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1. Introduction

Attention to the issue of the progressive collapse was made for the first time in the engineering community
due to the occurrence of a local collapse in the 22-story Ronan Point building in London, which happened in
1968 due to gas leakage on the eighteenth story (Wee, Tan Ko, 2010). Also, the bombing of the Alfred P. Murrah
building in Oklahoma in 1995 was one of the largest terrorist incidents that led to a progressive collapse
phenomenon, causing a loss of 652 million dollars (Sitterle et. al. 1999). In addition, the September 11 incident
in the World Trade Towers in 2001 resulted in the progressive collapse of the towers (Simeon et. al. 2005).
Progressive collapse mostly begins due to factors such as explosion or fire, and it continues due to chain
collapse of structural members up to complete destruction of the building, and its progress cannot be
controlled. The progressive collapse in the Plasco building in Tehran caused by the fire was another tragedy,
resulting in the death of twenty firefighters (Wikipedia, 2018). Several investigations have been conducted on
progressive collapse control in steel buildings, and the cases related to the subject of this research are referred
here. Karimian et al. examined the progressive failure in two symmetric and asymmetric reinforced concrete
buildings. The severity of the earthquake and eccentricity of the rigidity centroid compared to mass centroid
were the variables of the study. They concluded that regardless of the severity of the earthquake, there is a
progressive failure pattern at the place of mass accumulation, and the amount of eccentricity in the plan
changes the progressive collapse pattern (Karimiyan et. al. 2017). Tavakkoli and Alashti investigated whether
earthquake-resistant buildings could resist progressive failure. For this purpose, they selected two types of 3D
and 2D analyses, two heights of 5 and 15 stories, and two spans of 4 and 6 m as variables and used UFC-DoD to
investigate the progressive failure. The results showed that 3D models exhibit greater strength of the building.
In addition, increasing the height of the building and the number of spans would increase resistance against
progressive collapse. Meanwhile, they reported that earthquake-resistant buildings do not have the potential
for progressive failure and are strong enough (Tavakoli et. al. 2013). Kordbagh and Mohammadi investigated
the effect of the building height and the seismicity of the site on the resistance to progressive collapse. They
reported that increasing the height would increase resistance to progressive failure, and higher seismicity of
the site would also increase structural strength (Kordbagh et. al. 2017). In this paper, the effects of torsional
irregularity and seismic resistance level of structures with steel special moment resisting frame system, which
were designed based on valid codes, have been evaluated. Structures were 3, 6, and 9 story buildings, and sites
had high, average, and low seismicity levels. Also, buildings had different levels of torsional irregularity. Gravity
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and seismic loads were applied regarding ASCE 7-05, and structures were designed in accordance with AISC
2010. In order to perform progressive collapse analysis, the nonlinear dynamic analysis procedure presented
in GSA 2013 was selected.

2. Methodology

In this research, different scenarios for removing external and internal columns in buildings of 3, 6 and, 9
stories high with special SMRF system having different severities of torsional irregularity (TI). For this purpose,
the plans selected for the case of TI had the same areas, with different TIs and shapes. To design these buildings,
three sites with different seismicity levels located in Los Angeles, California and Georgia were selected, and the
parameters of the design spectrum for each of the three sites were extracted from the USGS website. These
sites respectively represent high, moderate, and low seismic hazard levels. ASCE 7-05 was used to determine
the gravity and seismic loads required for designing the buildings. 3D models of all the buildings were created
using ETABS v15.1, and the structural designs were performed in accordance with AISC 360-10. Then, with the
help of a converter software, the structural models were taken from ETABS v15.1 software to SAP2000 v17.1.1
software, and nonlinear dynamic analyses were carried out based on GSA 2013 on each one of the buildings for
different column removal scenarios. This research is interesting in terms of the use of the new code of 3D
progressive collapse study, the comparison of the comparison of equivalent-designed buildings with
approximately the same base shear value, having various intensities of TI, the variation of the studied buildings
in terms of seismicity and height, and there are few research studies in this field. Furthermore, time histories
of vertical displacement of the node located above the removed column in the buildings with various intensities
of TI are presented, and by comparing them with each other in terms of resistance to progressive collapse and
scenarios of removing internal columns and external columns conclusions are drawn.

3. Results and discussion

Based on the data obtained from the progressive collapse analyses of buildings with TI, no accurate pattern
was found for the criticality of scenarios of removing external and internal columns. On the other hand, in
different sites and buildings with different severities of irregularity, both the scenarios of removing internal
and external columns must be controlled. However, the number of buildings in which the scenario of removing
the internal column led to greater vertical displacement was greater. The time histories of vertical
displacements in all the studied buildings under TI located in different sites are shown in Fig. 1. As well, in the
6-story buildings located in Los Angeles, by an increase in values of TI intensity from the regular building to
the buildings with TI intensities of 1.26, 1.45 and 1.58, in time of removing corner columns, the values of
vertical displacement are respectively equal to -0.0689, -0.0513, and -0.04 cm. Therefore, an increase in TI
intensity to 1.58 compared with the regular building leads to an almost 42% decrease in the displacement
caused by progressive failure. According to the above discussion, concern for progressive failure in cities with
alower seismic hazard is more serious. Meanwhile, regular buildings, which mostly are representative of urban
residential buildings, are exposed to more hazard due to the progressive collapse phenomenon.

Time (s)
3

RS (LS)
e TIS 1.26 (LS)

TIS 1.45 (LS)
———TIS 1.58 (LS)

RS (CS)

TIS 1.25 (CS)
—TIS 1.42 (CS)
—TIS 1.46 (CS)
——P- RS (GS)
—> TIS 1.25 (GS)
aefTIS 1.36 (GS)
@IS 1.40 (GS)

Displacement (m)

Fig. 1. Vertical displacement histories of the 6-story buildings under different cases of TI assuming CCR
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In fact, all the buildings located in the site with high seismicity (LAS) showed good resistance to progressive
failure. If a parameter is defined as the product of these three factors, it can specify the possibility of a collapse
in progressive failure. The failure parameter y is defined as follows:

y = base shear coefficient * TI intensity * number of stories of building (D

If the value of y is greater than 0.26, the building will have an acceptable status after progressive failure. Of
course, the accuracy of the above equation needs much more data, and a more accurate relation should be
provided in more comprehensive research, but this equation with its current form also gives the researcher an
interesting decision-making criterion.

4. Conclusions

Results show that buildings with greater torsional irregularity have higher strength against progressive
collapse failure. Moreover, buildings in a region with higher seismicity level have higher strength against
progressive collapse failure.
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