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ABSTRACT 

 
The progressive failure occurs due to changing in loading pattern, 

boundary condition, or loading capacity in some structural elements which 
may result in the failure of another structural element(s). The collapse of 
Ronan Point apartment building in England in 1968 had been introduced 
evidently this phenomena. More destructive events had been shown recently 
like:  the progressive collapse of Alfred P Murrah building in Oklahoma 
City, 1995 and the WTC towers in New York, 2001. Studying those 
evidences and others requires a powerful numerical tool to analyze the 
structure failure stages. Among the available numerical tools the Applied 
Element Method (AEM) is known as a numerical model capable of 
analyzing the complete structure behavior from early stage of loading till 
complete collapse with reliable accuracy. However, in order to guarantee 
stability and accuracy of solution, the number of may be large indeed which 
increases the computer power and time needed for numerical simulation. 
The numerical tools must be able to capture pre-failure behavior accurately 
in order to capture the behavior of the real structure during failure. So, it is 
necessary to search for a new technique requiring less computer time and 
effort to model a structure.  

This paper describes the methodology of Improved Applied element 
method, an advanced analysis technique for studying the total behavior of 
steel structures subject to different hazard loads. The CPU time for the 
improved applied element method is very small compared with conventional 
AEM). Using improved AEM method can help engineers to investigate the 
performance of the steel tall buildings under different hazardous loads. The 
mechanism of progressive failure and the effect on the neighboring 
buildings as well can be also simulated. Numerical examples showing the 
accuracy, efficiency, and the range of application of the improved method 
are presented. 
 
 
1. INTRODUCTION 
 

Only a brief introduction to the two-dimensional Applied Element 
Method is given here. The AEM is a recently developed technique for 
structural analysis (Meguro and Tagel-Din, 1997). The application of AEM 
to structural analysis is recognized as a powerful tool for analyzing the 
structural behavior from early stage of loading and up to the total collapse 
occurs (Tagel-Din and Meguro, 2000a and Tagel-Din and Meguro, 2000b).  

323 



October 2003, Tokyo  
 
 

In AEM
elements. In 
pair of elem
uniformly di
represents st
Figure 1) of 
can be determ

 

 

where d is di
and G are Yo
the thicknes
attached to 
Tagel-Din, 2

The sp
stiffness and
engineering 
reinforced c
difficult to h
version of A
change in th
Shape, Chan
fit the flange
Element Met

2. IMPROV

Two m
improving th
rectangle cro
used for cal
modification
geometric pa
normal and 
Equation 2. 

324 
Normal and Shear Springs

and shear springs
by a pair of normal 
Area represented 

d

a

d/2

a

d

 
Figure 1: Area of influence of each pair of springs

, the structure is modeled as an assembly of small rigid square 

two dimensions, each element has three degrees of freedom. A 
ents is connected with pairs of normal and shear springs 
stributed on the boundary line. Each pair of springs totally 
resses and deformations of a certain area (hatched area in 
the studied elements. Therefore, the normal and shear stiffness 
ined by Equation 1. 
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stance between each spring; a is length of representative area; E 
ung’s and shear modules of the material, respectively; and T is 

s of element, which is considered constant for all springs 
the element (Meguro and Tagel-Din, 2000 and Meguro and 
001 ). 

rings represent the microscopic material properties, such as 
 yield strength. The conventional AEM used in different 

field has shown high accuracy and applicability for modeling 
oncrete, soil and masonry. However, some applications are 
andle like huge steel structure buildings. Using the current 

EM, elements with very small size should be used to follow the 
e thickness especially in non-rectangle cross sections (i.e. I 

nel, and Boxed sections), since the element should be chosen to 
 thickness. In this paper, we introduce the Improved Applied 
hod which can easily handle this type of cases.   

ED APPLIED ELEMENT METHOD (IAEM) 
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ss-section thickness, and allowing different thickness to be 
culating normal stiffness and shear stiffness. That kind of 
 allows using large elements, having the same cross sectional 
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Figure 2: Contact Point and D.O.F 

where:  and are the thickness represented by the springs pair “i” for 
normal and shear cases, respectively. That difference in the value of T  and 

owes to the change in effective area for both of normal and shear 
directions 
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A pair of rigid elements, as shown in Figure 2, are assumed to be 
connected by only one pair of normal sprig stiffness ( ) and shear spring 
stiffness ( ). The values of dx and dy correspond to the relative coordinate 
of the contact point with respect to the center of gravity. To have a global 
stiffness matrix, the location of elements and contact springs are assumed in 
a general position. The stiffness matrix components corresponding to each 
degree of freedom are determined by assuming a unit displacement in the 
studied direction and by determining forces at the centroid of each element. 
The element stiffness matrix size is only (6 x 6). Equation 3 shows the 
components of the upper left quarter of the stiffness matrix. All used 
notations in this equation are shown in Figure 2. It is clear that the stiffness 
matrix depends on the contact spring stiffness and the spring location. 
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Although in this method, we can change the characteristics of all 
springs surrounding any element, in practical use, only changing in the 
corner springs is needed for steel flanged sections. As shown in Figure 3, 
changing in the ratios of (K1/K2) and (K3/K4) can control the stiffness of any 
element. That kind of improvement allows using many different flanged 
steel sections like I-beam, Box and Channel cross sections. Moreover, any 
cross section can be simulated by adjusting the values of element height, 
number of springs, ratio between outer to inner thickness, and ratio between 
normal to shear thickness.  

The change in each spring thickness is also considered for accounting 
the dynamic characteristics of each element. The mass matrix and the polar 
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Figure 3: Element Shape for Improved AEM 

moment of inertia of each element have been idealized as lumped at the 
element center of gravity. The values of those lumped mass in each DOF 
direction can be calculated by summing the effect of the small segmental 
mass represented by each spring considering the change of springs’ 
thickness, as shown in Equation 4. 
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where: D is the element size; tav is the average thickness of the element; ρ is 
the density of material considered; nsp is the number of connecting springs; 
and t and t  are the ix

i
y
i

th spring thickness in x and y direction respectively. 
 
3. NUMERICAL EXAMPLES AND RESULTS  
 

In order to evaluate the accuracy of the proposed IAEM and to illustrate the 
applicability of the method, two verification examples are presented in this 
section.  
 
Example 1: Long span steel beam  
The first example is the 2-D steel beam of 11.25 m span. The dimensions, 
supports, loading conditions, and cross section are shown in Figure 4. The 
deflection at the mid span of the beam was calculated by using both 
previous AEM and IAEM versions. The Young’s Modulus is 200 GPa and 
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  Figure 4: Fixed Beam Loaded in Mid-span 
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elastic analysis was performed using both of two models. Element size is 
taken as total height of the cross section in IAEM case. The ratio between 
outer and inner springs’ stiffness was taken as 20 (the same ratio between 
flange width and web thickness). With the IAEM, 17 general shaped 
elements are used including two boundary elements. However, 6040 square 
elements with a constant thickness, including 40 elements for boundary 
condition, are utilized to model the same beam using original AEM code. 
The results are compared to the theoretical results considering both bending 
and shear deformations as listed in Table 1. From the table, it can be 
concluded that by using less number of elements, CPU time required is 
drastically reduced and the accuracy was better with the IAEM compared 
with AEM.  

 
Table 1: Comparison between AEM and IAEM Model results 

 No. of 
elements

Element 
size (cm2)

No. of 
DOF

CPU 
Time  

Deflection 
(mm.) 

Error Comparing 
with theoretical 

value (%) 
AEM 6040 3.75*3.75 18000 120 sec 0.900 +2.31% 

IAEM 17 75*75 45 Less than 
one sec. 0.866 -1.59 % 

Example 2: Dynamic analysis of fifteen-story two-bay frame structure  
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Figure 5: 15-story Two-bay Frame

In order to evaluate the 
accuracy of IAEM in dynamic 
analysis, a 15 story- two bay two-
dimensional frame structure, as 
shown in Figure 5, is considered in 
this study. All the beams and column 
are assumed to have the same I-beam 
section represented in Figure 5. The 
Young’s modulus of 200 GPa is used. 
The analysis is performed using 870 
elements with IAEM; however 
543,750 elements should be used to 
simulate the same structure by using 
previous version of AEM. The 
natural frequencies of the structure 
are calculated and listed in Table 2. 
The first 8 modes, obtained from 
IAEM and SAP 2000 (CSI, 2000), 
are close and a maximum difference of 1.63 % has been observed. Those 
eight mode shapes are shown in Figure 6. 

 
Table 2: The Results of Model Analysis (Frequency, Hz) 

 Mode 1 2 3 4 5 6 7 8 

 

Dynamic Progressive Coll
 
 

FEM 2.817 8.627 15.129 21.903 29.316 37.229 46.253 55.320
IAEM 2.851 8.761 15.376 22.255 29.765 37.229 46.773 56.042

Difference % 1.21 % 1.55 % 1.63 % 1.61 % 1.53 % 0.00 % 1.12 % 1.31 %
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Figure 6: First Eight Calculated Modes using IAEM 

tion examples demonstrate the accuracy and efficiency of the 
eover, less computational effort and a wider applicability for 
nalysis have been noted. The good agreement with both 
and finite element results in linear static and dynamic load 
ustrates the applicability of the proposed method in parametric 
mponents and structures subject to different hazardous loading. 
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the structural loading was no longer static, but dynamic. Once one floor fell 
onto another, a domino effect could be observed. The impact of one floor 
falling on the floor below creates a huge amount of force. As each floor fell, 
this force would increase until the bottom. 
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Figure 8: Failure Mechanism of 30-story Steel Structure 

The numerical simulation shows the mechanism of failure of a high-
rise steel structure under the effect of severe fire condition. The analysis 
explains how partial damage in certain structural element can produce total 
collapse of the building. The numerical simulation is qualitatively similar to 
the recorded sequence of collapse of North Tower in World Trade Center, 
shown in Figure 9.  

5. CONCLUSIONS 
 

The numerical simulation method, IAEM, presented in this paper 
shows a good capability to study the total behavior of structural buildings 
from early stage of loading until the total collapse occurs. The validity of 
the developed code has been demonstrated by several numerical examples. 
The verification examples indicate that IAEM shows a good agreement with 
both theoretical and finite element results in linear static and dynamic load 
condition. Moreover, less computational effort and a wider applicability for 
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structural analysis have been observed than conventional discrete element 
methods. The collapse process of high-rise steel structure model under 
extreme localized fire load condition was investigated by using the 
improved method. Simple two-dimensional analysis tools such as that 
adopted in this paper can be used to judge in a qualitative and quantitative 
the damage tolerance of buildings. The results of this example show that the 
proposed method can provide a better understanding of the failure 
mechanism of buildings due to different hazardous loading conditions. It 
can also be used to analyze the total response of structure to ground motions, 
impact, fire, and blasting hazardous.  

 
Figure 9: Sequence of collapse of North Tower of WTC (Photo from CNN)
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