placed at x=L/4, x=L/2, 

x=3L/4 but fired at different times and explosions power of 1KT. 

 

In the plots of figure 7, we see the vertical motion of the middle of the bridge for 

explosives placed at 𝑥 = 𝐿/2, and 𝑥 = 𝐿/4, 𝑥 = 3𝐿/4, but the two last fired 0.2 

sec later than the first one. Comparing the deformations of fig.7 to those of fig.5 

we observe small differences. 

 
Figure 8. The vertical motion of the middle of the bridge for explosives placed at x=L/4, x=L/2, 

x=3L/4 but fired at different times and explosions power of 1KT. 

 

In the plots of figure 8, we see the vertical motion of the middle of the bridge for 

explosives placed at 𝑥 = 𝐿/2, and 𝑥 = 𝐿/4, 𝑥 = 3𝐿/4, but the two last fired 0.5 

sec later than the first one. Comparing the deformations of fig.8 to those of fig.5 

we observe decrease of deformations. 
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4.1.2. Torsional motion 
Applying the formulae of §3.3 we get the following plots: 
 

 
Figure 9.  The torsional motion of the middle of the bridge for explosives placed at x=L/2 and 

 explosion power of  1KT ( _ _ ),  0.3KT (- - -), and 0.1KT (…..) 

 

The plots of figure 9, show that the produced torsional deformations for explosive 

placed at 𝑥 = 𝐿/2and power 1 KT are not acceptable. 
 

 
Figure 10.  The torsional motion of the middle of the bridge for explosives placed at x=L/4, x=L/2, 

x=3L/4 and explosions power of 1KT (  _ ),  0.3KT (- - -), and 0.1KT (…..) 

 

The plots of figure 10, show that the produced torsional deformations for 

explosives placed at 𝑥 = 𝐿/4, 𝑥 = 𝐿/2, and 𝑥 = 3𝐿/4 are acceptable only for 

explosives’ power 0.1 KT. 

 

5.  CONCLUSIONS  
In this paper, a simple approach is presented to study the response of a long bridge 

to stress due to terrorist acts. There are papers, as for example in [36], where the 

behavior of a bridge has been studied, where explosives have been placed on 
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critical elements of a bridge (such as bars). It has been shown that at least in 

suspension bridges this has a local influence-effect. Because of the static 

operation, these conclusions cannot be applied to one span long bridges. 

The usual explosions due to terrorist activity amount to maximum power of 

0.05 to 0.30 KT. However, we have seen explosions from terrorist acts of power 

more than 0.3 KT. In unusual rare cases we have explosions of power 0.8 to 1 

KT, mainly in emblematic constructions.  

In this paper explosions of 0.1, 0.3, and 1 KT (i.e. 100, 300, and 1000 TNT power) 

placed at different places on the deck of the bridge have been studied. 

On the basis of the representative long bridges model analyzed herein, the 

following conclusions can be drawn. 

1. In general, the vertical and torsional deformations seem to be the critical, while 

the lateral ones are negligible.   

2. For the very long bridges of one span. 

Vertical deformations due to explosions with explosives placed only in the 

middle of the bridge span and power greater than 1 KT are not acceptable. 

     Explosions due to explosives placed in the middle and quarters of the bridge 

which have a power greater than 0.3 KT cause vertical deformations which are 

not acceptable. 

     If the explosives placed in the middle and quarters of the bridge are fired at 

different times, they could cause greater deformations up to 15%. 

As for the torsional deformations due to explosions caused by explosives placed 

in the middle of the bridge of power greater than 1 KT they are not acceptable, as 

well as deformations caused by an explosion of explosives placed in the middle 

and quarters of the bridge and power greater than 0.3 KT are also unacceptable.   
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