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1. Introduction 
 

Several RC panels are designed as an efficient bracing 

system that offers a great potential for both lateral load 

resistance and drift control, however, most of these 

structures are not designed to resist blast loads (Shen et al. 

2010, Ha et al. 2011). These panels might be exposed to 

blast loadings generated either accidentally or hostile by 

terrorist attacks (Ngo et al. 2007). Therefore, the failure of 

those panels could cause great losses in lives and 

infrastructures. Consequently, it is essential to provide a 

clear assessment of the performance and protection levels of 

RC panels under this type of loads.  

Experimental studies had been conducted to investigate 

the behaviour of RC panel under blast loads. The results 

revealed that these loads can result in structural damage in 

the forms of shear and flexural failure, as well as a localized 

crushing, spalling and scabbing damage. As an instance, the 

field test of an RC wall carried by Gebbeken and Ruppert 

(1999), whereas the wall was severely damaged by direct 

shear under a close-in explosion of 6000 kg TNT due to the 

high impact velocity. Ngo (2005) tested the response of 

one-way panel under an average reflected impulse and 

pressure of 2876kPa.ms and 735kPa, respectively. The 

results indicated that the panel failed in a flexural mode 

which was observed from the vertical mid-span crack on the 

front and rear surfaces. Similar failure mode was observed 

by Riedel et al. (2010) during the test of a panel under peak  
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pressure and impulse of 208kPa and 3038kPa.ms, 

respectively. Otherwise, Muszynski and Purcell (2003) 

observed that the tested panel failed in tension failure under 

an explosive charge weight of 830 kg detonated at 14.6m 

standoff distance from the structure. Based on previous test 

results, RC panels may fail with various modes depending 

on the structure and explosion conditions. Therefore, a 

comprehensive evaluation of structural damage should be 

considered taking into account the effects of both the blast 

loading amplitude and duration on structure responses. One 

of the simplest approaches to correlate the duration of blast 

pressure along with its amplitude to reach a particular 

damage level of the structural component is by using 

Pressure-Impulse (P-I) diagrams.  

Several methods such as analytical, numerical and 

experimental had been proposed to develop the P-I 

diagrams of RC members. The single degree of freedom 

(SDOF) method is commonly used to derive the P-I 

diagrams, whereas a computer program FACEDAP (Oswald 

and Marchand 1994) is developed according to this 

approach and widely adopted by scholars. However, one 

challenge is distinguished in utilizing the SDOF approach is 

to acquire a reliable resistance function for a structure due 

to the kinds of resistance function adopted in the derivation 

of the equivalent SDOF system could considerably 

influence on the ultimate response of concrete elements and 

the amount of blast damage (Saadun et al. 2016, Mussa et 

al. 2018). Syed et al. (2006) reported the effects of using 

bilinear and nonlinear resistance functions in the derivation 

of an equivalent SDOF system for RC panels. The results 

showed that the post-peak response is significantly varied 

when different functions are applied. In the same context, 

Shope (2007) utilized a yield line theory to derive P-I 
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diagrams of RC walls. The results revealed a good 

consistency with the P-I diagrams obtained according to 

SDOF method. The SDOF approach is handy to assess the 

behaviour of the structural member under blast loads 

including the combined shear and flexural failure 

(Krauthammer et al. 2008, Hou et al. 2018, Yu et al. 2019). 

Nevertheless, some difficulties are highlighted by using this 

approach in the prediction of localized failure. Recently, the 

numerical approach showed a good capability to give a 

reliable prediction to the behaviour of RC structure under 

blast loads (Mussa et al. 2017, Mutalib et al. 2020). This 

approach does not need to define a resistance function; 

nevertheless, complex dynamic material properties could be 

taken into consideration and various failure modes could be 

detected including crushing and spalling failure that 

considered difficult to be reliably modelled by an equivalent 

SDOF system (Mussa et al. 2018). The numerical approach 

had successfully overcome the limitations of the simplified 

SDOF model (Abbood et al. 2018). Consequently, 

numerous scholars had adopted this approach to study the 

dynamic response of various RC structures such as columns 

(Abedini et al. 2017, Mutalib et al. 2018), slabs (Xia et al. 

2014, Mussa et al. 2020), and walls (Aghdamy et al. 2013, 

Sohn et al. 2014). For panels, Lin et al. (2014) used LS-

Dyna software to study the effects of TNT charge weight, 

standoff distance, panel thickness and steel reinforcement 

ratio on the blast resistance of RC panels. The results 

proved that the deformation of panels can be reduced by 

increasing the panel thickness and the steel reinforcement 

ratio. Christian and Chye (2014) used LS-Dyna to evaluate 

the performance of fibre reinforced plastic (FRP) composite 

panel as compared to a conventional steel concrete steel 

(SCS) panel and an ordinary RC panel. The results proved 

that the combination of FRP and cellular steel sandwich 

could utilize as a blast mitigation panel owing to its high 

energy absorption properties. Lee and Kim (2016) 

conducted a comparative study between blast-resistant of 

steel-plate concrete (SC) and RC panels by using LS-Dyna 

software. The results indicated that the SC panel has a 

superior impact resistance than RC panel; therefore the 

concrete thickness and steel ratio of SC panel was greatly 

reduced as compared with those of the RC panel. Lin and 

Zhang (2016) investigated the effects of FRP thickness, 

retrofitted surface, standoff distance and the charge mass on 

the blast resistance of the RC panel by using LS-Dyna 

software. The results indicated that the increase of FRP 

could significantly decrease the maximum and residual 

deflections of RC panel. In the same context, Mutalib et al. 

(2019) studied the effects of carbon fibre reinforced plastic 

(CFRP) strengthening on the RC panel resistance with and 

without anchoring against blast loads by using LS-Dyna 

software and the numerical outcomes are used to develop 

pressure-impulse (P-I) diagrams. In this field, the numerical 

derivation of P-I diagrams for RC panel subjected to blast 

loads is still limited. Parlin et al. (2014) used experimental 

and numerical approaches to evaluate the blast response of 

lightweight wall panels and developed P-I diagrams 

depending on the maximum deflection damage criterion. 

The pseudo−static bending tests were carried out to 

determine the load-deformation properties of the panel. The 

P-I curves were developed by using both linear and 

nonlinear dynamic analysis and proved that these curves are 

a valuable tool for evaluating the panel damage under a 

variety of blast loads. Moreover, the results revealed that 

the behaviour of the panel’s wall can be represented by a 

nonlinear SDOF model. Shi and Stewart (2015) 

successfully assessed the damage of RC panels exposed to 

blast loading by using the maximum support rotation (𝜃) 

obtained from the LS-DYNA analysis. Three damage levels 

were proposed according to specifications UFC-3-340-02 

(2008). In this study, intensive numerical simulations are 

performed to investigate the dynamic response and develop 

P-I curves and equations for protection and prediction of 

panel damage with different RC wall dimensions, concrete 

strength (𝑓𝑐𝑢) and steel reinforcement ratio (𝜌) subjected to 

various values of blast load. Damage criteria given in 

technical manual UFC-3-340-02 (2008) based on the 

support rotation are used in this study.  
 

 

2. Numerical modelling 
 

2.1 Geometrical details and boundary conditions 
 

The numerical model of RC panel is created by using 

LS-DYNA software (LSTC 2012) according to a field test 

of the unstrengthened RC panel performed by Muszynski 

and Purcell (2003) as shown in Fig. 1. The ground and 

upper slabs, as well as the side concrete columns, are 

modelled, to represent the real scenario of RC panel during 

the field test. Smeared modelling was used to simulate the 

above parts. The nodes at the ground slab, the lower and 

upper column surface as well as on the side edges of the 

upper slab were fixed. An (Automatic Surface To Surface) 

contact is applied between the panel and the surrounded 

structures to avoid the penetration of the damaged panel 

material beneath the floor level. In the case of one-way 

panels, the movement of the nodes along the left and right 

sides of the RC wall was fixed in Y- direction. While in the 

case of two-way panels, the movement of the nodes was 

fixed at all sides of the panel wall in a similar direction. 
 

2.2 Material model 
 

The concrete with compressive strength of 30MPa is 

modelled by using the material model (72Rel3) available in 

LS-DYNA software with (MAT_Add_Erosion) (LSTC 

2012). Previous studies showed that the use of a material 

model (72Rel3) provides an accurate and reliable prediction 

for the concrete structure behaviour under blast load 

(Malvar et al. 1997, Yonten et al. 2002). While material 

model 24 (MAT_Piecewise_Linear_Plasticity) is adopted to 

model the reinforcement steel which defined as an elastic-

plastic material model that allows the user to input effective 

stress versus effective plastic strain curve and defining the 

strain rate effect on the yield stress (LSTC 2012). The 

material properties of steel reinforcement are shown in 

Table 1.  

The results of convergence test demonstrated that the 

simulation of concrete via solid elements with a mesh size 

of (25 × 25 × 25)mm, and steel reinforcement by beam 
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Table 1 Material properties of steel reinforcement  

Properties Concrete Reinforcement 

Mass density (kg/m3) 2400 7800 

Young modulus (GPa) 29 200 

Poisson's ratio 0.2 0.3 

Compressive strength (MPa) 30 - 

Yield stress (MPa) - 415 

 

 

elements (2 × 2) Gauss quadrature integration with a mesh 

size of 25mm long (2-node Hughes-Liu) gave an accurate 

and reliable prediction for the behaviour of RC panels under 

blast load. In the current study, the bond-slip between 

reinforcement bars and concrete as defined by using 

CONTACT 1D. The bond between the steel bar and 

concrete is assumed as an elastic-plastic relation and the 

maximum shear stress(𝜏 𝑚𝑎𝑥)is calculated as follows: 

𝜏𝑚𝑎𝑥 = 𝐺𝑠𝑢𝑚𝑎𝑥𝑒−ℎ𝑑𝑚𝑔𝐷 (1) 

where 𝐺𝑠  is the bond shear modulus, 𝑢𝑚𝑎𝑥  is the 

maximum elastic slip, ℎ𝑑𝑚𝑔 is the damage curve exponent, 

and 𝐷 is the damage parameter defined as the summation 

of the absolute values of the plastic displacement 

increments. Shi et al. (2009) conducted a series of 

parametric analysis and concluded that the effect of ℎ𝑑𝑚𝑔    

 

 

and 𝐷 values is insignificant and might be ignored. In this 

study, 𝐺𝑠 and 𝑢𝑚𝑎𝑥 are taken as 20MPa/mm and 1.0mm, 

respectively, according to the recommendations proposed 

by Shi et al. (2009). The yield strength ( 𝑓𝑦 ) of 

reinforcement steel is assumed to be 550MPa in the 

analysis. When different yield strength is used, the Equation 

(2) can be utilized to calculate the equivalent steel area 

(𝐴𝑠𝑒): 

𝐴𝑠𝑒 =
𝑓𝑦

550
𝐴𝑠 (2) 

The Dynamic Increase Factor (DIF) of concrete in 

tension and compression were defined by using empirical 

equations of Malvar and Ross (1998) and CEB-FIP (1993) 
model, respectively. While for steel, the equation proposed 

by Malvar (1998) is utilized as shown in Fig. 2.  
 

2.3 Simulation of blast loading 
 

An explosive charge weight (𝑊) of 830 kg TNT is 

exploded at a standoff distance (𝑅) of 14.6 m from the 

structure during the field test carried by Muszynski and 

Purcell (2003). In this study, the negative phase of blast 

load is ignored and the positive phase is idealized as a 

triangular load. UFC-3-340-02 (2008) provided charts to 

determine the peak pressure and duration of blast load  

 
(a) Field test  

 
(b) Numerical model (Unstrengthened RC panel) 

Fig. 1 Geometrical details  

Locations of recorded 
displacement  

(2700 × 2500 × 150) mm 

Upper Slab 
(2700 × 2500 × 200) m 

Side Wall 

(2700 × 2500 × 150) mm 

Ground Slab 

(2700 × 2500 × 200) mm 

RC Wall 
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Fig. 3 Segmentation of RC panel to calculate the time history of 

blast load 

 

 

acting on the structures in terms of the scaled distance (𝑍 =
𝑅/𝑊1/3) and incident angle. Wu and Hao (2005) proved 

that the assumption of uniform pressure acting on the whole 

RC wall could cause a significant error when the scaled 

distance is less than 2. Hence, the wall of RC panels is 

divided into segments to calculate the pressure-time history 

of blast load as shown in Fig. 3. 

The smaller segmentation is the most preferable to 

increase the estimation accuracy of blast pressure, however, 

too many segments might increase the computation time 

and cost. The pressure of blast load within each segment is 

considered a uniform and calculated via considered the 

centre point of the segment as a reference point in 

determining the stand-off distance and incident angle. 
 

 

3. Validation of the numerical models  
 

The accuracy of the numerical model was validated with 

the available field data of an RC panel tested under blast 

load by Muszynski and Purcell (2003). Two RC panels with 

and without CFRP strengthening were tested. In this paper, 

 

Table 2 Residual displacement of unstrengthened RC Panel 

Locations 
Displacement (mm) |Differences| 

(%) Experimental  Numerical 

𝐷1 25 26 4 

𝐷2 34 28 18 

𝐷3 39 29 26 

𝐸1 30 39 30 

𝐸2 52 67 29 

𝐸3 52 50 4 

𝐹1 22 22 0 

𝐹2 36 29 19 

𝐹3 39 26 33 

Average 36.556 35.111 4 

Std. deviation 9.912 13.812 - 

𝐶𝑉 0.271 0.393 - 

 
 

only the unstrengthened RC panel is simulated with 
dimensions of (2700 × 2500) mm reinforced by 9mm rebar 
at 300mm centre to centre spacing in both directions. Figure 
4 and Table 2 showed a notable consistent between the 
numerical and experimental results in term of displacement 
at most of the investigated locations with an absolute 
average error of 4%. The obtained results revealed the 
capability of the numerical methods to determine the 
complex response of RC panels exposed to detonations 
within a short time and less cost. Furthermore, flexural 
cracks developed at the middle span towards the corner of 
the panel wall are observed during the numerical analysis, 
which is identical to those observed during the experimental 
test as shown in Fig. 4. This observation further confirms 
the reliability of the numerical model to predict the dynamic 
response of RC panels subjected to blast loads. 

 

 
4. The failure mechanism of RC panels under blast 
loads  
 

In 1973s, Mendes and Opat (1973) reported that 

clamped plates and beams could fail in three modes – large 

inelastic deformation (Mode I), tearing (tensile failure) in 

 
Fig. 2 DIF curves of concrete and steel reinforcement 
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outer fibres or over the support (Mode II) and transverse 

shear failure (Mode III). The above failure modes were 

observed during the previous experimental tests conducted 

on circular and square steel plates (Krajcinovic 1972, 

Teeling-Smith and Nurick 1991, Olson et al. 1993, Nurick 

and Shave 1996, Mutalib et al. 2018). The RC panel might 

be damaged via a localized crushing or spalling when the 

explosion has occurred close to the structure. Otherwise, the 

panels are failed in similar patterns to those observed in 

case of steel plate. The failure mechanism of RC panels 

does not depend only on the pressure and duration of the 

blast loads but also depends on the boundary conditions and 

material properties of the panel. At the impulsive domain, 

the shear failure of the column was governed, while the 

flexural stress has no time to develop. On the other hand, 

the reduction of blast pressure value within the dynamic 

region domain and increase its impulse value resulted to 

appear the flexural failure, hence, a combination of shear 

and flexural failure of a column is observed at this region.  

At the quasi-static domain, the column is likely failed by 

flexural because of the peak pressure of blast load small but 

has a long duration.  

 

 

Figure 5 showed that the failure mechanism might be 

varied in case of RC panels owing to the size of the panel 

surface to structure depth is comparatively higher than the 

RC column. Whereas, the shear failure (Mode I) of one-and 

two-way panels occurred at the impulsive region of 

15000kpa and impulse of 2000 and 2400kpa.ms, 

respectively.  
The reduction of blast pressure caused a clear decrease 

in shear failure and an obvious rise of flexural damage. 

Accordingly, both panels are failed by a combination of 

shear and flexural failure (Mode II) at a pressure of 

5000kpa and impulses of 2100 and 3000kpa.ms, 

respectively. At the dynamic region, the deformation of both 

panels due to shear started to diminish and the flexural 

deflection becomes dominant owing to the negative bending 

moment and the absence of reinforcement in the front side 

of the panel. Thus, both panels suffered a predominantly 

flexural failure with tearing at the support (Mode III) when 

the pressure is reduced to 1000kpa and the impulse is 

increased to 2500 and 4500kpa.ms, respectively. The 

displacement at the midpoint of the one- and the two-way  

 

 

 

   

(a) Field test (b) Numerical analysis 

Fig. 4 Comparison of displacement contours and crack patterns after blasting 
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Fig. 5 Failure modes of one-and two-way RC panels after blasting 
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Table 3 Damage criteria of (UFC-3-340-02 2008) 

Support Rotation () Damage Level 

 < 2 Low damage (LD) 

2 ≤  ≤ 4 Medium damage (MD) 

 > 12 Severe damage (SD) 

 

 

panels decrease within the quasi-static region when the 

pressure of detonation is further reduced to 125 and 230kpa, 

respectively, with the impulse of 15000kpa.ms, whereas the 

residual velocity caused an obvious transverse shear failure 

(Mode IV) at the support. The main difference between 

shear failure and transverse shear failure is the existence of 

the bending moment. The panel failed by shear when the 

moment did not induce, otherwise, the presence of bending 

moment resulted in normal stress as well as transverse shear 

stress which was greater than normal stress and resulted in 

panel failure at the support. 
 

 
 

5. Damage criteria 
 

Easy and appropriate damage criteria have to be utilized 

in the assessment of RC panels according to numerical 

results. FACEDAP (Oswald and Marchand 1994) stated that 

the damage can be evaluated in terms of qualitative and 

quantitative damage. However, the criterion of qualitative 

damage mainly relies on the reusable and repairable ability 

of the structure which is not easy to be determined by 

numerical analysis. On the other hand, the quantitative 

damage criteria considered more flexible and usually 

defined according to yield deflection at mid-span of the 

structural member. In the same context, UFC-3-340-02 

(2008) used the quantitative damage and defined the criteria 

based on the support rotation () of the members as shown 

in Table 3.  

Shope (2007) used the maximum deflection ( 𝛿 ) 

corresponding to the support rotation (𝜃) to describe the 

damage level by using the following equation: 

𝛿 =
𝑏

2
tan 𝜃 (3) 

 where 𝑏 is the shortest panel span. In the current study, 

the value of (𝛿) is set to be the maximum mid-height 

deflection of the RC panel obtained from the numerical 

analysis to define the damage levels of P-I diagrams based 

on UFC-3-340-02 (2008) criteria. 
 
 

6. Development of P-I diagrams  
 

Several numerical simulations were performed by using 

LS-Dyna software to construct the P-I curves of one- and 

two-way RC panels corresponding to the damage levels 

suggested via UFC-3-340-02 (2008) under several 

magnitudes of blast load. During the simulation of one-way 

panels, the two sides of RC wall with depths of 150 and 

200mm and steel ratios of 0.014 and 0.009, respectively, 

were clamped. While in the case of two-way panels, the 

four sides of the RC wall with width to height ratio of 0.6 to 

1.4 were clamped.  

Table 4 Parameters of Equation (4) for one-way panels (P1 

and P2) 

panel Damage level 𝑃Ο (𝑘𝑃𝑎) 𝐼Ο (𝑘𝑃𝑎) 𝐴 𝛽 

P1 

LD 100 1400 0.25 2.07 

MD 100 1500 0.25 2.06 

SD 100 1700 0.25 2.05 

P2 

LD 305 2000 0.25 2.19 

MD 305 2500 0.25 2.16 

SD 305 2800 0.25 2.14 

 

Table 5 Parameters of Equation (4) for two-way panels (P3 

and P4) 

Panel Damage level 𝑃Ο (𝑘𝑃𝑎) 𝐼Ο (𝑘𝑃𝑎) 𝐴 𝛽 

P3 

LD 220 1600 0.25 2.07 

MD 220 2100 0.25 2.05 

SD 220 2800 0.25 2.03 

P4 

LD 520 2650 0.25 2.13 

MD 520 2900 0.25 2.13 

SD 520 3700 0.25 2.12 

 

Figures 6 and 7 showed the good ability of the 

constructed curves to predict the damage levels of both 

panels within the dynamic region since the flexural failure 

is mainly dominated at this domain. However, the reliability 

of these curves was decreased when the blast pressure 

values within a quasi-static domain owing to the transverse 

shear failure of the panel is governed at this domain, while 

the adopted damage criteria of UFC-3-340-02 (2008) is 

based on the flexural deflection at the mid-span. Therefore, 

the P-I diagrams are converged to the same pressure 

asymptotes towards the quasi-static region as shown in 

Figs. 6 and 7. Scherbatiuk et al. (2008) observed a similar 

phenomenon during the numerical analysis of rigid-body 

rotation model, whereas all the P-I curves were converted to 

the same value at the quasi-static region due to the absence 

of a proper solution for a perfectly ideal step load that could 

allow the wall to acquire a maximum rotation between no 

rotations and complete overturning. Furthermore, the 

pressure capacity of the two-way panel was considerably 

higher as compared to the one-way panel within a 

comparable impulse asymptote. 

An intensive empirical study was carried out to 

determine the best fitting for the numerical P-I curves of 

one-and two-way panels. The study revealed that these 

curves can be expressed analytically by a hyperbolic 

equation which is also been adopted via previous studies for 

columns and slabs (Oswald and Marchand 1994, Shope 

2007, Shi et al. 2008, Mutalib and Hao 2011): 

(𝑃 − 𝑃𝛰)(𝐼 − 𝐼𝛰) = 𝐴 (
𝑃𝛰

2
+

𝐼𝛰

2
)

𝛽

 (4) 

where PO and IO are the pressure and impulse asymptotes, 

respectively, 𝐴 and 𝛽 are constants determined via the best 

fitting method and mainly depend on the RC panel 

configuration and degree of damage as shown in Tables 4 

and 5. The tendency of 𝐴 and 𝛽 coefficients for two-way 

RC panel are consistent with those observed by Shope 

(2007) that revealed the reliability of the proposed equation. 

The outcomes revealed a good agreement among the curves 

constructed by the numerical approach and empirical 

Equation (4) as described in Figs. 6 and 7. 
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4. Parametric studies 

 

 

 

  
(a) P1 (b) P2 

Fig. 6 P-I curves of one-way panels 

  
(a) P3 (b) P4 

Fig. 7 P-I curves of two-way panels 

 
Fig. 8 Main variables in panel dimension during parametric studies 
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Intensive parametric studies are carried out to 

investigate the effects of panel RC wall dimensions (height 

(ℎ), width (𝑏) and depth (𝑑)), concrete strength (𝑓𝑐𝑢) and 

steel ratio (𝜌) on the dynamic response of RC panels as 

shown in Fig. 8. The numerical results are used to formulate 

empirical equations that could be easily used to estimate the 

pressure (𝑃Ο) and impulse (𝐼Ο) of one- and two-way RC 

panels have different values of above parameters. 

 

7.1 Dimensions of Panel Wall  

 

The one-and two-way RC panels with wall depths of 

125, 200 and 250mm at the same panel width and height of 

2500 and 2700mm, respectively, with concrete strength of 

30MPa and steel bar diameter of 9mm, were analysed in the 

present study as shown in Table 6. The outcomes revealed 

that the resistance capacity of the panel to blast load is 

significantly improved by increasing its wall depth at the 

studied damage regions. The maximum increment of the 

pressure and impulse capacity is observed at a medium 

damage zone for both types of panels at a depth of 250mm 

by 410 and 80% in case of a one-way panel, respectively, as 

well as 250 and 71% in case of two-way panels as 

compared with a depth of 125 mm. The one-and two-way 

RC panels with a wall height of 2700, 3300, and 4000mm at  

 

 

the same panel width and depth of 2500 and 125mm, 

respectively, with concrete strength of 30MPa and steel bar 

radius of 9mm, were analysed in the present study as shown 

in Table 7. In the same context, three wall widths of 2500, 

3400 and 4000mm with a wall height of 2700mm were also 

examined at a similar wall depth, concrete strength and steel 

ratio shown above to investigate its effects on the panel 

behaviour as described in Table 8. The results indicated that 

the resistance capacity of the panel to blast load is reduced 

by increasing its wall height and width at all the studied 

damage zones owing to increase the ratio of the panel span 

to the effective depth and blast load acting on the panel, 

therefore a significant boost in the deflection was noted. 

The maximum reduction was observed at the severe damage 

zone in both types of panel particularly with increased of 

one-way panel height to 4000mm by 233 and 23% for 

pressure and impulse, respectively, as compared with height 

2700mm.  
 

7.2 Effect of concrete strength (𝒇𝒄𝒖) 

 

The strength of concrete utilized in the construction of 

panel considerably contributed to the shear and ultimate 

flexural resistance capacity of the panel. Therefore, the one- 

and two-way RC panels with concrete strength of 25, 30  

Table 6 Effect of panel depth (𝑑) on the pressure and impulse of one- and two-way RC panels 

Panel type 𝑑 (mm) 
LD MD SD 

𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 

 

One-way 

 

125 100 1400 100 1500 100 1700 

200 305 2000 305 2500 305 2800 

250 470 2300 510 2700 510 2900 

Two-way 

125 220 1600 220 2100 220 2800 

200 520 2650 520 2900 520 3700 

250 720 2800 770 3600 770 4200 

Other parameters: 𝑏=2500mm, ℎ =2700mm, 𝑓𝑐𝑢=30MPa and ∅=9mm 

Table 7 Effect of panel height (ℎ) on the pressure and impulse capacity of one- and two-way RC panels 

Panel  ℎ (mm) 
LD MD SD 

𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 

 

One-way 

 

2700 100 1400 100 1500 100 1700 

3300 50 1350 50 1420 50 1500 

4000 30 1280 30 1380 30 1380 

Two-way 

2700 220 1600 220 2100 220 2800 

3300 160 1500 160 1800 160 2350 

4000 140 1205 140 1600 140 2200 

Other parameters: 𝑏=2500mm, 𝑑=125mm, 𝑓𝑐𝑢=30MPa and ∅=9mm 

Table 8 Effect of panel width (𝑏) on the pressure and impulse capacity of one- and two-way RC panels 

Panel type 𝑏 (mm) 
LD MD SD 

𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο(𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 

 

One-way 

 

2500 100 1400 100 1500 100 1700 

3400 90 1360 90 1450 90 1510 

4000 85 1300 85 1400 85 1470 

Two-way 

2500 220 1600 220 2100 220 2800 

3400 170 1400 170 1800 170 2300 

4000 150 1300 150 1600 150 2200 

Other parameters: ℎ=2700mm, 𝑑=125mm, 𝑓𝑐𝑢=30MPa and ∅=9mm 
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and 35MPa, respectively, were modelled in the current 

study to evaluate its effects as shown in Table 9. The results 

demonstrated a notable increase in the panel capacity 

particularly in term of impulse with maximum increase 

recorded at a low damage zone of one-way with concrete 

strength of 35MPa by 59% as compared to a concrete 

strength of 25MPa. Similar remarks were observed by prior 

studies (Christian and Chye 2014, Lin et al. 2014, Mussa 

and Mutalib 2018). 

 

7.3 Effect of steel reinforcement ratio (𝝆) 

 

Prior studies revealed that the ratio of steel 

reinforcement has an effective influence on the blast-

resistant capacity of the structural member (Lin et al. 2014) 

. Hence, different steel ratios of 0.0015, 0.0035 and 0.0111 

calculated according to concrete volume in both directions 

with bars diameter of 6, 9 and 16mm, respectively, were 

examined to determine its effect on the behaviour of one- 

and two-way RC panels as given in Table 10. The results 

indicated that the increase of steel ratio could significantly 

improve the blast-resistant of the panel especially in term of 

impulse capacity as noted at severe and medium damage 

zones of one-and two-way panels with steel ratio of 0.0111 

by 72 and 39%, respectively, as compared to the steel ratio 

of 0.0015. 
 

 

8. Formulation of P-I diagrams equations  
 

Empirical formulae are derived to predict the P-I 

diagrams of one- and two-way RC panels with different 

panel dimensions, concrete strength and steel reinforcement  

 

 

ratio at different damage levels by using the least-squares 

fitting method. The value of constant (𝐴) was found to be 

0.25 to achieve an accurate prediction for the P-I diagrams 

of one- and two-way RC panel as described below. A 

similar approach was adopted by prior study (Shope 2007). 

 

8.1 One-way panel  

 

The value of constant (𝛽 ) was considerably varied 

according to parametric studies results and mainly 

depended on the pressure and impulse asymptotes as 

follows:  

𝛽 = 1.37 + 7.4 × 10−4𝑃𝛰 +
2.87×103

𝐼𝛰
−

4.45×106

𝐼𝛰
2 +

2.49×109

𝐼𝛰
3   

(5) 

𝛽 ≥ 2 for the one-way panel. 

Based on numerical results and least-squares fitting, the 

pressure (𝑃Ο) and impulse (𝐼Ο) at different damage levels 

are calculated as follows: 

𝑃𝑂(𝐿𝐷) = 4.5𝑓𝑐𝑢 + 3.06𝑑 − 0.00264𝑏 − 0.0415ℎ
+ 890.06𝜌 − 309.193 (6) 

𝐼𝑂(𝐿𝐷) = 96𝑓𝑐𝑢 + 8.54𝑑 − 0.0529𝑏 − 0.0552ℎ
+ 7716.8𝜌 − 2365.31 (7) 

𝑃𝑂(𝑀𝐷) = 4.5𝑓𝑐𝑢 + 3.06𝑑 − 0.00264𝑏 − 0.0415ℎ
+ 890.06𝜌 − 309.193 (8) 

Table 9 Effect of concrete strength (𝑓𝑐𝑢) on the pressure and impulse of one- and two-way RC panels 

Panel type 𝑓𝑐𝑢 (MPa) 
LD MD SD 

𝑃Ο (𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο (𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο (𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 

 

One-way 

 

25 275 1640 275 2300 275 2500 

30 305 2000 305 2500 305 2800 

35 320 2600 320 3000 320 3500 

Two-way 

25 480 2400 500 2500 500 3500 

30 520 2650 520 2900 520 3700 

35 520 3200 550 3500 550 4000 

Other parameters: 𝑏=2500mm, ℎ=2700mm, 𝑑=200mm and ∅=9mm 

Table 10 Effect of steel reinforcement ratio (ρ) on the pressure and impulse of one- and two-way RC panels 

Panel type 𝜌 
LD MD SD 

𝑃Ο (𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο (𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 𝑃Ο (𝑘𝑃𝑎) 𝐼Ο(𝑘𝑃𝑎. 𝑚𝑠) 

 

One-way 

 

0.0015 90 1300 90 1410 90 1510 

0.0035 100 1400 100 1500 100 1800 

0.0111 110 1650 110 2090 110 2600 

Two-way 

0.0015 190 1400 200 1800 208 2300 

0.0035 220 1600 220 2100 220 2800 

0.0111 230 1900 230 2500 230 2900 

Other parameters: 𝑏=2500mm, ℎ=2700mm, 𝑑=125mm and 𝑓𝑐𝑢=30MPa 
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𝐼𝑂(𝑀𝐷) = 70𝑓𝑐𝑢 + 12.859𝑑 − 0.065𝑏 − 0.067ℎ
+ 16395.28𝜌 − 2041.896 (9) 

𝑃𝑂(𝑆𝐷) = 4.5𝑓𝑐𝑢 + 3.049𝑑 − 0.0032𝑏 − 0.042ℎ
+ 605.32𝜌 − 303.086 (10) 

𝐼𝑂(𝑆𝐷) = 100𝑓𝑐𝑢 + 14.187𝑑 − 0.174𝑏 − 0.188ℎ
+ 25631.67𝜌 − 2142.363 (11) 

where 𝑃Ο  in kPa, 𝐼Ο  in kPa.ms, 𝑓𝑐𝑢  in MPa, and ℎ , 𝑏 

and 𝑑 in mm. The accuracy of the proposed formula was 

validated with the numerical results of RC panel (P1) as 

shown in Table 11 and Fig. 9. The results proved the high 

accuracy of the proposed formulae to predict the P-I curves 

of one-way RC panel at different damage levels within 

maximum absolute error in pressure and impulse by 7 and 

8%, respectively, as compared with the numerical approach. 

It should be noted that the equivalent steel area (𝐴𝑠𝑒 ) 

defined in Equation 2 has to be used when calculating the 

respective reinforcement ratio.  
 

8.2 Two-way panel  

  

Similarly, the (𝛽) value for the two-way panel is derived 

as: 

𝛽 = 2.24 − 38𝑃𝛰 −
4.84×102

𝐼𝛰
+

1.42×106

𝐼𝛰
2 −

1.03×109

𝐼𝛰
3   (12) 

𝛽 ≥ 2 

The empirical formulae for the 𝑃Ο and 𝐼Ο at different 

damage levels are given below, in which 𝐼Ο in kPa. ms 

and 𝑃Ο in kPa and ℎ, 𝑏 and 𝑑 in mm: 

 

𝑃𝑂(𝐿𝐷) = 4.0𝑓𝑐𝑢 + 4.058𝑑 − 0.0477𝑏 − 0.04903ℎ
+ 715.048𝜌 − 173.997 (13) 

𝐼𝑂(𝐿𝐷) = 80𝑓𝑐𝑢 + 13.059𝑑 − 0.236𝑏 − 0.222ℎ
+ 9028.10𝜌 − 1339.340 (14) 

𝑃𝑂(𝑀𝐷) = 5.0𝑓𝑐𝑢 + 4.319𝑑 − 0.04781𝑏 − 0.04912ℎ
+ 672.996𝜌 − 235.585 (15) 

𝐼𝑂(𝑀𝐷) = 100𝑓𝑐𝑢 + 13.095𝑑 − 0.297𝑏 − 0.251ℎ
+ 15099.892𝜌 − 1364.789 (16) 

𝑃𝑂(𝑆𝐷) = 5.0𝑓𝑐𝑢 + 4.296𝑑 − 0.04954𝑏 − 0.05067ℎ
+ 582.33𝜌 − 221.37 (17) 

𝐼𝑂(𝑆𝐷) = 50𝑓𝑐𝑢 + 13.535𝑑 − 0.39574𝑏 − 0.32525ℎ
+ 8674.34𝜌 − 1269.21 (18) 

Table 12 and Fig. 10 proved the capability of the 

proposed empirical formula to predict the P-I diagrams of 

two-way RC panel (P3) within maximum absolute error in 

pressure and impulse by 7 and 9%, respectively. 

Accordingly, the proposed equations will significantly help 

the designers in prediction the damage level of RC panels 

within a high accuracy to provide an appropriate protection 

for these structures under blast loads. 

 

6. Conclusion 
 

A numerical model is developed to predict the dynamic 

response and damage of RC panels under blast loading. The  

Table 11 Comparison between the results of numerical and proposed equations to calculate the pressure and impulse of one-

way RC panel (P1) 

Panel Results 

LD MD SD 

𝑃Ο  

(𝑘𝑃𝑎) 

𝐼Ο 

(𝑘𝑃𝑎. 𝑚𝑠) 

𝑃Ο  

(𝑘𝑃𝑎) 

𝐼Ο 

(𝑘𝑃𝑎. 𝑚𝑠) 

𝑃Ο  

(𝑘𝑃𝑎) 

𝐼Ο 

(𝑘𝑃𝑎. 𝑚𝑠) 

P1 

Numerical 100 1400 100 1500 100 1700 

Proposed Formula 93 1328 93 1380 93 1777 

𝐸𝑟𝑟𝑜𝑟 = |
𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑−𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙

𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙
| × 100  7 5 7 8 7 5 

Other parameters: 𝑏=2500mm, ℎ=2700mm, 𝑑=125mm, 𝑓𝑐𝑢=30MPa, ∅=9mm 

 

Table 12 Comparison between the results of numerical and proposed equations to calculate the pressure and impulse of two-

way RC panel (P3)   

Panel Results 

LD MD SD 

𝑃Ο  

(𝑘𝑃𝑎) 

𝐼Ο 

(𝑘𝑃𝑎. 𝑚𝑠) 

𝑃Ο  

(𝑘𝑃𝑎) 

𝐼Ο 

(𝑘𝑃𝑎. 𝑚𝑠) 

𝑃Ο  

(𝑘𝑃𝑎) 

𝐼Ο 

(𝑘𝑃𝑎. 𝑚𝑠) 

P3 

Numerical  220 1600 220 2100 220 2800 

Proposed Formula  204 1536 204 1905 207 2624 

𝐸𝑟𝑟𝑜𝑟 = |
𝑃𝑟𝑜𝑝𝑜𝑠𝑒𝑑−𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙

𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙
| × 100  7 4 7 9 6 6 

Other parameters: 𝑏=2500mm, ℎ=2700mm, 𝑑=125mm, 𝑓𝑐𝑢=30MPa, ∅=9mm 
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accuracy of this model is verified with previous 

experimental test and revealed a good consistency in terms 

of displacement and failure at most the investigated 

locations with an absolute average error of 4%. The 

mechanism analysis of failure indicated that the one- and 

two-way RC panel might be failed within four modes. The 

shear failure was dominant at the impulsive region in both 

panel cases within a blast pressure of 15000kpa and an 

impulse range of 2000 to 2400kpa.ms. The flexural damage 

of panel is started to appear via decrease of blast pressure 

and increase its impulse, where a combination of shear and 

flexural failure was observed at a pressure of 5000kpa and 

an impulse range of 2100 to 3000kpa.ms. The flexural 

deflection is totally governed by the dynamic region at the 

blast pressure of 1000kpa and an impulse range of 2500 to 

4500kpa.ms. An obvious transverse shear failure at the 

support was observed at the quasi-static region when the 

pressure is further decreased to a range of 125 to 230kpa 

and the blast impulse is increased to 15000kpa.ms. The 

empirical study proved that the hyperbolic equation is the 

most appropriate to predict the P-I curves of one- and two 

way RC panels within identical damage levels as stated by 

 

 

UFC-3-340-02 (2008). The parametric studies results 

proved that the dimensions of the panel RC wall, concrete 

strength, and steel reinforcement ratio could considerably 

affect the blast resistance capacity of the panel. Therefore, 

empirical formulae were proposed in terms of the above 

parameters to predict the P-I curve of the one- and two-way 

panels within a high accuracy as compared with numerical 

results. The proposed equations will provide the designers 

with significant information about panel safety under 

different blast loads. 
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