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Abstract. The paper follows from the theory of explosion and interaction of an impact wave
formed by the explosion and a structure. This is a complex mechanism depending on the ge-
ometry and composition of the structure, the magnitude and the angle of the blast wave, and
relative distance of the blast. Firstly, the paper determines the parameters of the blast wave
excited by a small charge explosion. The empirical formulas on the basis of our own experi-
mental results are shown and used for the structure analysis. Evaluations of structures loaded
by an explosion based on dynamic response in rotations round the central line of plate or
beam systems during the dynamic load of this type is in the paper discussed and comparison
of own limit values and published ones is presented. Blast loads typically produce very high
strain rates in the range of 107 to10™ s™'. This high straining rate would significantly increase
the stress and strain capacities of concrete and steel reinforcement, and accordingly affects
the dynamic performance of the target structure. The effect of strain rate for concrete mate-
rial is discussed. The formulas for increased compressive strength of concrete and steel rein-
forcement are presented. The ductility of structural members is influenced by the
corresponding values under high strain rate of reinforcement. Damage to the structure is as-
sessed accordingly, firstly by the angle of rotation of the middle axis/surface, and secondly by
the limit internal forces of the selected structure. The extreme nature of blast resistance
makes it necessary to accept that structural members have some degree of inelastic response
in most cases. This enables the application of structure dissipation using the ductility factor
and increased of concrete strength. The limits are correlated with qualitative damage expec-
tations. The methodology of dynamic response assessment and its application to the simple
bridge structure is discussed.
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1 INTRODUCTION

The explosion of a gaseous or solid explosive medium generates a pressure wave in the
centre of the explosion. Its intensity and history are determined by the chemical properties of
the explosive and its reaction with ambient environment. The pressure wave begins propagat-
ing from the explosion centre in approximately spherical wave fronts which reflect from and
are modified by their impact on the surface of building structures or the ground. The effect of
pressure in the propagating wave, together with the wave reflected from the surface of the
building or the ground, form the magnitude of the load applied to the structure and its history.
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Figure 1: Loading blast wave (explosion in the open air space)

2 LOAD

When a charge explodes in an open space, the pressure effect of the impact wave on an ob-
stacle (the load of the structure) depends on the situation of the structure with respect to the
focus of the explosion, the impact wave parameters, etc. The entire phenomenon of the impact
wave effect on the structure is then usually simplified for calculation purposes, using numer-
ous assumptions, especially as regards the intensity and the time course of the impact wave
effect and its distribution in contact with the given object [1]:

a) Triangle-shaped development of the load in time with the maximum intensity corre-
sponding to the sum of the pressures of the impacting (Fig. 1) and reflected wave and the du-
ration of the action, usually corresponding only to the duration of the action of the
overpressure phase of the shock wave;

b) The shock wave can be considered as having a flat front, meaning that the rise time to
maximum intensity is neglected, and additionally that the load starts to act on the entire struc-
ture at one moment; the phase shift of the start of the action of the load at individual structure
points is thus neglected,

¢) It is usually assumed that the load acts on the building structure in a continuous and uni-
form manner (any local effect of the focused load is neglected);

d) The response of the structure is usually considered on the basis of the superimposition
of two triangular loads, which correspond to the overpressure phase and subsequently the un-
derpressure phase of the shock wave.

In case of explosions of gaseous mixtures (in contradiction to the explosions of charges of
solid or liquid explosives) apart from the triangular overpressure phase also the underpressure
phase is significant, the effect of which can be repeatedly considered as fast triangular loads,
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but with the opposite sign and a phase shift; both phases (overpressure and underpressure)
may be considered separately in such a way as would enable the superposition of obtained
results of both phases to obtain total effects.

When an actual event takes place, the specific course of the load action depends on the
swirl flow bypassing the structure surface, the atmospheric pressure, the temperature condi-
tions and other factors that are usually neglected in a simplified analysis. The parameters of
the explosive, too, are determined on the basis of average values; empirical formulas are used,
and operate with mean (probable) coefficient levels. Thus the structure calculations concern-
ing the impact wave effects are significantly burdened by these inaccuracies in the input quan-
tities of the entire phenomenon.

Empirical formulas created by various authors [1, 2, 3, 4] are usually used for the time
course of the pressure wave and subsequently the structure load. The structure of the formulas
according to various authors is very similar, and they usually differ only in the magnitudes of
the coefficients. Due to the variability of these coefficients, the uncertainty of the formulas is
usually found to be in the range of £20%, and possibly even more. The reliability of individ-
ual formulas improves with increasing distance of the pressure wave from the focus of the ex-
plosion.

The overpressure determined at the face of the air impact wave that spreads from the ex-
plosion site to the surroundings stems from the reduced distance [1, 3] is:

=2 (1)

e

where R is the reduced separation distance from the epicentre of the explosion [m/kg

R is the distance from the explosion epicentre [m], and Cy is the equivalent mass of the
charge [kg TNT].

It is assumed that the energy released by the explosion is proportional to the mass of the
explosive, and the solution consists in introducing a reference charge chosen to be represented
by tritol (trinitrotoluene, TNT). Therefore the mass of various explosives is expressed in
terms of the so-called tritol equivalent (kzyr). If this equivalent cannot be found in the special-
ized literature, it can be calculated with sufficient accuracy using the relationship

krvrp=0.3 0, — 0.2 (for 2 Ml/kg < 0, < 5 MI/kg) )

where kryr., 1s the pressure tritol equivalent of the explosive (equal to 1 for TNT), O, is the
calculated explosion heat [MJ/kg] and O, = 4.2 MJ/kg for TNT.
Then the total equivalent mass Cy can be determined using the relationship [3]

Cyw=Cnkinrp ki kG (3)

where C,, is the mass of the equivalent charge [kg TNT], Cy is the mass of the used charge
of the (actual) explosive [kg], k7wr., is the pressure tritol equivalent, kz is the charge seal coef-
ficient, and k¢ is the geometry coefficient of the impact wave spreading in the space.
The seal coefficient can be determined using the relationship

ke=02+0.8/(1+ kp) 4)

where kp 1s the cover mass [kg] divided by the explosive mass [kg], and expresses the bal-
listic ratio. The following applies to the geometry coefficient kg, 1 for detonation in an open
air space, 2 for ground explosion.

The explosion wave spreads in spherical wave fronts from the focus point of the explosion.
When the explosion is on the ground, the explosion energy is roughly double because, after
complete reflection from the surface of the terrain, the pressure wave spreads in hemispherical

1/3
1,
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wave fronts. The spreading geometry coefficient k¢ is not stated by some authors in the for-
mulas for determining the total equivalent mass; in such cases, and in the case of a ground
explosion, the equivalent charge mass C,, is as a rule substituted by twice its value in empiri-
cal formulas.

In the simplified calculation [3], a ground explosion is represented by a situation when the
explosive is located directly on the surface of the terrain (4 = 0 m thus kg = 2). An explosion
in an open air space is a situation when the delay of the reflected wave from the surface of the
terrain to the pressure wave front is higher than the duration of the overpressure phase of the
pressure wave (kg = 1). A linear interpolation is made between the both values of kg.

On the basis of comparing various resources in the literature (namely [1, 3, 4]) and our
own results of tests of masonry [5] and window glass structures during explosions of small
charges, the authors of this paper proposed the application of realistic formulas. The empirical
formulas below were verified in experiments using small charges (Semtex) in the vicinity of
the loaded structure. Their resulting form then corresponds to the impact wave effects from a
small solid charge in an open air during this explosion. Maximum overpressure p; and under-
pressure p_ at the face of the air impact wave, velocity v of the wave face propagation and its
durations z; and z_ are applicable both to ground and above-ground explosions:

P, = ! '_037 —0.1 [MPa] for R<1 m/kg" (5)
R

.= 0'0_932 + 0E§3 + IEZS [MPa] for 1<R<15 rn/kgl/3 (6)

R R R
) :ﬁ [MPa] (7)

R

r,=16-107-¢/C, VR [s] (8)
r =1.6-102-3/C, [s] 9)
v=340-/1+83-p,  [m/s] (10)

After a normal (perpendicular) impact of the explosion wave on a solid obstacle, a re-
flected wave is formed with the reflection overpressure p,.r that loads the building structure
from the front side. The overpressure value in the reflected wave corresponds to approxi-
mately twice the value of the overpressure for low overpressure values p of approximately up
to 5 MPa (up to eight times the value for high overpressures of the order of several MPa) in
the incident wave for the given distance R [3].

Dref+ =2 p+ (11)
Drer-=2 p- (12)
The duration of the action of the pressure #p is about the same as the duration of blast wave
T+ OI T_.

3 STRUCTURE RESPONSE

3.1 Load combination

The structure should be analysed using the following load combinations simplified as an
equivalent static analysis (13) or as a dynamic analysis (14, 15):
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5 (12D +0.25L) (13)
D +(0.25 or 0.50)L (14)

or for alternate load path method (checking if residual load-carrying capacity upon notional
removal of a selected load-bearing element)

(0.9 or 1.2)D + (0.5L or 0.2S) + 0.2, (15)

where D is dead load (1.2D or 1.0D is usually recommended), L is live load, S is snow load
for roof, W, is wind load for periphery structure elements, 6 = 1 ~ 2 is dynamic load factor
(DOD UEFC [6] recommends ¢ = 2.0; other publications conclude that the use of a fixed dy-
namic load factor of 2.0 is highly conservative).

3.2  Structure ductility and material strengthening

When a structure is loaded by an explosion, the formation of cracks not leading to a col-
lapse is as a rule permitted. Thus ductility factor ¢ may be used to reduce the magnitude of the
explosion load. This is a highly efficient way of taking inelastic manifestations of the dy-
namic load into account.

q:xm/xel (16)

where x,, is the maximum elastic plastic displacement of the structure, and x,; is the elastic
part of the displacement.

The applicable ductility factor is usually g < 3 for reinforced concrete structures. (On the
basis of a more detailed analysis of the structure, higher ductility factor values may be used,
for example, on the basis of seismic standard EN 1998-1)

The strength characteristics of the structure material may also be increased in the calcula-
tion of the structure response. An estimate of this increase (minimum material strengthening
factor k) is shown in Table 1 [7], in dependence on the duration of the explosion load #p.

tp [s] >1.0 10" 107 107
K 1.0 1.05 1.10 1.20

Table 1: Estimation of factor &; in dependence on load duration #,, for concrete.

Blast loads usually produce very high strain rates in the range of 10? to 10™ s. In comparison
with Table 1 this strain rate would increases the stress and strain capacities of concrete and its

'

steel reinforcement [8]. The increased compressive strength f,, of concrete under dynamic
loading can be calculated as:

]pc'd = f:Kd (17)
K, ()= () for ¢ <305 (18)
83
K,(e)=y ()" for &>30s” (19)
gS
logy =6.156a -2 (20)
a=1/(5+9f.11.) (21)

2919



D. Makovi¢ka and D. Makovicka, Jr.

where ¢ is the strain rate, &, (quasi-static strain rate) is 30x10° s, f..is the reference

strength set as 10 MPa and f, is 28-day compressive strength of concrete at static strain rate.

Steel reinforcement also shows higher strength and ductility under high strain rate. Sorou-
shian and Choi [9] proposed a model for stress-strain response of steel under various loading
rates. They reported that the increase in steel yielding stress, ultimate strength, and ultimate
strain are proportional to the logarithmic function of the strain rate, as follows:

1,

Ty =(-0.451x107° £, +1.46) +(=9.20x107" £, +0.093)log,, & (22)
y
% =(-6.83x107° £, +1.72)+(-1.37x10™° £, +0.144) log,, & (23)
p
Lo = (<8.93x107° £, +1.4) +(~1.79x10°° £, +0.0834) log,, & (24)
&

u

where f,, f, and ¢, are the yielding strength, ultimate strength, and ultimate strain of steel
reinforcement under static loading, respectively; and f}',, fl; and ¢, are their corresponding

values under high strain rate of ¢ .

For example for concrete C35/45 and for #p = 0,002 s are Standard recommendations for
concrete: Czech: strengthening factor &; = 1.20 [7] and U.S.: over-strength factor Q = 1.25 [6].

According to CEB-FIB 1990 [8] is K; = 1.29 (the stress f. = 40 MPa increases to f,,= 51,2
MPa) and for reinforcement 10505 (f, = 490 MPa, f, = 550 MPa):

-f; = 'f; = gu =
4—1.44 4—1.68 4—1.38

It means that the approximation of strain rate by factors k; and @ for concrete stress char-
acteristics is relatively convenient and safety enough.

3.3 Response assumption

The magnitudes of the internal forces in the analysed structure are considered as a part of
the evaluation of the limit bearing capacity conditions, based on load combinations when they
are reduced using ductility factor g. The resulting internal forces are then evaluated on the ba-
sis of design standards for the appropriate structure material type, or as a variant, also accord-
ing to its increased strength using factor k;. However, this procedure entails two important
uncertainties in the case of bent structures, i.e. a suitable choice of the ductility factor, on the
one hand, and the material strengthening factor, on the other. During very rapid reshaping of
the structure, which is typical for explosion loads, both factors may achieve numeric values of
the order of tens, and not only of units, as mentioned above. Thus they may lead to consider-
able overdesigning of the structure.

Evaluations of structures loaded by an explosion based on dynamic displacements and ro-
tations round the central line of plate, wall or beam systems during the action of a dynamic
load of this type have been of very topical interest in recent times, as regards the process of
evaluating the effects of an explosion on a structure. The dynamic rotation round the central
line of an appropriate structure element is therefore the criterion used to evaluate the response
occurring at the following angle:
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w = arctg (xm / (0.5 Agpan)) (25)

where x, is the maximum achieved dynamic displacement caused by the explosion load
and Agpan 1s the span of the plate ceiling structure or the height of the wall structure within one
storey, or the span of any beam, the height of a column, etc.

The authors applied this procedure to various types of materials and structure systems, and
on the basis of an experimental comparison they determined the failure angle .y, i.€. the
angle where damage is caused to the structure by breaking (Table 2).

Type Structure material Winax [°]
1 Concrete C16/20 to C40/50 6.5

2 Masonry, full bricks 10, mortar 4 or mortar 10 5.0

3 Masonry, cement bricks, mortar 4 4.5

4 Masonry, cellular concrete or perforated precise blocks, mortar 4 4.0

5 Steel S235 10.5

6 Wood, hard and soft 12

7 Window glass, thickness 3 mm 6

Table 2: Limit failure angle y,,.x [°] upon breaking of the material.

4 RESPONSE OF BRIDGE STRUCTURE

As an example the reinforced concrete bridge structure was used. The bridge includes four
long spans (30 m, 2x45 m, 30 m) with intermediate piers (12.25 m, 17.25 m, 15.25 m) and
was made of concrete C 30/37. The computational model and its cross sections in the middle
of spans and in supports are illustrated in Fig. 2. The bridge was analyzed under blast load of
the explosion 100 kg TNT above the mid span above the bridge floor in high 2 m. The dimen-
sions and distribution of structure parts were modelled while respecting the structure geome-
try and its dimensions, in order to obtain the most precise model of the bridge’s mass and
stiffness. Besides bridge dead load, the mass of asphalt part of the roadway were included in
the bridge mass.

-

in spans: | |

Figure 2: Bridge structure.
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The blast load exerted on bridge floor surface was considered as series of blast histories
(by equations 5 to 10) acting in the selected points of central part of the floor span (Fig. 3) and
graduated in ten zones in terms of intensity as well as the whole history action on the basis of
the real overpressure and underpressure phase of blast wave — dynamic load histories, as a
function of the impact wave velocity of propagation (10).
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Figure 3: Location of explosion.

100 lowest natural modes and frequencies of vibration in the interval 1.9 Hz to 21.6 Hz
were considered in the computation.

The decomposition of dynamic load history to the natural modes of vibration is used for
the forced vibration analysis by means of Scia Engineer program.

The damping of the structure of the building has been set as a damping ratio of 4 %. For
higher natural frequencies the damping is usually higher, but the computer program does not
allow setting a different damping for these higher frequencies.

The calculation of forced vibration has been made with 1000 time steps of 0.0005 s. The
dynamic response is calculated respectively for each time step. The dynamic analysis was
made for linear elastic behaviour of the structure material.

As an example of the bridge deformation, isolines of vertical displacements of the bridge
floor are shown in Fig. 3, Fig. 4 presents angle of rotations in the bridge floor and Fig. 5 indi-
cates time histories in displacements at selected points in the middle of span (in the central
part of the roadway and on the boundaries of payments).

Uz-min [mm]

-1.16
-5.02
-8.89
-12.76

-16.863 ||
-20.49 +—
-24.36 +—
-28.23
-32.10
-35.97
-39.83
-43.70
47 57
-51.44
-55.30
-59.17
-63.04

e

Figure 3: Vertical displacements. J
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- Fix-max [deg]
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Figure 4: Angle of rotations round axis x.
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Figure 5: Time history in selected points of bridge floor.

The calculated rotations (angle w) of the middle surface of structural parts are used for
structure assessment. The maximal angle of the rotation is 1.9 degrees round the both horizon-
tal axes.

From all the rotations it is clear that in the concrete part of the bridge cross section the
failures may occur. The concrete bridge structure responds to the medium structure hazard
(the supposed angle of failure is fast one third of limit value), but due to the local damage of
the central part of the bridge cross section, the bearing capacity of the whole bridge structure
may be serious threatened under imposed vehicle load.
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S CONCLUSIONS

Paper is determined to the problem of an explosion and the threat to the safety of the struc-
ture due to the explosion of a explosive charge installed in a car and initiated for example on
the bridge.

The explosion load is usually burdened with a number of uncertainties, related to determin-
ing the amount of explosive medium, its location in relation to the loaded structure, and the
conditions in the surroundings. These load effects were derived by the authors based on the
experimental results of small charge explosions. They may be used for an engineering estima-
tion of the probable blast loads. This methodology enables us to determine with sufficient ac-
curacy the time course of the impacting shock wave and its interaction with the structure itself.

The effect of ductility factor of structure and strain rate of concrete material on the analysis
methodology is discussed. The approximation of strain rate by various strengthening factors is
calculation friendly and usually safety enough with regard to uncertainties of input data, espe-
cially to location and parameters of blast wave.

The authors have used limit rotation values (angle of failure) determined experimentally on
the basis of the explosion load of masonry, reinforced concrete and window glass plates, as a
efficient method for response assumption. Evaluating a structure on the basis of the limit rota-
tion is a methodology under development at present, and is in accordance with recent research
trends for structure loaded by blast wave of explosion.

A reinforced concrete bridge structure has been used as an example for determining and
documenting the load due to a blast effect. The bridge response is assessed on the basis of the
results of a 3D dynamic calculation using displacements and rotation of the cross section parts
of this structure.

The results for the response of the bridge to this load are presented in parts, together with
the principles for evaluating the structure according to the displacements and to the angle of
failure corresponding to the given explosion load.
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