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Abstract 

Structures, when subjected to nonlinear dynamic loading, drastically affect the structure’s physical properties. The structural failure occurred at 
the critical points of weakness during the earthquake. These structural weaknesses observed in irregular structures are mainly due to the improper 
distribution of mass, geometry and stiffness. Architects usually prefer irregular buildings for the aesthetics point of view. These irregular structures 
are more vulnerable to dynamic loading. On the other hand, the devastating failure due to bomb blast is also the concern for the study as many 
vital structures collapsed because of the terrorist attack. Such failures need to be checked by studying the performance of building under the 
earthquake and blast loading. The objectives of this paper are to compare the peak responses at each storey level of mass irregular space frame 
structure to the dynamic effect. Firstly, Time History of the Northridge earthquake spectra with Peak Ground Acceleration (P.G.A.) =8.660 m/s2 
= 0.883g at 9.82 seconds considered and analysed. Secondly, blast material [1] composed of two different charge weights [2] 1000 kg TNT and 
2500 kg TNT at a distance of 10m was considered. For responses to the structure, the most advanced numerical tool viz., Applied Element Method 
(AEM) has been used. It is concluded that the amplitude of Northridge earthquake’s maximum x-displacement at the terrace level is closer to 
maximum x-displacement for the blast load of 2500kg TNT but the time of occurrence was changed abruptly, i.e., Northridge earthquake maximum 
displacement occurs at the duration of nearly 10 sec, but the maximum displacement of blast load of 2500kg TNT is occurring almost at 0.2 sec, 
i.e., 50 times quicker in occurrence.  
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1. Introduction 

Studies of structure collapse for high magnitude 
earthquakes and large blast charges kept by terrorists are very 
vital to reduce the deaths. Initially, the small structure 
displacements can be observed, followed by large 
displacements at each level before the collapse. In the small 
displacement range, structure geometry changes can be 
neglected during loading. The primary reason for structural 
failure is because of buckling of columns can only be detected 
by the theory of large displacement. 

The popular numerical tool, i.e. Finite Element Method 
(FEM) has been considered for studying the behaviour of 
structural buckling. By using this tool, the buckling mode for 
the load, and also the behaviour of post-buckling can be 
followed. Unfortunately, the FEM has problems in material 
separation because of the assumption that material is a 
continuum and innovative tools must be adopted to consider 
the separation of structural members. 

Modified or Extended Distinct Element Method (EDEM) 
[7] [8] is the tool that deals with structure failure analysis. 
Primary disadvantage of this method is that it is less accurate 
in the small displacement range. It requires relatively more 
CPU time when compared to the FEM. The Rigid Body and 
Spring Model (RBSM) [4] [5] methodology adopt rigid 

elements, but not checked for buckling analysis. The concepts 
of RBSM, EDEM and FEM. [6] used in the evolution of the 
most potent tool, i.e., Applied Element Method (AEM) [9] 

2. Applied Element Method Overview 

Unlike FEM, the elements in AEM are connected by 
normal and shear springs distributed over each element 
contact surface. Figure 1 shows the division of a structure into 
elements and the connection of elements through springs. The 
stiffness of each pair of normal and shear springs connecting 
the element centrelines is calculated as in Equations (1) and 
(2). 

 
       (1) 
 
 
    (2) 
 

Where, E & G are Elastic Modulus and Modulus of Rigidity, 
respectively, ‘d’ is the springs spacing, ‘t’ is the element 
thickness, and ‘a’ is the representative area’s length.  
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Fig. 2(a). AEM structural modelling [3] [9] 

 

Fig. 2(b). Element shape, contact point and DOF [11] 
 
In the 2D model, each element has 3 DOF. The size of 
element stiffness matrix is 6 x 6. The element stiffness matrix 
is determined by equation 5 [11] 
The governing equation for large deformation dynamic 
analysis is [11] 
   

 

(4) 

Where,   

∆ü is acceleration, ∆ú is velocity, ∆u is displacement, 
RG is Geometrical residual forces, RM is the residual load 
vector due to cracking or incompatibility between spring 
stress and the corresponding strain (Meguro and Tagel- Din, 
2002), Mass matrix [M], Damping Matrix [C] and 
Incremental applied load vector ∆f(t).  
Matrix of global nonlinear stiffness [K]:- 

 
                                                                      (5) 

Where, L is the distance between the spring location and the 
element centroid, and θ and α are the element orientation 
angles [11] [13]. 
 
3. Irregular building description 

3.1 Sectional and reinforcement details 

A (G+4) storey Irregular Space Frame as shown in Fig. 3(a) 
was used as a case study. The structure we considered was 
initially designed using design software, i.e., STAAD Pro., 
for all combinations of loads according to IS-456:2000 & 
IS-875(part 5) code provisions. Later the analysis of that 
structure was analysed by an efficient tool, Applied 
Element Method (AEM). In this study for AEM model, the 
element size and number of springs are fixed for accurate 
results. The dimensions of the frame, reinforcement details, 
and loadings are shown in figures. The material properties 
used for the analysis of structure are tabulated below in Fig 
3(a).  

 

 
 

Material properties Concrete Steel 

Modulus of elasticity, MPa 25000 200000 

Compressive strength, MPa 25 - 

Modulus of Rigidity, MPa 9060 76940 

Tensile strength, MPa 3.0 550 

Separation strain 0.20 0.20 

Coefficient of Friction  0.8 0.8 

Ultimate strain - 0.1 

Fig. 3(a). Properties of materials 

 

Fig. 3(b). 3-D model with elements 
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Fig. 3(c). Elevation of model 

Fig. 3(d) Beams and Columns detail sectional plan 
 

3.2 Concrete sectional details 

Plinth beam PB1 of size 0.3m x 0.45m. 
Floor beams FB1, FB2, FB3, FB4 & FB5 are of size      
0.3m x 0.6m each. 
Terrace beams TB1, TB2, TB3, TB4, TB5 are of size    
0.3m x 0.6m each. 
Columns C1 & C2 are of size                                         
0.75m x0.75m & 0.6mx0.6m respectively. 
Considering the thickness of the slab as 150 mm 

3.3 Reinforcement details 

Slab 
 
 Shorter span – 8 dia @ 150mm c/c 
 Longer span – 8 dia @ 200mm c/c 
 
Columns 

 
 
 
 
 
 
 
Fig. 3(e). Columns sectional reinforcement details 
 
 

Beams 

          
Fig. 3(f). Plinth beam sectional reinforcement details 

 
Fig. 3(g). Ground, 1st, 2nd, 3rd & 4th floor beams 

sectional reinforcement details 
 

Fig. 3(h). Terrace beams sectional reinforcement 
details 

 

4. Dynamic Loading Conditions 

The following are the case studies used for the analysis 

Case i: 

The self-weight of the frame, in addition to this Northridge 
earthquake (Santa Monica City Hall Grounds Channel 1,      
90 Degrees, 04:31 PST, January 17, 1994) spectra [10] shown  



Hemanth Kumar .and Tripathi / ASPS Conference Porceedings 1: 625-630 (2022) 

628 

 
Fig. 4(a). Northridge Earthquake ground motion 

 

in Fig. 4(a) with Peak Ground Acceleration P.G.A., 
=8.660 m/s2 = 0.883g at 9.82 seconds, was considered and 
analysed using AEM. Time effects since the start of loading 
[12] until the end of the analysis are continuous. For the 
structure non-linear dynamic analysis, a numerical solution 
from dynamic equation to obtain X-displacements for each 
stage was adopted.  

 

Case ii: 

The blast material composed of charge weight 1000kg TNT 
at a distance of R=10m from the side face offset to the central 
column of the building was considered. For the present case 
on the non-linear dynamic X-displacement of defined 
structure elements (shown in Fig. 5(b).) subjected to blast 
load was considered. 

 

Case iii: 

The blast material composed of charge weight 2500kg TNT 
at a distance of R=10m from the side face offset to the central 
column of the building was considered. For the present case 
on the non-linear dynamic X-displacement of defined 
structure elements (shown in Fig. 5(c).) subjected to blast 
load was considered. 

 

5. Results & Discussion 

Case i: Northridge earthquake is applied 
 

For the non-linear dynamic analysis, the earthquake load 
considered for the simulation is Northridge ground motion. 
The responses observed in the simulation of  (G+4) storey 
irregular frame by AEM, the elements defined in Fig. 3(c) for 
each level of front face corner end, the X- Displacement 
values gradually increasing, i.e., max +ve 5.60 mm at 11.8 
sec and min –ve 6.41 mm at 10.2 sec, max +ve 24.32 mm at 
11.8 sec and min –ve 24.86 mm at 10.2 sec, max +ve 42.64 
mm at 11.8 sec and min –ve 41.36 mm at 10.2 sec, max +ve 
58.98 mm at 11.8 sec and min –ve 57.5 mm at 11 sec, max 
+ve 74.58 mm at 10.2 sec and min –ve 73.44 mm at 10.44 
sec, max +ve 88.25 mm at 10.2 sec and min –ve 84.87 mm at 
5 sec, max +ve 98.18 mm at 10.2 sec and min –ve 95.75 mm 
at 10.8 sec for E1, E2, E3, E4, E5, E6, E7 respectively.  
 
 

Storey 

Level 
Time vs X-Displacement 

(Plinth) 

+0m 

level 

 

+3m 

level 

 

+6m 

level 

 

+9m 

level 

 

+12m 

level 

 

+15m 

level 

 

(Terrace) 

+18m 

level  

 
 
Fig. 5(a). X-displacement for Northridge earthquake 
 

Case ii: Blast Load of 1000kg TNT is applied 

In case II, the X- Displacement values gradually increasing 
i.e., max +ve 3.5 mm at 0.6 sec and min –ve 4.2  mm at 0.3 
sec, max +ve 14.41 mm at 0.62sec and min –ve 15 mm at 0.3 
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sec, max +ve 22.77 mm at 0.5sec and min –ve 21.87 mm at 
0.7 sec, max +ve 27.36 mm at 0.6 sec and min –ve 26.44 mm 
at 0.8 sec, max +ve 29.45 mm at 0.2 sec and min –ve  31.43 
mm at 0.8 sec, max +ve 41.28 mm at 0.2 sec and min –ve 
36.59 mm at 0.4 sec, max +ve 51 mm at 0.18 sec and min –
ve 48.42 mm at 0.4 sec for plinth (+0m), +3m, +6m, +9m, 
+12m, +15m, +18m levels respectively. 

 
 

Storey 

Level 
Time vs X-Displacement 

(Plinth) 

+0m 

level 

 

+3m 

level 

 

+6m 

level 

 

+9m 

level 

 

+12m 

level 

 

+15m 

level 

 

(Terrace) 

+18m 

level 

 

 
Fig. 5(b). X-displacement for 1000kg TNT 

Case iii: Blast Load of 2500kg TNT is applied 

In case III, the X- Displacement values gradually increasing 
i.e., max +ve 6.2 mm at 0.5 sec and min –ve 9.41 mm at 0.3 
sec, max +ve 25.87 mm at 0.6 sec and min –ve 25.42 mm at  
 

Storey 

Level 
Time vs X-Displacement 

(Plinth) 

+0m 

level 

 

+3m 

level 

 

+6m 

level 

+9m 

level 

+12m 

level 

 

+15m 

level 

(Terrace) 

+18m 

level  

 

Fig. 5(c). X-displacement for 2500kg TNT 
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0.8 sec, max +ve 41.35 mm at 0.6 sec and min –ve 41.06 mm 
at 0.9 sec, max +ve 53.87 mm at 0.5 sec and min –ve  54.36 
mm at 0.8 sec, max +ve 72.11 mm at 0.1 sec and min –ve 68.8 
mm at 0.3 sec, max +ve 92.77 mm at 0.25 sec and min –ve 
91.87m at 0.38 sec, max +ve 112.5 mm at 0.2 sec and min –
ve 112.4 mm at 0.38 sec for plinth (+0m), +3m, +6m, +9m, 
+12m, +15m, +18m levels respectively. 
From the results, it was observed that X-Displacement for 
each level, i.e., from plinth to the terrace of the structure 
increased abnormally within no time. In contrast, for blast 
loads increase and decrease periodically because of uneven 
moments acting on the structure for the impact of blast load 
onto the edge elements of the side face. The percentage 
increase in x-displacements for blast loads of 1000kg TNT 
when compared with  2500kg TNT are max +ve 43.54% and 
min –ve 55.36%, max +ve 44.29% and min –ve 40.99%, max 
+ve 44.93% and min –ve 46.80%, max +ve 45.33% and min 
–ve  42.54%, max +ve 42.75% and min –ve 46.81%, max +ve 
55.50% and min –ve 60.17%, max +ve 54.41% and min –ve 
56.92% for plinth (+0m), +3m, +6m, +9m, +12m, +15m, 
+18m levels respectively.  

6. Conclusions 

For Northridge earthquake, the x- displacement values vary 
from max +ve 5.60 mm at 11.8 sec and min –ve 6.41 mm at 
10.2 sec to max +ve 98.18 mm at 10.2 sec and min –ve 
95.75 mm at 10.8 sec, i.e., from plinth level to terrace level, 
increased gradually. For blast load of 1000kg TNT, the x- 
displacement values vary from max +ve 3.5 mm at 0.6 sec 
and min –ve 4.2 mm at 0.3 sec to max +ve 51 mm at 0.18 
sec and min –ve 48.42 mm at 0.4 sec, i.e., from plinth level 
to terrace level, increased gradually. For blast load of 
2500kg T.N.T., the x- displacement values vary from max 
+ve 6.2 mm at 0.5 sec and min –ve 9.41 mm at 0.3 sec to 
max +ve 112.5 mm at 0.2 sec and min –ve 112.4 mm at 0.38 
sec, i.e., from plinth level to terrace level, increased 
gradually. The X- displacement for blast loads decreases 
harmonically with the increase in time. Northridge 
earthquake maximum x-displacement of the structure is 
nearer to maximum x-displacement for the blast load of 
2500kg TNT but the time of occurrence was changed 
abruptly, i.e., Northridge earthquake maximum 
displacement occurs at the duration of nearly 10 sec, but the 
max displacement of blast load of 2500kg TNT is occurring 
almost at 0.2 sec i.e., 50 times quicker in occurrence. The 
percentage increase in x-displacements for blast loads of 
1000kg TNT when compared with 2500kg TNT is ranging 
from 40% to 60% for a range of plinth level +0 to +18m 
level. The x-displacement of the earthquake shown similar 
variations for all storeys but the amplitude increases from 
plinth level to terrace level. 
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