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A b s t r a c t  

Unpredictable threat and danger may occur in a structural system due to blast loading. 

Long-span spatial structures are very practical and common in airport terminals, 

exhibition centers, stadiums, and other public buildings. For high-rise and multi-story 

structures, horizontal pressure plays a major role in the level of damage to a structure, 

whereas long-span structures may be influenced by both horizontal and vertical pressure. 

In the current study, the applicability of lead rubber bearing (LRB) has been evaluated 

on a low-rise, long-span structure. The analysis is carried out by using the MATLAB 

Simulink platform. The simulation results indicate that the base isolation system which 

is usually adopted for seismic control of structures can adequately reduce the structural 

responses under blast loadings. 

Keywords: blast, base isolation, simulation, LRB, structural response 

1. INTRODUCTION 

Recently, the world has been facing severe threats due to terrorist activities, 

chemical explosions, and mining. Disasters may happen as a result of using 
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heavy explosives materials. To safeguard structures against these manmade 

hazards, researchers are trying to prevent the damage by using cladding, 

dampers, and isolation methods [11,13,21,24,30]. Concrete structures such as 

beams, columns, and bridges that are exposed to blast loads have been analyzed 

by numerous researchers [14,34,42,45]. It is known that blast loading has high 

intensity and affects a localized part of the structure within milliseconds, 

whereas, seismic loads cause the damage at a smaller intensity but across the 

entire structure for several seconds or more [28].  

Many researchers derived equations to calculate the blast load acting on the front 

wall, rear wall, and roof of a single degree of freedom (SDOF) system. The 

loads acting on the SDOF system are quantified in terms of pressure versus time 

[10,15,26,23,36,38]. The combination of pressure and impulse is known as the 

pressure impulse diagram (PI). It also plays a vital role in assessing the blast 

response in these structures. PI diagrams are used to assess the human response 

and to establish damage criteria for specific organs (e.g. eardrum, lungs, etc.) of 

the human body. The experimental method of finding out blast load response is 

an intricate phenomenon in which the analytical method is used. The procedure 

for plotting the PI diagram using the analytical approach is explained in the 

literature [9,12,25]. 

To analyze the response in seismic structures, the capacity spectrum method has 

been developed [29]. For irregular seismic inelastic structures, multi-mode 

pushover analysis is carried out by considering different load patterns, lateral 

forces, torques, and higher mode shapes [6,7,8,17]. The difference in the 

fundamental frequency of a structural system caused by the earthquake can be 

reduced by using the base isolation technique. The base isolation technique can 

be used in adjacent structures and fault flexible structures exposed to seismic 

force [4,20,19,22]. Base isolation with shape memory alloys is another 

alternative to reduce the response of multi-story buildings [16].  

The dynamic behavior of a liquid storage tank exposed to seismic load has been 

considered as bi-directional. The liquid storage tank was connected to base 

isolation with LRB. The combinations of the liquid storage tank with base 

isolations resulted in increased damping and an improved isolation period of the 

structure [31]. To know the performance behavior of the isolation system under 

near-fault motions, interactions of the structural system were compared with and 

without the sliding base isolation [4,32,33]. 

Many researchers have analyzed the behavior of structural members exposed to 

blast load by considering only vertical pressure causing severe damage 

[24,27,35,37,39,40,41,44]. Few studies are available for the blast loadings on 

combinations of horizontal and vertical pressure on structures. In the present 

study, an attempt was made to analyze the damage caused by the blast load on a 

long span and low-rise structure by considering horizontal and vertical pressure. 
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It was found that the response was considerably reduced with the use of a base 

isolation system (LRB 100). The pressure impulse diagram, story drift ratio, 

lateral force, and inter-story displacement are the results of the present work. 

2. LOW RISE AND LONG SPAN GRID STRUCTURE UNDER 

BLAST LOADING 

Fig.1. represents the elevations of a low-rise long grid structure. It consists of 6 

bays at 4.50m spacing, the height of the ground floor is 4.57m and the remaining 

floor has a height of 3.96m. Tables 1 and 2 represent the dynamic properties and 

blast load parameters of the structural system. The following are the assumptions 

made in the study: 

− Both blast load pressure and ground accelerations are considered. 

− The response is considered in both the X and Y directions. 

− Three mode shapes are considered. 

− The nonlinear dynamic response is considered. 

− The superstructure floors are assumed to be rigid. 

− During blast loading on the structure, no overturning and tilting occur when 

base isolations become active. 

 

 
 

Fig. 1. Elevation of a low-rise and long-span grid structural system [18,43] 
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The following are the governing equations considered for a structural system 

under blast loading [3,4] 

 �M��x� � + �C��x
 � + �K��x� = �P(t)� + g�  (2.1)

 

Where M is the mass of the structure, C is the damping, K is the stiffness, P(t) is 

the pressure due to blast load, and g�  is the ground accelerations, all in matrix 

format. 

 ��(�)� = ����(�) (2.2)

 

Where x(t) is the displacement, Zn is the time-dependent mode shape vector and θ� is a time-dependent scalar vector. 

 (−ω���M�Z� + �K�Z�)θ�(t)  = 0 (2.3)

 

Where ω� is the natural frequency. 

�� = � !"# $ 2&� ''�1 − ''��) (2.4)

 

Where ϕ� is the mode shape vector. 

 

+ = +, -1 − � �./ 0 1"23 34/
 (2.5)

 

Where P is the pressure, Po is the peak overpressure, α is the decay constant, and 

td is the maximum time durations.  

 IA = Impulse per unit area = B p dtDE
F = PGtH I1α − 1α� (1 − e"J)K (2.6)
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Table 1. Physical and Dynamic parameters of the structural system 

No. Parameter Magnitude 

1 Length 4.0m 

2 Width 2.7m 

3 Height 16.45m 

4 Floor 4 

5 Mass 11213kg 

6 Stiffness 21860e3 N/m 

7 Damping 5% 

 

Table 2. Blast load parameters of a structural system 

No. Parameter Magnitude 

1 Range (R) 50.0 m 

2 Scaled distance (Z) 3.73 m/kg1/3 

3 Peak positive pressure (Pso) 74.3 kPa 

4 Time of arrival (ta) 69.0msec 

5 Wavelength (Lw) 12.2m 

6 Negative phase duration (to) 52.2 msec 

7 Positive impulse (is) 1025 kPamsec 

8 Reflected pressure (Pr) 191.1 kPa 

9 Reflected impulse (ir) 2338 kPamsec 

3. BASE ISOLATIONS WITH THE LRB SYSTEM  

Fig.2. represents the configurations for a lead rubber bearing (LRB 100), where 

100 indicates the diameter of the LRB. Fig.3 represents the elevations of the 

low-rise, long-span structural system with LRB 100. It also shows the element 

point located on the plan of the structural system. Tables 3 and 4 represent the 

geometric and dynamic properties of the LRB 100 system. 

 

 

Fig. 2. Configurations of LRB 100: (a) 3D view, (b) A-A section view [43] 
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(a). Elevation 

 
(b). Plan 

Fig. 3. Elevation of a low-rise and long-span grid structural system with LRB 100 [42] 
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Table 3. Geometric Parameters of LRB 100 

No. Parameters Value 

1 Outer diameter of steel plate (D1) 100 mm 

2 Diameter of lead core 14 mm 

3 Thickness of single rubber (t1) 1.2 mm 

4 Number of rubber layers 16 

5 First shape coefficient (S1) 17.9 

6 First shape coefficient (S2) 5.21 

7 Thickness of the steel plate (t2) 2 mm 

8 Diameter of the cover plate (D3) 10000 

9 Thickness of the cover plate (t3) 15 mm 

10 Thickness of connecting plate (t4) 20 mm 

11 Height of LRB (h) 119.2 mm 

Table 4. Dynamic properties of LRB 100 

No. Dynamic Properties Magnitude 

1 Stiffness (k) 29.26 kN/mm 

2 Total yield force (Q) 8.21 kN 

3 Mass 11290 kg 

4 Pre-yield period 0.123 sec 

5 Damping ratio (ξ) 0.02 

 

The following equations are used for the LRB 100  

KL = Q# − Q�X# − X�  (3.1)

QH = (QH# − QH�) 2/  (3.2)

KH = -Q# − QH# X#/ + Q� − QH� X�/ 0 2O  (3.3)

hQR = 2∆WπKL (X# − X�)� (3.4)

 

KV = P� − P#Y� − Y# (3.5)
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Where KL is the equivalent shear stiffness, QH is the yield force, KH is the post 

yielding stiffness, hQR is the equivalent damping ratio, X# and X� are the 

maximum and minimum values of the shear displacement, respectively. QH# and QH� are the positive and negative shear force and shear displacement, 

respectively.  

4.  MULTI-MODE ADAPTIVE PUSHOVER ANALYSIS  

Structural responses of the blast load structure are calculated by using the 

following equations [1]: 

 

f� = α�m∅S[(T�, ς�) (4.1)

 

Where f� = load vector; ∅ = mode shape at nth mode; and S[ = spectral pseudo 

acceleration as a function of the vibration period T�; ς� = damping ratio at nth 

mode; α� = effective modal participating mass ratio 

 

α� = M�∗M∗  (4.2)

 

Where M�∗and M∗ = effective modal mass of the nth mode and the blast mass of 

the structure, respectively 

 

`�∗ = (∅a�bc)�∅a�bc  (4.3)

M�∗ = d me
f

eg#  (4.4)

 

In which me = blast mass of jth floor 
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5. RESULTS AND DISCUSSIONS  

The four-story, long-span, blast load structure has six nodal points being P1, P2, 

P3, P4, P5, and P6 in the study. The responses are calculated by using multi-mode 

adaptive pushover analysis with maximum mode. The analysis is carried out 

using MATLAB Simulink. The energy released during blast load in terms of the 

pressure is used in the analysis, with both horizontal and vertical pressure and 

Impulse considered. The load acting on the structural system is initially at the 

maximum and gradually reduces. The two maximum pressures occurring in the 

structural system are reflected pressure and incident pressure. Impulse is the 

product of time and pressure. The response is calculated by considering all three 

modes with responses being displacement, velocity, accelerations, story drift 

ratio, inter-story displacement, non-dimensional pressure, energy, rate of energy, 

pressure time with different damping, stiffness ratio, pressure impulse curve, and 

peak accelerations, peak velocity, and peak displacement at 6 element points 

along the Y-axis. 
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(a). Pressure time curve 
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(b). Impulse time curve 

Fig. 4. Blast loading time history curve 

The pressure-time curve shown in Fig.4. (a) in which peak reflected pressure and 

incident pressure occur at 290kPa and 235kPa, at 4.5 msec. Fig.4. (b) shows that 

the impulse curve is the input parameter of the structural system exposed to the 

blast load. Fig.5. (a) shows that by using LRB 100, the reductions to maximum 

accelerations occurring on the second floor in the order of 0.33 m/msec
2
 to 0.18 

m/msec2, the third floor in the order of 0.23 m/msec
2
 to 0.11 m/msec

2
, and the 

third floor in the order of 0.22 m/msec
2
 to 0.14 m/msec

2
 are the values of the 

corresponding mode shapes 1,2, and 3. The minimum accelerations occurring on 

the fourth floor in the order of 0.25 m/msec
2
 to 0.12 m/msec

2
, the first floor in 

the order of 0.13 m/msec
2
 to 0.4 m/msec

2
, and first floor of 0.18 m/msec

2
 to 0.1 

m/msec
2
 are the values of the corresponding mode shapes 1,2, and 3.  
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(a). Reductions of accelerations 
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(b). Reductions of velocity 
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(c). Reductions of displacement 

Fig. 5. Reduction of the structural responses 

Fig.5. (b) shows that by using LRB 100, the reductions of maximum velocity 

occurring on the fourth floor in the order of 0.5 m/msec to 0.25 m/msec, the 

fourth floor in the order of 0.4 m/msec to 0.05 m/msec, and the fourth floor of 

0.4 m/msec to 0.2 m/msec are the values of the corresponding mode shapes 1,2, 

and 3, and minimum velocity occurring on the first floor in the order of 0.15 

m/msec to 0.10 m/msec, the first floor in the order of 0.05 m/msec to 0.04 

m/msec, and the first floor in the order of 0.1 m/msec to 0.05 m/msec are the 

values of the corresponding mode shapes 1,2, and 3. Fig.5. (c) shows by using 

LRB 100, the reductions of maximum displacement occurring on the fourth floor 

in the order of 1.3 m to 0.2 m, the fourth floor in the order of 1.2 m to 0.2 m, and 

the fourth floor in the order of 1.2 m to 0.2 m are the values of the corresponding 

mode shapes 1,2, and 3, and the minimum displacement occurring on the first 

floor of 0.1 m to 0.09 m, the first floor of 0.06 m to 0.02 m, and first floor of 0.1 

m to 0.02 m, are the values of the corresponding mode shapes 1,2, and 3.  
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(a). First mode of lateral force 

 
(b). Second mode of lateral force 



PERFORMANCE EVALUATION OF BASE ISOLATION TECHNIQUE ON THE BLAST 

MITIGATION OF SPATIAL STRUCTURES 

147 

 
 

 
Fig. 6. Lateral forces acting on the structural system with different mode shapes 

 

Fig.6. shows the lateral force of 3.8kN, 2.4kN, and 2.9kN at corresponding 1st, 

2nd, and 3rd modes, respectively. Fig.7. shows the reductions of inter-story 

displacement of different modes by using LRB 100; the maximum inter-story 

displacement will be 0.65m for mode 1 and 0.38m for mode 2, and by using the 

LRB, the inter-story displacement is reduced to 0.4m for mode 1 and 0.38m for 

mode 2, the length of time of the inter-story displacement is 0.25msec.  

 

 
Fig. 7. Reduction of inter-story displacement with different mode shapes 
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Fig.8. shows the energy variations with time at different modes; the maximum 

energy occurs at 1st mode and minimum energy occurs at 3rd mode. Fig.9. 

shows the variations of the rate of energy (Impulse) and energy with different 

mode shapes. The maximum rate of energy occurs at 2% of damping and the 

minimum rate of energy occurs at 8% of damping. Fig.10. shows the variations 

of mode shape at different floors. The maximum mode shape occurs at the third 

mode and the minimum mode shape occurs at the second mode. 

 
Fig. 8. Variations of energy with time 

 
Fig. 9. Rate of energy versus energy 



PERFORMANCE EVALUATION OF BASE ISOLATION TECHNIQUE ON THE BLAST 

MITIGATION OF SPATIAL STRUCTURES 

149 

 
 

Fig. 10. Mode shape 

 

Fig. 11. Non-dimensional pressure and time 
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Fig. 12. Normalized impulse curve and degree with different damping ratios 

 

Fig.11. and Fig.12. show that the maximum non-dimensional pressure occurs at 

1st mode and minimum non-dimensional pressure occurs at 2nd mode, 

maximum normalized impulse occurs at 8% damping, and there is a minimum 

4% of damping. The non-dimensional pressure and time curve give the input 

parameter for calculating the response of the structural system and the 

performance of the structural system. The curve below the right corner will be 

the safe load for the structural system by using the LRB and the pressure 

increases from the bare frame to the frame with LRB will not affect damage to 

the structural system. 

 
Fig. (a). Increase of pressure impulse curve by LRB 100 on the second floor 

10 20 30 40 50 60 70 80 90 100

Degree 

5

10

15

20

25

30

 4%

 6%

 8%



PERFORMANCE EVALUATION OF BASE ISOLATION TECHNIQUE ON THE BLAST 

MITIGATION OF SPATIAL STRUCTURES 

151 

 
 

  
Fig. (b). Increase of pressure impulse curve by LRB 100 on the third floor 

Fig. 13. Increase of pressure impulse curve by LRB 100 on the third floor 

 

Fig.13. shows that by using the LRB 100 on the second floor, the pressure is 

increased from 0.5kPa to 1 kPa and the impulse rises from 0.1 Pasec to 1 Pasec, 

on the third floor, the pressure is increased from 0.1 kPa to 1.5 kPa and the 

impulse rises from 0.1 Pasec to 10 Pasec, the structure does not undergo failure. 

Fig.11. shows that mode III has the maximum pressure-time curve with damping 

of 8% and mode I has the minimum pressure-time curve with damping of 6%. 

The damping parameter plays a vital role in reducing the response to the 

structural system.  

 
(a). First mode of pressure time curve 
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(b). Second mode of pressure time curve 

 
(c). Third mode of pressure time curve 

Fig. 14. Pressure time curves with different mode 

 
Fig. 15. Pressure impulse curve with different damping ratio 
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Fig. 16. Pressure impulse curve with different stiffness 

 

Fig.15. shows the pressure impulse curve with different damping ratios, the 

maximum pressure occurs at 6% damping. Fig.16. shows the pressure impulse 

curve with different stiffness, the maximum stiffness occurs at 2500 N/m. The 

pressure impulse curve is one of the main components of the structural system of 

the blast load.  
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Fig. 17. The inter-story drift ratios obtained from single-mode and multi-mode pushover 

analyses 

 

Fig.17 and Fig.18. show the reductions in inter-story drift ratio and mode shape 

resulting from the use of LRB 100. The maximum drift ratio occurs at mode II 
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on the third floor and the minimum story drift ratio is 3.5% for the third floor. 

The minimum drift ratio occurs at 0.5% for the first floor at Mode I. By using 

LRB, the 2nd mode plays a vital role in the reduction of the story drift ratio. 
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Fig. 18. Height distribution of the inter-story drift ratios obtained from single mode and 

multi-mode pushover analysis 
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Fig. 19. Vertical Peak accelerations 
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Fig. 20. Vertical Peak velocity 
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Fig. 21. Vertical Peak displacement 
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Fig. 22. Displacement track occurrence of isolated layer 

 
Figs.19-21 show the reductions in peak vertical displacement by using LRB. The 

maximum acceleration occurs as 0.8 m/msec
2
 and reduces to 0.7 m/msec

2
, the 

maximum velocity occurs as 0.65 m/msec and reduces to 0.35m/msec, and the 

maximum displacement occurs at 1.4 m and reduces to 1 m at elements P1 and 

P6. Fig.22 shows the variations of the displacement along X and Y axes with 

two modes, the maximum displacement occurring along the X-axis is 0.8m and 

minimum displacement is at 0.55m, Y-axis maximum displacement occurs at 

0.3m and minimum at 0.15m. The displacement occurring along the X-axis will 

be more compared to the Y-axis. 

6. CONCLUSIONS 

The current study investigates the long-span, low-rise blast load structure 

response and is calculated by using adaptative modal pushover analysis. The 

horizontal pressure, vertical pressure, and three mode shapes form the input 

parameters of the structural system. The six nodal element points, different 

damping and stiffness are the [output] parameters of the structural system. The 

main outcomes can be summarized as follows based on measured and calculated 

results:  
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− The multi-mode adaptive displacement-based pushover (MADP) analysis 

accurately estimates the blast load of RC moment-resisting frames.  

− The different modes of inelastic mode shape are considered in MADP, also, 

different lateral force patterns are updated in each step of the analysis of a 

structural system. 

− The increase of the blast load intensity on the long-span spatial structure 

with base isolation effectively increases the horizontal basic period, 

damping ratio, and significantly decreases the blast lateral forces. 

− The vertical dynamic response of a base-isolated structure is very small, 

almost negligible. The horizontal acceleration response on a structural 

system with base isolation is significantly more, hence base isolation plays 

a vital role in the reduction of the response of a low-rise structure exposed 

to blast loads. 

− The maximum response occurs in the 1st mode and by using LRB 100, the 

response is reduced by 49%. 

− The maximum lateral force occurs in the 3rd mode. 

− 20% reduction of inter-story displacement occurs in the 1st mode. 

− The level of maximum floor story drift which occurs is high. 

− The maximum response occurred at the P6 node. 
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