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Abstract. A new eﬀective model for calculation of the equivalent uniform blast load for non-uniform blast load such as close-in
explosion of a one-way square and rectangle reinforced concrete slab is proposed in this paper. The model is then validated using
single degree of freedom (SDOF) system with the experiments and blast tests for square slabs and rectangle slabs. Test results
showed that the model is accurate in predicting the explosive charge weight and stand-oﬀ distance to impose a given damage level
on the tested RC slabs especially for close-in blast load. It is shown that the new model is more accurate than the conventional
SDOF analysis and is running faster than the FE analysis.

1 Introduction
Reinforced concrete slabs are typically analyzed for blast
loadings using one of two methods of very diﬀerent complexity: (2) finite element analysis methods (e.g., [1, 2]);
and (1) equivalent single degree of freedom (SDOF) analysis [3, 4]. SDOF methods are common nowadays for blast
design of protective structural elements [4, 8]. This is the
case even as many other powerful finite element methods
have been developed in the last decades. The SDOF model
is widely used in design because it presents several advantages such as ease of use and low running time, which have
made it appealing for blast design and incorporation into
design manuals [9, 11] for the blast analysis and design
of building components. However, conventional SDOF
analysis is incapable of capturing a spatially and temporally varying distribution of blast loading, cannot allow
for variations of mechanical properties of the cross-section
along the member, cannot simultaneously accommodate
shear and flexural deformations, can only address strain
rate eﬀects indirectly, and can produce very conservative
answers. A finite element analysis using codes such as LSDYNA [12] and AUTODYN [13] can be applied to analyze
the structural response to blast loads but such an analysis
is rarely used because of its perceived complexity and time
consuming.
In this paper, a new eﬀective SDOF method for calculation of the equivalent uniform blast load for nonuniform blast load is described herein. The proposed
method captures key attributes of the non-uniform loading
on the square reinforced concrete slab but retains much of
the simplicity associated with equivalent SDOF analysis.
The accuracy of the proposed method is validated using
data from field blast testing of rectangle slabs. This paper
presents key analytical and experimental results that can
substantiate this main conclusion.

2 Conventional SDOF method under blast
loading
The SDOF system for modeling the flexural response is
based on Biggs [3], where the deflected shape of the

structure is assumed to be the same as that resulting
from the static application of the dynamic load. This is
illustrated in Fig. 1. The equivalent mass and stiﬀness
parameters are derived based on the mass density, Young’s
modulus, moment inertia, span length and boundary condition of the slab, as well as the deflection shape of the
slab under uniform distributed static load. More details
can be found in Biggs [3]. The simplification for flexural
response has been widely accepted and recommended in
Protective design manuals [9–11]. With eﬀective factors,
such SDOF system can give out maximum displacement,
velocity and acceleration quickly. Consequently damage
assessment can be carried out based on the maximum
displacement of the structure or elements.
Upon transforming the structural slab into its equivalent flexural SDOF system, the governing diﬀerential
equation of motion is presented as follows [14]:
ẍ(t) + 2ξω ẋ(t) +

R
Pe (t)
=
Me
Me

(1)

in which x(t), ẋ(t), and ẍ(t) are the flexural displacement, velocity, and acceleration, respectively, Me is the
equivalent mass of the system, R is the flexural dynamic
resistance function, ω the flexural damped natural circular
frequency, ξ the flexural damping ratio, and Pe (t) is the
equivalent forcing function. The nonlinear equation is
solved numerically using the Newmark β method. The US
Army uses the minimum value between 10% of the natural
period and 3% of triangle positive loading duration as time
step to solve an inelastic SDOF model [10]. In this study,
the time step was 0.1% of smallest value of natural periods
and positive loading duration, which is compared to US
Army approach.
The flexural resistance function R(x) of concrete structures under blast load is highly nonlinear. In this paper the
function of structures is assumed to be elastic-perfectly
plastic and tri-linear resistance functions for simple support slab and fixed support slab respectively and the slope
of the unloading path is the same as that of loading
path [10], as shown in Fig. 2. More details can be found
in the protective design manuals [10]. The strain rate
eﬀect on flexural resistance is accounted for by the use of
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(a)

Fig. 1. Equivalent Spring-Mass SODF System (a) Slab load by
blast (b) Equivalent SDOF.

(b)

Fig. 3. Failure mechanism of a simply supported square reinforced concrete slab (a) Slab model under close-in explosion and
(b) Platform of the slab.

(a)
(a)

(b)

Fig. 2. Nonlinear resistance functions and their idealization of
reinforced concrete slab (a) elastic-perfectly plastic and (b) Tri
linear.

dynamically enhanced material strengths with a constant
strain rate of 100/s which is mentioned in Low [15].
This is acceptable as shown by Krauthammer and his coauthors [16] that a constant strain rate with a reasonable
order of magnitude is suﬃcient to yield good results.

3 Equivalent uniform blast load
As shown in [10], it can be very diﬃcult to model component response to blast loads with complex spatial load
distributions using a conventional SDOF analysis. Blast
loads that vary significantly over the area of a structural
component, such as close-in explosions, must be converted
into an “equivalent” blast load that is spatially uniform
over the whole area of the component at each time step
because the load factor in SDOF analyses almost always
assumes spatially uniform loading.
In this section an “equivalent” blast load is computed
based on equating the external virtual work done by
the equivalent uniform blast load to the external virtual
work done by the non-uniform blast load such as closein explosions. Although Lu B and Silva PF [5, 6] studied
a procedure to convert dynamic point loads into uniform
blast pressure, they did not consider the transformation of
the non-uniform distributed blast load into uniform blast
pressure. In this paper, the transformation of the nonuniform distributed blast load into uniform blast pressure
is studied for SDOF analysis by the same external virtual
work done.
A simply supported reinforced concrete slab is model
here to study the equivalent load shown in Fig. 3. From
Fig. 3, one can find that the blast pressure on the reinforced
concrete slab is non-uniform for a close-in explosion. The

(b)

Fig. 4. Failure mechanism of a simply supported square reinforced concrete slab (a) Virtual work by uniform load and (b)
Virtual work by blast pressure load.

pressure wave is significantly higher at the center of the
slabs and dissipates rapidly towards the ends of the slab
shown in Fig. 3(a). The peak pressure of the edge B is
noted as P s2 , the peak pressure of the edge A is noted as
P s3 , and the peak pressure of the corner C is noted as P s4
which is shown in Fig. 3 (b).
The failure model of the square slab is on the assumption of flexural failure in center yield line for the blast
load and equivalent uniform blast load which is shown in
Fig. 4.
Assuming symmetric load and deflection distributions,
the support rotation θ is defined by the ratio of the calculated peak deflection to half a span length for one-way
slabs:
2∆
tan θ =
(2)
L
where L is span length of the element, and ∆ is the max
displacement of the center. Since θ is small enough, tan θ
approximately equals to θ. Then ∆ can be expressed as
∆=

θL
2

(3)

The peak pressure function P(x, y) is the assumed
shape of the blast pressure wave and is developed by using
the blast pressure waves presented in Fig. 4. In this paper,
P(x, y) can be simply expressed as
P(x, y) = P s1 +

2
2a
(P s2 − P s1 )x +
(P s3 − P s1 )y
L
L

4a
xy(P s4 − P s2 − P s3 + P s1 )
L2
× 0 ≤ x ≤ L/20, 0 ≤ y ≤ L/(2a)
+

(4)

where P s1 , P s2 , P s3 and P s4 are either by using the
measured pressure in experiments or computed by current
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Table 1. Experimental air blast program of rectangle slabs.
Blast

Slab
name

Dimension
(mm)

Reinforcement
ratio(%)

Standoﬀ
distance(m)

Scaled
distance (m/kg1/3 )

Explosive
mass(g)

NRC-1

1E

2000 × 1000 × 100

1.34

3

3.0

1007

NRC-2

1E

2000 × 1000 × 100

1.34

3

1.5

8139

NRC-3

1F

2000 × 1000 × 100

1.34

1.4

0.93

3440

NRC-4

1E

2000 × 1000 × 100

1.34

1.5

0.75

8213

2.6

P(MPa)

2.5
2.4
2.3
0.5

2.2
2.1
-1

0
-0.5

0

0.5

1

-0.5

Fig. 6. Geometry of the rectangle RC slab (in mm).

b(m)

L(m)

Fig. 5. A typical three-dimensional peak pressure distribution of
the square RC slab.



1
7
2
P̄ = −P s1 + P s2 + P s3 − P s4
2
6
3

code such as TM5 [9]. In this paper, the pressure is chose
by TM5 empirical equation as a function of the scaled
distance. A typical peak pressure P(x, y) distribution on a
square slab is shown in Fig. 5.
As shown in Fig. 4(a), the virtual rotation at the ends is
θ, and the external virtual work done by the uniform load
P̄ is

It is found from Eqs. (8) that the peak equivalent uniform
blast pressure has no relationship with the span length to
its slab width ratio a, and only influence by peak pressures
of the four characteristic points in Fig. 5.
After the peak pressure of the equivalent blast pressure
is got by above producer, the center blast load impulse is
chose as the equivalent blast load impulse [9, 11]. The load
duration td can be computed as

L/2 L/(2a)


L
− x dxdy
We = 4θ
P̄
2
0

= 4θ P̄

td =

0

L/2 L/(2a)
 
0

L3
= 4θ P̄
16a


L
− x dxdy
2

(9)

where I s1 is the center blast load impulse, and P̄ is the peak
equivalent uniform blast pressure computed by Eqs. (8) for
rectangle reinforced concrete slabs.

0

(5)

4 Validation using experimental data

On the other hand, as shown in Fig. 4(b), the virtual
work done by the blast pressure wave P(x, y) is
 L/2  L/(2a)

L
− x dxdy
WP = 4θ
P(x, y)
2
0
0


1
1
7
1
L3
+ P s2
+ P s3
− P s4
= 4θ
−P s1
(6)
a
32
16
96
24
Using the principle of virtual work and equating Eqs. (5)
and (6), the uniform peak blast pressure, P̄, is given by
L3
16a


1
1
7
1
L3
+ P s2
+ P s3
− P s4
= 4θ
−P s1
a
32
16
96
24
(7)
= WP

We = 4θ P̄

2I s1
P̄

(8)

To test the utility of the equivalent blast pressure method
of SDOF model, the predictions were compared with
maximum displacement data from blast testing results on
one-way fixed supported 2 m long rectangle slabs by Wu
C [7]. The failure mode is the same with simple fixed slabs
on the assumption that the slabs will be fail in the center
line in flexure.
Details of the rectangle slab and other test data can be
found in Wu C [7]. Dimensions of the slab are given in
Fig. 6. These specimens were constructed with a 12 mm
diameter mesh that was spaced in distance of 100 mm
from each other in the major bending plane (ρ = 1.34%)
and in distance of 200 mm from each other in the minor
plane (ρ = 0.74%) where ρ is reinforcement ratio. The
thickness of the concrete cover was 10 mm. The concrete
had a cylinder compressive strength of 39.5 MPa, tensile
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Table 2. Max deflection compared with experiments of rectangle slabs.
Experiment
results

Equivalent SDOF results

Blast
test

Max
central
deflection
(mm)

Equivalent
uniform
peak
pressure
(MPa)

Load
duration
(ms)

Max
Central
deflection
(mm)

Prediction
error (%)

NRC-1

1.8

0.311

1.44

2.02

12

NRC-2

10.5

2.358

0.88

10.51

0.1

NRC-3

13.9

7.388

0.35

15.09

8.5

NRC-4

38.9

13.455

0.32

37.69

-3.1

strength of 8.2 MPa and Young’s modulus of 28.3 GPa.
The reinforcement was of yield strength 600 MPa and
Young’s modulus 200 GPa. The experimental test program is summarized in Table 1. The explosive charge
was suspended above the center of the slab as described
in [7].
The comparisons of experiments and equivalent SDOF
results of the rectangle slab are shown in Table 2. The
equivalent uniform peak pressure and load duration are
also listed in the table. One can found that based on
Eqs. (8) and (9), the equivalent uniform peak pressures also
increase and load duration decrease a litter more with reducing of the scaled distance. The equivalent SDOF results
accurately predicted maximum displacement responses in
all tests.

5 Conclusions
A new eﬀective model for calculation of the equivalent
uniform blast load for non-uniform blast load such as
close-in explosion of a one-way square and rectangle reinforced concrete slab is proposed in this paper. A theoretical
formula for peak equivalent uniform blast load is proposed
with respect of peak pressures of the four characteristic
points of the slab.
Based on the new eﬀective model of blast pressure
and equivalent SDOF method, the response of the slab is
computed for diﬀerent RC slabs under non-uniform blast
load. A comparison between the measured and analytical
responses was made and the largest diﬀerence was only
16%, indicating that the new equivalent SDOF model can
accurately predict the response of a square and rectangle
RC slabs to blast loads.
However, unlike the finite element analysis that divides
a member into three dimensional solid elements, the new
equivalent SDOF model based on the conventional SDOF
method with one key point of the slab such as center of
the slab. Far fewer elements are used in the new equivalent
SDOF model than elements in the finite element model,
leading to a substantial reduction in the computational
eﬀort. Conventional SDOF analysis is straightforward and
suitable for use in a design oﬃce but the results are based
on the center blast pressure history of the slab and it can be

substantially conservative with much higher of the results.
The new equivalent SDOF model can capture many of the
important features of a finite element analysis, provides
accurate results, is computationally eﬃcient and is ideally
suited for slab design and blast assessment.
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