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 Abstract

Throughout this paper, progressive collapse of steel structure with dual system considering the removing column scenario is studied. Due to this objective, two lateral load resisting systems, are modeled in ABAQUS software with omitting various columns, and the performance of systems against progressive collapse are compared with each other. The results represent that whenever a structure is experiencing an unusual external load such as collision of a vehicle, the most critical columns are those placed at the nearest external frame of the structure. Thus, these members should be considered as highly important members because they could play a significant role in progressive collapse potential reduction as key members.
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Introduction

Buildings, especially those with high and very high importance, are significant to continue their performance during critical situations. Thus, it could be claimed that the safety and resistance of structures in front of various hazards are crucial for economy and industrial improvement. Unfortunately, majority of buildings are deteriorating under environmental sever loads and insufficient maintenance. In some cases, the deficiency of buildings is hidden until the occurrence of hazard. For example (Mousavi, Samadi, and Azizpour 2019) showed that how using un-standard reinforcement in concrete frames can have a dangerous effect, especially for tall buildings during earthquakes. Since the detection of deterioration source is one of the important factors in preventing deterioration progress is to repair the vital structural members and reliable evaluation of structures conditions for implementation of safety standards during the structure service. Therefore, it is important for the owners of the buildings to have information about the deterioration level and estimation of serviceability of structure. To reach this goal in recent years, modern technologies are required as complementary methods for NDT (non-destructive testing) and visual inspections, to evaluate the resistance and durability of structures. 

Buildings might face natural or human-made threats during their life. Their resistance to these threats depends to various factors from soil capacity to geometric properties of structures. For example (Mousavi, Keramat, and Shekasteband 2019) investigated the effect of geometrical parameters on the behavior of special truss moment frames and showed that capacity of these kinds of frames significantly varies by changes in geometrical parameters of frames. The engineering knowledge is now improved about the natural threats like wind, earthquake etc., and the effect of those hazards on buildings and also the structural and non-structural elements' reaction to these threats. The progress and improvement I this aspect is efficient to find practical solutions for various challenges from constructing new substructures beneath existing bridges in Accelerated Bridge Construction (ABC) projects to constructing reliable skyscrapers in hazardous regions, (Phares, Mousavi, and Deng 2019). Nowadays, due to implementation of valid codes in common buildings, with more studies and use of risk analysis expanded definition in especial buildings, the reliable design is reachable with a logical cost to resist in front of these natural phenomena. 

Progressive collapse is a disastrous structural phenomenon that might take place because of human mistakes or natural incidents, through which a local collapse of an element makes significant deformations that result in structural collapse. This is a rare phenomenon in which the whole or a large part of structure fails due to the collapse of a small part. Progressive collapse, as a result of unusual loads and design and build mistakes, might consequence in vast economic losses and causalities. 

Building frames are usually placed at external edges and inside of the buildings restraint with several kinds of seismic systems like bracings or shear-walls. This causes the different behavior of these frames compared with moment frames. A system consisted of a moment-resisting frame, and lateral constraints are called dual-frame or dual system.

In the progressive collapse mechanism, a local collapse might cause significant deformation and make the building collapse. Also, the collapse expands from a member to other adjacent members and causes total collapse or at least a major collapse in the structure that would not be comparable with the initial collapse. To prevent progressive collapse, the structure must have enough coherence to provide a substitute path and structure stability in case of a vertical bearing member deletion. Common methods of analysis and design for progressive collapse due to earthquake loads are considered less. The reports represent numerous cases of progressive collapse during earthquakes. Thus, it could be concluded that the column deletion must be considered in codes, and also the design must be changed for progressive collapse. According to studies and effect of seismic ductility codes on progressive collapse, the codes for high-risk zones could be used for low-risk zones too. However, seismic ductility codes must be adapted with progressive collapse requirements to decrease its occurrence. During terrorist attacks or collision impacts, failure of main elements or key members is possible. In such cases, if other members do not support the failed elements, the failure expands to adjacent members, and finally the whole structure or a large part of it collapses. 

Collapses and deteriorations of buildings occurred in recent years had highlighted the progressive collapse failure as one of the common failure mechanisms of structures. This sort of collapse is also called disproportionate collapse, in which the ratio of initial damage is more than the total damage and local collapse leads to a progressive collapse in all the structure or a large part of it. Some important factors are namely design mistakes, fire, explosion, accidental overload, vehicle collision, etc. 
Several studies are performed about the progressive collapse in recent years.(Khandelwal and El-Tawil 2005) The studied progressive collapse in moment resistant frame steel structures that were designed for seismic forces. The modeling results indicated that the systems, in which the external frames are designed to resist seismic loads, are not capable enough to resist unusual loads due to deletion of one of columns in the vertical load-bearing system.

(Kim and 2009) Represented that steel structures with especial ductility are resistant enough to bear tension forces due to chain effect. They studied the chain effect potential of progressive collapse. According to the results obtained, chain performance association increases due to increase of spans. 

(Lee et al. 2009) studied two simple but accurate methods for the analysis of steel structures’ progressive collapse. (Yu, Zha, and Ye 2010) Studied steel structure with composite roofs. In this research, the analytic models were first compared with experimental results, and then the effect of pre-tensioned cables effect was studied on the co-performance of concrete roof and steel beams under the loads-initiated form column deletion. In 2010, a study was held by National institute of standards and technology and engineering research and development center of US army, in which the steel bending joints' behavior was studied after deletion of column. In this research, 3D analytic models were studied with various types of materials to examine the structural behavior in limit state, determination of residual structure resistant and retrofitting seismic systems. 

(Marjanishvili and Agnew 2006) Analyzed the progressive collapse of a 3D frame according to 4 methods of linear static (LS), linear dynamic (LD), non-linear static (NLS) and non-linear dynamic (NLD) utilizing SAP2000 software. Using non-linear dynamic analysis found out that the adjacent columns to the deleted column must be designed for an axial load, twice their design load. Deletion of the column in upper stories results in more deformation as fewer stories participate in energy damping. (Mohamed 2009) Studied the torsion-initiated shear stress in beams attached to deleted columns, by use of 3D concrete frames' analysis. These stresses end in brittle failure of the beam. One of the disadvantages of 2D model is that these stresses could not be included in the calculations. Ross etc. found out that implementation of dynamic load coefficient of 1/5 in non-linear static analysis, consequences in response, similar to those in non-linear dynamic analysis. (Ruth, Marchand, and Williamson 2006) By performing nonlinear dynamic and static analysis and by applying different dynamic load factors, found that using 1.5 dynamic load factor in nonlinear static analysis gives similar answers to nonlinear dynamic analysis. However, (Powell 2005) compared the linear static (LS), non-linear static and non-linear dynamic methods and concluded that implementation the load coefficient of 2 in static analysis leads to too many conservative responds in comparison with dynamic method results. Using studying earthquake-resistant concrete frames (Tsai and Lin 2008) found out that, using non-linear static analysis, the structure capacity is calculated more than what is calculated in non-linear static analysis. Also, they claimed that displacement increment of the point, attached to deleted column, decreases the dynamic load coefficient. 

(Sucuolu, Çitipitiolu, and Altin 1994) Founded out that the frames, including a deleted column, absorb the most of load initiated by the column deletion. As a result, to estimate the deflection, the distribution of plastic joints and study of members' DCR, it is only required to consider the 2D frames in which the deleted column exists. (Grierson et al. 2005) Presented a simple method for linear static analysis. In this method, reduced stiffness due to progressive collapse is modeled with equal spring. 

Among these all, approximate models could also be implemented. Approximate methods estimate the structure respond range with proper accuracy. In the case respond is slightly lower than the code regulation ranges, more accurate methods could be implemented. 

(Izzuddin et al. 2008) Used a simplified model to analyses multi-story buildings with non-linear static method. The disadvantage of this method is that the adaptation coefficient could not be calculated easily and accurately.(Gerasimidis and Baniotopoulos 2011) Held research to evaluate the effect of time-periods of solve algorithms on linear elastic responses of structure. In this research, two numerical examples were analyzed. For both examples two types of solve algorithm were implemented to solve the deletion of the column: Newmark method and Hilbert-Hughes-Tylor method. The analysis indicated that the structure response varies upon the solve algorithm change. The results also presented that whenever the intervals are not small enough, the response will be undercounted till safe results are obtained. But when the time intervals trend to values near zero (0.00005 s), both algorithms obtain approximately equal results. The overall conclusion of the analyses was that for each solve algorithm, the time interval measure must be significantly lower than the column deletion time. (Mousavi, Najafpour, and Sheidaii 2019) Studied the effect of supports’ position in resistance of double-layer braced barrel vaults to progressive collapse. They considered the buckling effect of members in material level, and the same procedure is used in this study.  
Numeric models

According to ASCE (American Society of Civil Engineering), GSA (General Service Administration) and DOD (Department of Defense) guidance codes, three different analytical methods including linear static (LS), non-linear static (NLS) and non-linear dynamic (NLD) methods are introduced. Between these three introduced methods, the non-linear dynamic method leads to more accurate results. Although the time-consuming process problem of non-linear dynamic methods is solved due to the improvement of commercial and non-commercial software, accurate and correct analysis is still depended on designer skills and data that may not always be available. Therefore, it is recommended to use progressive collapse analysis to study the structure resistance. At first the static analysis is implemented, and in the case the structure does not respond properly to this method, non-linear dynamic analysis is implemented as the most accurate method. Due to time-consuming process of non-linear analysis of a 3D frame, most of investigations are held on 2D frames (Alimohammadi and Abu-Farsakh 2019). The models used in this study are two-story frames with story height of 3 meters in all models. Figure 1 shows the plan view and position of lateral load resistance system. Story plans are the same in all buildings. It is tried to choose the plans in a manner that the span lengths confirm normal building values. 
In this study, this value is chosen to be 6m, and the plan is symmetric in order to ignore the torsion effects in analysis and design of the buildings. Totally six numerical models are designed and analyzed in which the structure system for the first three models is dual steel frame with steel shear wall, and the next three models are dual steel frame with concentrically bracing system — noting that all material properties, load application method, beam, and column sections are considered to be the same in all 6 models.

Frame designs are based on the forces resulted from static gravity and seismic loads according to National Building Requirements of Iran (2800 code) loading. Analysis and design of models are performed two-dimensional, using ETABS software (Alimohammadi and Yaghin 2019). To design these frames, ASD-89 code and its regulations are used for these designs. The implemented parameters to design base shear are as follows: Seismic hazard is high for the buildings' zone (PGA= 0.35g), soil type is hard (type III), importance factor (I=1), response factor for dual systems R=10, and bracing systems R=6, extra resistance factor Ω=2.8. Live and dead load of floors and roof are presented in‌ table 1.
For bracing system U-shape channel section with 5mm of thickness and steel shear walls steel plate sections with 8mm of thickness is considered. For columns and beams IPE sections of ST37 steel table are chosen. Figure 2 shows the 3D view of designed models. To model steel behavior, elastic material is chosen for the linear state, and ST37 material is implemented in non-linear state. Figure 3 shows the assumed stress-strain curve for considered material. Assumed behavior of ST37 steel is based on elastoplastic with 2% strain hardening ratio. The yield stress of steel is assumed to be 2400kg/cm2.
	[image: image15.png]Displacement in z direction (mm)

0
3

-100

-150

-200

-250

-300

-350

-400

-450

=]

—DBracing-B2
—Bracing-B3
—DBracing-A3
——Shearwall-B2
——Shearwall-B3

Time steps (x1000)

Shearwall-A3




	[image: image2.png]Seale: 100





	(a)
	(b)

	Figure 1 Plan view of models (a) Steel frame with steel shear wall (b) Steel frame with a concentrically bracing system 



Table 1 Applied live and dead load values
	Location
	Dead load (kg/m2)
	live load (kg/m2)

	floors
	235
	200

	roof
	210
	150


According to the plan showed in figure 1, columns in the position of A-3, B-3, and B-2 are removed as the progressive collapse scenario in each model. Figure 4 shows the deformation and stress distribution of models in each progressive collapse scenario. Figure 5 shows the maximum displacement in each model against analysis time step.  
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	(a)
	(b)

	Figure 2 3-D view of models (a) Steel frame with steel shear wall (b) Steel frame with a concentrically bracing system
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	Figure 3 Behavior of ST37 steel material (a) elastic region  (b) nonlinear behavior  
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	A-3 corner column failure 

	A-3 corner column failure
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	B-3 column failure

	B-3 column failure
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	B-2 column failure

	B-2 column failure


	Figure 4 Stress distribution in structural elements after column removal 
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	Figure 5 Maximum displacement of each model during column failure 


Conclusion

Achieved conclusion from progressive collapse could be categorized as follows:

• Whenever an unusual external load such as a vehicle collision or an embedded bomb explosion is applied on a structure, the most critical columns would be those at the nearest external frame of the structure. Thus, these columns should be considered exclusively in progressive collapse-resistant designs because these could play a significant role in progressive collapse decrement. 

• Analysis results represent that it is more critical to delete internal columns in bracing frames rather than the corner columns. In other terms, middle columns of external frames are more vulnerable, compared with corner columns. 

• The columns that are attached to the deleted columns through beams gain most of the load in structure load re-distribution and adjacent columns' effect is the most between the columns. It is interpreted that extra capacity in adjacent columns of deleted one, has the most important effect on order to prevent progressive collapse. 

• Although, satisfaction of all standard of the codes in these structures, represents the advantage of 10th section of national regulations and 2800 code, in progressive collapse prevention, but the evaluation of lateral resisting system, span enlargement and increment of structure stories still needs further studies, and significant change in these parameters possibly causes progressive collapse.

• The displacement in deletion location of the column, in x-shaped bracing structures, is lower than that of shear-wall structures. Also, the displacement of moment resisting frame is lower than of shear-wall structures. 

• Progressive collapse potential decreases when the structure stiffness raises, which means that the progressive failure starts potential decreases in the structure. 

• Deletion of chosen columns does not always create plastic joints. This is depended to several different columns' deletion. Ordination and consistency of various column deletions could affect plastic joint creation. Different columns' deletion creates various plastic joint paths that are important to be considered in plastic design of structures to resist progressive collapse.

• The comparison of various column deletions shows the effect of bracing in load re-distribution after the column deletion.
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