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1. Introduction 
Steel moment resisting frames, which are commonly 

used as a lateral load resisting system for low- to medium 
rise buildings, suffered unexpected amount of damage 
during the 1994 Northridge and 1995 Kobe earthquakes. 
Studying the failure mechanism of collapse of structures 
during earthquakes is very important to mitigate casualties 
due to earthquakes. Using Improved Applied Element 
Method, a complete collapse process for steel framed 
buildings during the 1995 Kobe earthquake is presented.  
 
2. Improved Applied Element Method (IAEM) 

IAEM is a newly developed method for structural 
analysis of large scale structural. It can follow total 
behavior of structures up to complete failure stage with 
high accuracy in reasonable CPU. In IAEM, each 
structural member is divided into a proper number of rigid 
elements connected by pairs of normal and shear springs 
uniformly distributed on the boundary line between 
elements. Two major extensions of the AEM1) have been 
implemented in IMEM: The first is improving the element 
type to use different thickness per each spring to be able to 
follow change of thickness in non-rectangular cross-
sections. The second is using different thicknesses for 
calculating normal stiffness and shear stiffness in each 
pair of springs. The sort modifications allow modeling 
cross sectional geometric parameters of structural 
members using elements with large size. The value of 
normal and shear stiffness for each pair of springs can be 
determined as:   
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where: d is the distance between each spring; a is the 
length of the representative area; E and G are Young’s and 
shear modules, respectively; T  and are the thickness 
represented by the pair of springs “i” for normal and shear 
cases, respectively.  
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In dynamic case, the mass matrix and the polar 
moment of inertia of each element have been idealized as 
lumped at the element centroid. The lumped mass in each 
DOF direction can be calculated by summing the effect of 
small segmental masses represented by each spring 
considering the change of the springs’ thickness. Eq.(2) 
represents the value of lumped mass in each degree of 
freedom direction assuming that elements have 
rectangular shape.  
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where: a and b  are the element dimensions; ρ the density 
of the material considered.   
 
3. Material modeling 

A simplified uniaxial 
bilinear stress-strain model 
with kinematic strain 
hardening is adapted for 
representing the normal 
stiffness component of 
structural steel, as shown 
in Fig. 1. In this model, the 
plastic range remains 
constant throughout the 
various loading stages. 
Although, this is not an 
entirely realistic representation of the material behavior, it 
allows for the hardening to be included whilst keeping the 
formulation simple. 

Fig.1: Material Model  

 
4. Inelastic analysis for steel structures 

Over the past decades, numerous researchers have 
developed and validated various methods of performing 
the inelastic analysis on steel frames which can be 
categorized into two approaches: 
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(1) Plastic hinge based approach whish is considered the 
most direct and simplified approach for representing the 
material nonlinearity. All elements are assumed to remain 
elastic except at the places where zero length plastic 
hinges are allowed to form. This method accounts for 
inelasticity but it can’t account for the spread of yielding 
through the section, therefore it is not possible to capture 
accurately member stability for beam-to-column problems.  

10 19. 10 19.

(2) Plastic zone analysis in which the spread-of-
plasticity of the member is assumed to be modeled by 
subdividing the frame members into several finite 
elements. Each element is subdivided into many fibers. 
This method has been used in IAEM whereas the 
connecting springs work as fibers. Once the strain of 
each spring is calculated, the stress state can be 
explicitly determined and the gradual spread of yielding 
traced.  
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5. Verification of the proposed technique 

The ultimate carrying capacity analysis for the 
rectangular portal frame shown in Fig.2 had carried out. 
The frame was divided into 61 rigid elements. The cross 
section and material properties of the members are: A= 
0.645x10-2 m2, I=1.0886x10-4 m4, E=209 kN/mm2, Fy = 
275.8 N/mm2 and ν=0.30. The horizontal and vertical 
loads are applied as shown in Fig.2. The ultimate load 
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Fig.4 Failure mechanism of multi-story steel frame
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capacity of the frame, according the experimental test 
that was carried out by Hodge2) was 133.0kN. However, 
based on IAEM, the maximum frame resistance is 
reached at load (P) of 136kN which is around 2% 
higher than the maximum recorded load during the 
experiment. The load-vertical displacement curve 
obtained by both IAEM and RBSM are plotted in Fig. 4 
as well as the experimental data.  
6. Collapse of a nine-story steel building   

IAEM is applied to investigate the validity of the 
proposed method in simulating progressive failure of 
steel structural buildings under severe ground motion 
conditions. The structure considered is a plane nine-
story steel frame with three bays of 9.00m long. The 
typical story height is 3.75m.  Using IAEM, only 477 
elements are utilized for modeling the whole structure. 
Two different failure modes are illustrated in Fig. 4; the 
first is intermediate soft-story type failure and the 
second is soft-story at ground level. A reduction of 
40 % of steel strength of the columns and lack of 
ductility in column-to-beam connections at 4th floor 
level (case 1) and ground floor level (case 2) were 
assumed. The intense shaking caused the failure of load 
bearing columns at the weak floor level and resulted in 
the formation of plastic zones at several locations (dark 
color in the figures). From the figure, it can be noted 
that most of the plastic hinges formed in beams, instated 
of columns, is due to the strong column-weak beam 
design philosophy. With the progress of time and 
formation of enough plastic hinges, the weakness of the 
strength and the low ductility demand produced 
columns failure. The end stage of the failure, illustrated 
in Fig. 4, shows a good agreement with recorded 
collapse cases of multi-story steel buildings due to 
Kobe (1995) Earthquake (as shown in Fig. 5).  

7. Conclusions 
The analysis of structural failure of steel framed 

building due to strong ground acceleration is presented. 
The good agreement had been reported between the 
final stage of numerical analysis and the observed 
damage of many steel structures by the 1995 Kobe 
earthquake. IAEM can be used for structure 
vulnerability assessment to evaluate and select the 
structural configurations that increase the overall 
structures resistance to extend damage beyond that 
caused by severs ground motions.  
References 
1. Meguro, k. and Tagel-Din, H. “Applied Element Simulation of 

RC Structures under Cyclic Loading.” ASCE 2001, 127(11): 
1295-1305. 

2. Hodge Jr PG. “Plastic analysis of structures,” New York: 
McGraw-Hill, 1959 

P/9

P/9

1.
01

6 
m

1.
01

6m
.

1.
01

6 
m

.

3.05 m. 3.05 m. 3.05 m.

P P

 
Fig. 2: Analysis Model 
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Fig. 3: Ultimate load capacity  
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