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Abstract  Both civil and military facilities are increasingly 

targeted by terrorist attacks. Understanding the mechanical 
behavior of reinforced concrete (RC) structures subjected to blast 
is of paramount importance. A full-scale experimental program 
consisting of four reinforced concrete slabs with compressive 
strength of 60 MPa, measuring 1.0 x 1.0 x 0.08 m, and subjected 
to 2.7 kg of non-confined plastic bonded explosive, was conducted 
in blast test area of Science and Technology Aerospace 
Department (Brazilian Air Force). This paper presents 
theoretical peak displacement and compares with experimental 
displacement measured from the tests. Theoretical analysis was 
carried out using single degree of freedom (SDOF) models. The 
comparison showed that SDOF analysis worked very well in 
predicting the reinforced concrete slab peak displacement against 
blast effects. 
 

Keywords  blast effects, single degree of freedom, reinforced 
concrete. 

 
I. INTRODUCTION 

 
Blast due to terrorist attacks, wars and accidental 

explosions have become a growing concern around the world. 
These blasts can undermine the integrity of structures such as 
those made from reinforced concrete (RC), which is one of the 
common materials used to construct most buildings and 
bridges around the world. Most of these structures are not 
designed to resist the effect of explosions. Even those 
structures designed adequately for the effects of typical out-of-
plane loading (such as earthquakes) may have load carrying 
capacity [1], they may not perform well against blast loads 
depending on the size of the explosive charge and the location 
of the charge. These explosions generate dynamic loads 
against essential supporting structural elements, such as slabs, 
columns or beams. 

An explosion is a sudden release of energy and can be 
classified as physical, nuclear or chemical, depending on the 
source [2], [3]. This paper deals with chemical explosions, 
which is result of exothermic chemical reaction. The sudden 
elevation of temperature and pressure in the environment 
where the explosion occurs are the main factors that can bring 
damages to constructions close to the epicenter. The released 
energy moves toward all directions around the epicenter 
compressing the air and generating a front wave, called shock 
wave or blast wave [3]–[5] which has supersonic velocity. 
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Understanding how a structure behaves under blast is of 
paramount importance for designing for the safety of both the 
general public and infrastructure. Since the second part of the 
last century, research related to blast loading on structures and 
their behavior has been growing [3], [6]–[8], especially after 
lessons learned from the two World Wars, several terrorist 
attacks, and accidental explosions. In order to design RC 
structures that are capable of resisting blast loads, it is 
imperative that structural engineers need to incorporate short-
duration dynamic load effects of the blast loads. Hence, 
knowledge of blast wave parameters, and how the energy 
coming out from the blast damaged structures are very 
significant. In this study, both theoretical model that uses a 
Single Degree of Freedom (SDOF) approach and experimental 
tests were performed to determine peak displacement of a slab 
due to blast. Comparison of results found from the theoretical 
models and experimental tests indicated that the theoretical 
model predicts the behavior of the RC slab under blast loading 
reasonably [9]–[12]. 

Losses in both peaceful time and during conflicts generated 
from explosions close or in buildings have been concern of  
many agencies around the world [13]. Several codes and 
standards have been published giving guidance for better 
constructions to resist blast wave [10], [14], [15] in order to 
increase survival rates of structures and people after a blast 
event. These documents take into account that structural 
elements have different behavior under static and dynamic 
loads [16]–[18]. This paper presents comparison of 
experimental and theoretical dynamic reinforced concrete slab 
response subjected to blast wave. Widely known equations of 
SDOF models were applied. 

Full-scaled tests with four RC slabs subjected to blast wave 
generated from non-confined explosive was the experimental 
data source used for comparison with the SDOF analysis. This 
paper is a follow-up of Mendonça et al. [19]. 

 
II. MATERIAL AND METHODS 

 
The shock wave rises suddenly above the ambient 

pressure and shocks against the structures around the epicenter 
generally bringing damages. The peak value of the pressure is 
called incident peak pressure (Pso). Pso decays rapidly and 
oscillates around the ambient pressure before back to stability 
[1], [4], [9]. However, when shock wave from an explosion 
shocks to a surface comes up a reflection, called reflected 
pressure (Pr) that is the amplifier of Pso. The higher 
amplifying ratio is given when the front wave angle of 
incidence is perpendicular to the surface [1]. Fig. 1 shows a 
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typical time-history curve recorded by a pressure sensor during 
the blast experiment. 

 

 
Fig. 1. Typical time-history curve. 

 
Prediction of Pso can be made by calculating the scaled 

distance (Z). This parameter depends on the stand-off distance 
(R) in meters and the equivalent TNT mass of the explosive 
(W) in kg, as can be seen in (1) [20], [21]. 

 

𝑍 =
ோ

ௐభ/య  (1) 

 
There are many equations available in literature to predict 

Pso as published in [20]. The equations (2) and (3) of Kingery 
and Bulmash [22], [23] were used for predictions of Pso in the 
analysis. To get the value of Pso, it is necessary to determine 
the value of the constant U beforehand using T, which is a 
function of the logarithm of Z. 

 
Pso = 2,611 - 1,690 U + 0,008 U² + 0,336 U³ - 0,005 U4 - 

0,080 U5 - 0,004 U6 + 0,007 U7 + 0,0007 U8 (2) 

 

U = - 0,214 +1,350 T (3) 

 
Equation (4) brings prediction of Pr [22], [23] using (3) to 

get U value. 
 

Pr = 3,229 - 2,214 U + 0,035 U² + 0,657 U³ + 0,014 U4 - 
0,243 U5 - 0,015 U6 + 0,049 U7 + 0,002 U8 - 0,003 U9 (4) 

 
Time of duration of blast load positive phase (td) is an 

important parameter for blast wave analysis. The equations 
widely used in the literature for predictions are (5) [24] for 
spherical charge in free air and (6) [23] for hemispherical TNT 
surface bursts. 
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  (5) 

 
td = EXP(0,544 + 2,7082 (LN(Z)) – 9,7354 (LN(Z)2) + 
14,3425 (LN(Z)3) – 9,7791 (LN(Z)4) + 2,8535 (LN(Z)5) (6) 

 
For targets with finite dimensions, td for Pso and Pr are 

almost the same and these equations of time duration can be 
employed in a simplification of time-history curve [1], [25]. 

 

Simplified Dynamic Response Analysis 
 

The main difference between static load and dynamic load 
on structures is the time duration of the load. For dynamic 
loads, time duration is measured in milliseconds, as shown in 
Fig. 1. Therefore, the materials behavior are different in each 
type of load. Concrete and steel have an increase of strength 
when subjected to dynamic load, characterized by the 
Dynamic Increase Factor (DIF). The value of DIF for the 
concrete is about 20% and for steel is about 10% [1], [3]. 
Concern about accurately determining the dynamic behavior 
of structures under blast event has been reported in literature 
[14], [15], [19]. For dynamic analysis and design, time-history 
curve can be simplified using a triangular pulse as shown in 
Fig. 2 [3], [16], [25], where P0 is the maximum peak of the 
blast load. 

 

 
Fig. 2. Simplification of time-history curve. 

 
Each structure with an assumed single-degree-of-freedom 

has a natural period of vibration (Tn) as shown in (7) [3]. The 
structure has a natural frequency that depends on its stiffness 
(k) and mass (m) as (8). 

 

𝑇௡ =
ଶగ

ఠ೙
  (7) 

 

𝜔௡ = ට
௞

௠
  (8) 

 
The stiffness for slabs can be verified in the reference of 

Clough and Penzien [16] and De Araújo [26], depending on 
the thickness and material properties of the slab. 

Maximum static peak displacement (ust)0 is used to get 
maximum dynamic peak displacement (u0), from the 
maximum peak of the blast load (P0), as (9). 

 

(𝑢௦௧)଴ =
௉బ

௞
  (9) 

 
Deformation response factor (Rd) is applied to get the final 

value of dynamic peak displacement, as (10). 
 

𝑢଴ = 𝑅ௗ(𝑢௦௧)଴  (10) 

 
Rd value can be reached by the curve of the shock spectra 

for triangular pulse (Fig. 3) and depends on the time of 
duration of blast load positive phase and natural period of 
vibration. 
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Fig. 3. Shock spectra for triangular pulse. 

 
Set up for Experimental Test 

 
Four slabs having the same reinforced concrete design with 

dimensions of 1.0 x 1.0 x 0.08 m were subjected to blast in a 
field test program. The concrete compressive strength was 
60 MPa and the reinforcement ratio was 0.25% in two ways. 
Reinforcement was positioned in the bottom face of the slab to 
carry positive moment during the blast load, as can be seen in 
Fig. 4. One of the slabs (Slab 3) was retrofitted on top with 
5.0 cm Styrofoam in order to verify if this foam material has 
an effect on the structural behavior of the slab. 

 

 
Fig. 4. Cross section of the slab. 

 
The slabs were simply supported on two sides and the 

explosive was suspended in 2.0 m above. Scaled distance for 
the tests was 1.4 m/kg1/3. Non-confined cylindrical PBX 
explosive, measuring 20 cm in high and 10.5 cm in diameter, 
was triggered by an electrical fuze on top of the cylinder. The 
set-up is shown in Fig 5. 

 

 
Fig. 5. Test setup. 

 
Plastic non-confined explosives have been widely used for 

blast tests in order to measure blast wave effects [19], [27]. 
The main reason for this is that records from blast effects are 
more reliable when there are no explosive fragments. 

Displacement meters were used to measure the 
displacement of the slab due to the blast waves. They were 
attached to the bottom surface of the slab by a wire emanating 
from a potentiometer that records the upward or downward 

movement of the wire during the explosion. The potentiometer 
was placed in a metallic box to protect it from the blast wave 
and surrounding debris generated during the explosion event. 
A hook was pasted on the lower surface of the slab near the 
mid-span using a two-part epoxy resin. The hook was needed 
to hold the wire in place. Two hooks with two potentiometers 
were attached to increase the likelihood of data collection in 
case there is a failure during the experiment. 

 
III. RESULTS 

 
Explosions near structures, such as the case in this 

experimental test, will experience a reflected pressure (Pr) 
[19], [28], as shown in Fig. 1, developing damages. The 
records of displacement meter showed peaks of incident and 
reflected pressure actions against the slabs as can be seen in 
Fig. 6. First peak of displacement was 18.74 mm and the 
second downward movement produced a total displacement of 
50.41 mm. Predicted displacement values were developed 
with the equations of dynamic load. The first peak was 
compared to predicted u0 with P0 as Pso given by (2) and the 
second peak by (4). Time duration for the first peak was given 
by (6) and for the second peak by (5). The first peak seems to 
be action of incident pressure and the second, reflected 
pressure. The records of displacement meter for all slabs and 
the comparisons can be seen in Table 1. 

 

 
Fig. 6. Record of displacement meter of slab 1. 

 
TABLE I COMPARISON OF PREDICTED AND EXPERIMENTAL 

RESULTS OF MAXIMUM DISPLACEMENT 

Slab 
Pso Pr 

Predicted 
u0 (mm) 

Recorded 
u0 (mm) 

Predicted 
u0 (mm) 

Recorded 
u0 (mm) 

1 
2 
3 
4 

 36.4 
35.5 
38.0 
39.1 

18.74 
22.90 
40.99 
22.22 

58.70 
57.70 
61.00 
65.20 

50.41 
33.34 
71.39 
25.70 

 
It is worth to note that predicted values for three of the four 

slabs were higher than the experimental values. Only in the 
case of slab 3, which was retrofitted with Styrofoam on top, 
the predicted values were less than the experimental value, 
pointing that the foam worked against the protection of the 
target. Fig. 7 shows the comparison of predicted and recorded 
values of displacement with Pso as P0 in the analysis. Results 
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of maximum displacement with Pr as P0 for calculations 
showed more reliable values, as shown in Fig. 8. 

 

 
Fig. 7. Comparison of predicted and recorded maximum displacement with 

Pso as P0. 
 
The average of theoretical displacement values was 

37.25 mm and for recorded value, it was 26.21 mm using Pso 
as P0. Still, using Pr as P0, the average of theoretical and 
recorded values were 60.65 mm and 45.26 mm. 

 

 
Fig. 8. Comparison of predicted and recorded maximum displacement with 

Pr as P0. 
 

Equations for dynamic analysis worked well in predicting 
values of maximum displacement, once the difference of the 
average from predicted values and recorded values for 
reflected pressure was 25%. For incident pressure, this average 
was 30%. For structural dimensioning 40% is a reasonable 
value of load safety coefficient [29]. 

The difference shown in the results of predicted and 
recorded values can be attributed to the slab support 
conditions. The slabs were not fixed, but just supported on two 
sides. In this way, the slabs could move up and down giving a 
lower value of recorded displacement. Equations of time 
duration approaches influenced the differences found in the 
comparisons, as one of them is for explosions in free air and 
the other for explosions on a surface. Equations for predictions 
of pressure are used for spherical shape of explosions, in this 
test, the explosive shape was cylindrical, and it can insert some 
differences in the comparison results. The retrofitting with 
Styrofoam showed that it could actually increase the value of 
displacement. This is in good agreement with observations of 
previous published works [19], [30], [31]. 

 
IV. CONCLUSIONS 

 
Blast tests were carried out to compare experimental to 

predict displacement of the mid-span of four reinforced 
concrete slabs having 60 MPa compressive strength and 0.25% 

reinforcement ratio in two way. The slabs were simply 
supported and subjected to an explosion from a non-confined 
PBX explosive suspended at a stand-off distance of 2.0 m. One 
of the slabs had 5.0 cm Styrofoam retrofit in order to verify if 
it can partially absorb the blast energy. 

The dynamic load analysis presented gives reasonable 
predicted displacement and pressure values when compared to 
experimental tests. Equations of Kingery and Bulmash worked 
very well to predict values of incident pressure and reflected 
pressure. Duration of time prediction worked better with 
equation of Kinney and Graham for td in period of reflected 
pressure and for incident pressure, was the equation of Kingery 
and Bulmash. The maximum displacement prediction using 
SDOF analysis was reasonable close to what was measured 
during the experiments. 

Styrofoam on top of the slab increased the displacement 
recorded, showing that this material could not reduce the 
displacement for the same structure without this retrofit. 

 
REFERENCES 

 
[1] ASCE, Design of blast-resistant buildings in petrochemical facilities, 2nd 

ed. Reston: ASCE, 2010. 

[2] J. Akhavan, The Chemistry of Explosives, 2nd ed. Cambridge: RS.C, 
2004. 

[3] T. Ngo, P. Mendis, A. Gupta, and J. Ramsay, “Blast loading and blast 
effects on structures - An overview,” Electron. J. Struct. Eng., vol. 7, pp. 
76–91, 2007. 

[4] W. C. L. Silva, “Blast – efeitos da onda de choque no ser humano e nas 
estruturas,” Instituto Tecnológico de Aeronáutica, São José dos Campos, 
2007. 

[5] N. Anandavalli, N. Lakshmanan, N. Iyer, A. Prakash, K. 
Ramanjaneyulu, J. Rajasankar, and C. Rajagopal, “Behaviour of a Blast 
Loaded Laced Reinforced Concrete Structure,” Def. Sci. J., vol. 62, no. 
5, pp. 284–289, 2012. 

[6] H. L. Brode, “Numerical solutions of spherical blast waves,” J. Appl. 
Phys., vol. 26, no. 6, pp. 766–775, 1955. 

[7] J. Henrych and G. R. Abrahamson, The Dynamics of Explosion and Its 
Use, 1st ed., vol. 47, no. 1. Amsterdan: Elsevier Ltd, 1979. 

[8] F. B. Mendonça, J. A. F. F. Rocco, K. Iha, and G. S. Urgessa, “Blast 
response of reinforced concrete slab with varying standoff and steel 
reinforcement ratios,” in Proceedings of the 42nd International 
Pyrotechnics Society Seminar, 2016, pp. 291–292. 

[9] F. B. Mendonça, K. Iha, and J. A. F. F. Rocco, “Comparação Entre os 
Critérios de Projeto de Carga de Vento e Efeito Sopro de uma Detonação 
– Caso das Torres de Alta Tensão,” in XVI SIGE, 2014, pp. 23–26. 

[10] C. F. Zhao and J. Y. Chen, “Damage mechanism and mode of square 
reinforced concrete slab subjected to blast loading,” Theor. Appl. Fract. 
Mech., vol. 63–64, pp. 54–62, 2013. 

[11] X. Q. Zhou, V. A. Kuznetsov, H. Hao, and J. Waschl, “Numerical 
prediction of concrete slab response to blast loading,” Int. J. Impact Eng., 
vol. 35, pp. 1186–1200, 2008. 

[12] Y. S. Tai, T. L. Chu, H. T. Hu, and J. Y. Wu, “Dynamic response of a 
reinforced concrete slab subjected to air blast load,” Theor. Appl. Fract. 
Mech., vol. 56, no. 3, pp. 140–147, 2011. 

[13] A. Di Stasio, “JIMTP Strategy and path forward,” in Proceedings of the 
42nd International Pyrotechnics Society Seminar, 2016, pp. 102–105. 

[14] M. Campidelli, A. G. Razaqpur, and S. Foo, “Reliability-based load 
factors for blast design,” Can. J. Civ. Eng., vol. 40, pp. 461–474, 2013. 

[15] Department of Defense, UFC 3-340-02. Structures to resist the effects of 
accidental explosions. USA, 2008, p. 1982. 

[16] R. W. Clough and J. Penzien, Dynamics of structures, 3rd ed., vol. 1. 
Berkeley: Computers & Structures. Inc, 2003. 

[17] A. K. Chopra, Dynamics of Structures—Theory and Applications to 
Earthquake Engineering, 3rd ed., vol. 1. New Jersey: Prentice-Hall, 
2007. 

[18] G. Urgessa and A. Maji, “Dynamic Response of Retrofitted Masonry 
Walls for Blast Loading,” J. Eng. Mech., vol. 136, no. 7, pp. 858–864, 
2010. 

[19] F. B. Mendonça, G. S. Urgessa, and J. A. F. F. Rocco, “Blast Response 

Romildo
Carimbo

LAB-GE
Text Box
ISSN:1983 7402                                                 ITA, 26 a 28 SET de 2017

LAB-GE
Text Box
139



of 60 MPa Reinforced Concrete Slabs Subjected to Non-Confined 
Plastic Explosives,” in Proceedings of Structures Congress 2017 - 
ASCE, 2017, pp. 15–26. 

[20] M. D. Goel, V. A. Matsagar, A. K. Gupta, and S. Marburg, “An abridged 
review of blast wave parameters,” Def. Sci. J., vol. 62, no. 5, pp. 300–
306, 2012. 

[21] F. B. Mendonça, K. Iha, G. F. M. Pinheiro, C. B. Amorim, and J. A. F. 
F. Rocco, “Comportamento de uma laje de concreto armado submetida 
aos efeitos da onda de choque oriunda da detonação de explosivo 
plástico de uso militar,” in XVII Defense Operational Applications 
Symposium, 2015, pp. 154–157. 

[22] C. N. Kingery and G. Bulmash, “Airblast Parameters From TNT 
Spherical Air Bursts and Hemispherical Surface Bursts,” Maryland, 
1984. 

[23] M. M. Swisdak Jr, “Simplified Kingery Airblast Calculations,” Naval 
Surface Warfere Center, Silver Spring, MD, 1994. 

[24] G. F. Kinney and K. J. Graham, Explosive shocks in air, 2 nd. New York: 
Springer Science, 1985. 

[25] D. Kelliher and K. Sutton-Swaby, “Stochastic representation of blast 
load damage in a reinforced concrete building,” Struct. Saf., vol. 34, no. 
1, pp. 407–417, 2012. 

[26] J. M. De Araújo, “Método simplificado para cálculo de lajes maciças 
apoiadas em vigas flexíveis: validação por meio da análise não linear,” 
Teor. e Prática na Eng. Civ., vol. 9, pp. 71–81, 2009. 

[27] M. Netherton, M. G. Stewart, S. J. Buttenshaw, K. Reidy, and B. A. H. 
Rodgers, “Experimental Data from The University of Newcastle's July 
2014 Repeatable Explosive Field Trials,” New South Wales, 2014. 

[28] A. K. Maji, J. P. Brown, and G. S. Urgessa, “Full-Scale Testing and 
Analysis for Blast-Resistant Design,” J. Aerosp. Eng., vol. 21, no. 4, pp. 
217–225, 2008. 

[29] ABNT, NBR 6118/03. Projeto de Estruturas de Concreto - 
Procedimento. Rio de Janeiro, Brasil: NBR 6118/03. Projeto de 
Estruturas de Concreto - Procedimento, 2003, pp. 1–7. 

[30] D. K. Lee and B. J. O’Toole, “Energy absorbing sandwich structures 
under blast loading,” 8th Int. LS-DYNA Users Conf., pp. 13–24, 2004. 

[31] M. J. Mullin and B. J. O’Toole, “Simulation of Energy Absorbing 
Materials in Blast Loaded Structures,” 8th Int. LS-DYNA Users Conf., pp. 
67–80, 2004. 

 
 

 

Romildo
Carimbo

LAB-GE
Text Box
ISSN:1983 7402                                                 ITA, 26 a 28 SET de 2017

LAB-GE
Text Box
140




