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Abstract: To estimate the progressive collapse resistance capacity of a multi-column frame tube 

structure with the assembled truss beam composite floor (ATBCF), the pushdown analysis, and the 

nonlinear dynamic analysis as well, are conducted for such a structure by using the alternate load 

path (ALP) method. The bearing capacities of the remaining structures at three different work 

conditions, which are the side middle column failure, the edge middle column failure, and the 

corner column failure, are individually studied, and the collapse mechanism for the remaining 

structures is analyzed from the aspects of the internal force redistribution and the failure mode of 

the second defense line. Simultaneously, the influence of the column failure time on the dynamic 

response of the remaining structure and the dynamic amplification coefficient are discussed. The 

results show that the residual bearing capacity of the remaining structure with the bottom corner 

column failure is higher than that of the one with the side or edge middle column failure, while the 

latter has a stronger plastic deformation capacity. When the ALP method is adopted to operate the 

progressive collapse analysis, it is reasonable to take the column failure time as 0.1 times of the first-

order vertical vibration period of the remaining structure, and it is suitable to set the dynamic 

amplification coefficient as of 2.0, which is the ratio of the maximum dynamic displacement to the 

static displacement of the remaining structure under the transient loading condition. 

Keywords: progressive collapse resistance; multi-column frame tube structure; truss beam 

composite floor; nonlinear dynamics; alternate load path method 

 

1. Introduction 

Since the collapse of the Roman Point apartment in the United Kingdom in 1968, the progressive 

collapse resistance of the building structures had been received a wide attention in the word for the 

first time. The progressive collapse of a building structure refers to the structure’s local failure caused 

by the accidental loads, which is transmitted among the components and triggers a chain reaction, 

ultimately leading to the collapse of the whole structure, or causing a large-scale collapse of the 

structure that is disproportionate to the initial local failure [1]. 

To analyze the progressive collapse resistance performance and mechanism, a lot of research 

works were carried out on the building structures, among which the reinforced concrete (RC) 
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structures were the most common building structures [2]. In terms of the standardized design, the 

UK takes the lead in formulating the regulations that requires the buildings with five or more floors 

to consider the effects of accidental loads, and dividing the regulations into three levels, which are 

the Building Regulations [3], the Approved Document [4], and the British Standard [5]. To enhance 

the progressive collapse resistance of the building structures, the subsequent requirements propose 

the need to improve the capacity of key components to resist accidental loads and increase the 

connection strength of structural components. In the design of high-rise buildings in the United 

States, the current design codes GSA [6] and DoD [7] specify the alternate load path (ALP) method 

that takes the possibility of progressive collapse into account. However, the Chinese code [8] 

stipulates the requirements for the demolition component method and the structural design faced to 

the progressive collapse resistance, and when the structural safety level is of level 1 or 2, the 

requirements for conceptual design should be satisfied. 

In the field of theoretical research, Starossek [9] gave the types of progressive collapse of the 

structures, and classified them into the mixed collapse, the unstable collapse, the pancake collapse, 

the zipper collapse, the domino collapse, and the cross-sectional collapse. Xiong et al. [10] studied the 

progressive collapse performance and mechanism of the RC structures, and derived the resistance 

calculation formulas for the beam mechanism, catenary mechanism, and composite mechanism by 

using the analytical methods. Alshaikh et al. [11] summarized the previous research works on the 

progressive collapse of the RC structures, and concluded that the mechanism of structural 

progressive collapse resistance included three stages, which were namely called as the bending action 

stage (or the Vierendeel stage), the compressive arch action stage, and the catenary action stage, 

respectively. In addition, among the numerous analysis methods, the ALP method is usually utilized 

in the experiments or tests to analyze the progressive collapse resistance of the RC structures [12]. 

In the numerical analysis and experimental studies, Zhou et al. [13-14] adopted the demolition 

component method in the experiment to evaluate the progressive collapse resistance of the frame 

structure under the conditions of dismantling the columns in different parts, and compared the 

experimental results with the numerical simulated ones obtained by using the finite element method 

(FEM). The results indicated that the progressive collapse risk of the removed middle column is lower 

than that of the removed corner column. Based on summarizing the previous research works on the 

progressive collapse resistance of the remaining structure with one column failure, Qian et al. [15] 

conducted an experimental and numerical simulation study on the progressive collapse resistance of 

the RC structure with both the corner column and the adjacent column failure. It was showed that 

the mechanical response of the RC beam-slab-column structure under this failure condition was like 

that of the cantilever slab, and the insufficient horizontal constraints between the beam and slab 

resulted in the inability to form an effective arch compression mechanism, catenary mechanism, or 

membrane mechanism to resist progressive collapse. Zhou et al. [16] conducted the static load tests 

on the half-scale RC and two half-scale PC substructures bearing the bending moment, and simulated 

the mechanical behaviors of the remaining structure with dismantling the middle column by using 

the FEM, and evaluated the remaining structure’s properties resisting the progressive collapse, such 

as the load transfer mechanism, deformation capacity, steel’s strain, crack distribution, and failure 

mode. 

Although there is a considerable understanding on the collapse performance and mechanism of 

the structures, most of these research works are focused on the field of frame structure. The large-

span ATBCF is a new type of spatial floor structure, and the multi-column frame tube is its combining 

structure to resist lateral loads [17]. Although this structural system has the advantages of a large-

span structure and assembled structure, such a structure needs to pay more attention to the overall 

resistance performance of the floor to progressive collapse. However, for the progressive collapse 

performance of the assembled multi-column frame tube structures or the assembled composite floors, 

there are few theoretical and experimental studies. In this paper, a numerical calculation and analysis 

for the remaining structures under different column demolition conditions is conducted by using the 

ALP method, and the mechanical responses and mechanism of the progressive collapse resistance of 

the remaining structure are investigated. 
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2. Structure Model and Mechanical Analysis 

2.1. Assembled Structural System 

The multi-column frame tube structure with ATBCF is a new type of fully assembled structure. 

For such a structure, the outer multi-column frame tube is utilized as its basic lateral load resistance 

system, and the interior of each single tube structure is connected to form a spatial structural system 

by using a fully assembled open web truss beam composite floor. The floor is assembled from four 

modular board units, with a plan size of 15.6 m × 15.6 m. The fully dry assembly connection of the 

floor system is achieved by the specially designed assembly connection components between the 

plate units, and between the assembled floors and the frame columns [18]. The composition of a 

multi-column frame tube structure with ATBCF is shown in Figure 1. 

multi-column 

frame-tube 

y  

Steel truss keel

composite floor

Concrete panel

 

Figure 1. Composition of a multi-column frame tube structure with ATBCF. 

To investigate the progressive collapse resistance performance of this type of assembled 

structure, combining with the demolition component method (also known as the ALP method), a 

progressive collapse resistance analysis on a multi-column frame tube structure with ATBCF under 

different column failure conditions is conducted by using the pushdown approach and the transient 

loading technique considering the initial state. Firstly, the residual bearing capacity, internal force 

redistribution mechanism, and progressive collapse mechanism of the multi-column frame tube 

structure with ATBCF under different column demolition conditions for this structural system are 

studied by using the nonlinear static analysis method. Secondly, the dynamic responses of the 

remaining structure at various column failure times are studied by using the nonlinear dynamic 

analysis method, and the influence of the column failure time on the dynamic response of the 

remaining structure is investigated. Finally, the load dynamic amplification factor, which should be 

considered in the static analysis for the remaining structure, is discussed. 

2.2. Model and Loading Conditions 

In the multi-column frame tube structure with ATBCF as shown in Figure 1, a typical multi-layer 

frame tube structure is selected as the research object. According to Chinese standards [19-20], the 

ultimate bearing capacity design for such a structure is designed. The structure is consisted of 6 floors, 

with a multi-column frame possessing 4 spans in both the transverse and longitudinal directions, a 

column spacing of 3.9 m, and a floor height of 3.6 m. The structural elevation and layout plan are 

individually shown in Figures 2 and 3, and the isometric layout of the truss beams using for the 

modular plate components is shown in Figure 4. The cross-section forms and dimensions of the 
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components of the structure, such as the truss beams, frame beams, and columns, are shown in Table 

1. To investigate the progressive collapse resistance of the structure, the dead loads on the floor and 

roof are individually taken as 3.2 kN/m2 and 4.0 kN/m2, and the live loads are taken as 2.5 kN/m2 and 

0.5 kN/m2, respectively. The dead load on the exterior wall is taken as 3.0 kN/m, and Q345 steel is 

applied in this work. 
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Figure 2. Structural elevation of the multi-column frame tube structure with ATBCF. 

 ame beam

 

Figure 3. Layout plan of the multi-column frame tube structure with ATBCF. 

Edge beam

Main beam

Web member

Web member

 

Figure 4. Isometric layout of the truss beams using for the modular plate components. 

Table 1. The physical parameters of the rock specimens. 

Composition Component Specification of Cross-Section 

Floor Chords of the main beams Cold-formed channel steel［200×100×8 
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The web members of the main beams Hot-rolled steel equal angle ∟50×4 

Chords of edge beams and end beams Cold-formed channel steel［100×100×8 

Web members of edge beams and end beams Cold-formed channel steel［80×60×4 

Vertical ventral members Cold-formed channel steel［100×100×8 

Single cylinder frame 

Middle column H400×400×10×20 

Side column H300×300×8×14 

Corner column H200×200×8×8 

Frame beam H200×150×6×8 

For the multi-column frame tube structure with ATBCF, a finite element model is built by using 

the MIDAS/Gen software, as shown in Figure 5. In the mechanical analysis for such a structure, the 

tensile effect of the floor slab is ignored, and the components of the structure are simulated by using 

the beam elements. When the pushdown analysis for the structure is conducted, the P-M-M plastic 

hinges are assigned to both ends of the frame column, the M3 hinges are selected to both ends of the 

frame beam, and the P hinges are adopted to both ends of the chord or web member of the truss 

beam. According to the FEMA 356, the parameters of the plastic hinges are determined. When the 

nonlinear dynamic analysis for the structure is operated, the damping of the remaining structure is 

presumed as the Rayleigh damping, with a damping ratio of 0.02. 

 

Figure 5. Finite element model of the multi-column frame tube structure with ATBCF. 

Due to the presence of assembly slab seam in the assembled floors, as shown in Figure 3, the 

progressive collapse resistance performance of the structure may vary in the different directions. 

Therefore, in this study, the side middle column of the bottom frame that is perpendicular to the 

assembly slab seam, the edge middle column of the bottom frame that is parallel to the assembly slab 

seam, and the corner column at the bottom frame, as shown in Figure 3, are individually select as the 

demolition objects for the progressive collapse resistance analysis of the structure. The three types of 

column demolition conditions are sequentially named as the work condition 1, the work condition 2, 

and the work condition 3, respectively. 

2.3. Analysis Methodology 

2.3.1. Pushdown Analysis for the Remaining Structure 

The pushdown analysis, which belongs to a nonlinear static analysis, is one of the commonly 

adopted methods in the progressive collapse analysis of the structures [21]. In this method, a 

gradually increasing vertical load is acted on the remaining structure, until the structure collapse is 
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generated, the relationship curve between the vertical load and the displacement of the structural 

controlling point is obtained, and the residual bearing capacity of the remaining structure is 

quantitatively evaluated. During the loading process, the internal force change and plastic 

development of the remaining structure at different stages can be detected, and the internal force 

redistribution mechanism and failure modes of the second defense line during the process of 

structural progressive collapse can be analyzed as well. 

Under the three types of work conditions, the pushdown analysis works are individually 

operated for the finite element model of the remaining structure by using the MIDAS/Gen software. 

To obtain the ultimate state of the progressive collapse of the remaining structure, the applied vertical 

load should be large enough. By using the trail calculation method, the target value of the vertical 

load can be achieved. In the nonlinear analysis, the stiffness of the remaining structure gradually 

decreases with increasing the vertical load, which will result in the deterioration of the remaining 

structure. When the stiffness coefficient of the remaining structure decreases to a critical value, the 

remaining structure will no longer bear the external load, and ultimately following with the collapse 

of the remaining structure. Furthermore, according to the Chinese Code CSCE 392 [22], when the 

nonlinear static analysis method and the nonlinear dynamic one are individually adopted to 

investigate the static behaviors and the dynamic responses of the building structures, for the case of 

the plastic rotation angle฀ ฀ p,e of the horizontal components of the remaining structure beyond the 

allowable one [฀ p,e], it should be considered that the building structure does not satisfy with the 

design requirements for the progressive collapse resistance. For the steel beams without adopting 

any weakening or strengthening measure to the flange, the allowance plastic rotation angle [฀ p,e] is 

taken as 0.0213-0.00012H/h, here, H and h individually denote the cross-sectional height of the steel 

beam and a unit displacement with a dimension centimeter. Therefore, in this work, the termination 

conditions of the pushdown analysis for the multi-column frame tube structure with ATBCF under 

different column demolition conditions are as follows: (1) Under a certain incremental step, the ratio 

of the structural current stiffness to initial one is of zero; (2) The plastic rotation angle of a certain 

horizontal component reaches the allowance plastic rotation angle [฀ p,e]. 

2.3.2. Nonlinear Dynamic Analysis for the Remaining structure 

In this paper, the transient loading method with equivalent load considering the initial state is 

adopted. After obtaining the internal force of the component to be removed under the condition of 

specific load combination, the component is removed and the internal force at the failed end is 

converted into the equivalent node load P0, which is applied to the corresponding node, making the 

remaining structure statically equivalent to the original structure, that is, the initial deformation and 

internal force of the structure are considered. To obtain the dynamic response of the remaining 

structure with column failure, based on this situation, a dynamic load Pt is applied to the 

corresponding nodes to conduct the dynamic time history analysis. The loading curve of the 

remaining structure is shown in Fig. 6. In the loading curve, when the time is t0, the load P(t0) is of P0, 

with the direction opposite to the node force, and t0 represents the failure time of the component. In 

this work, according to the requirements in the Chinese Code CSCE 392, a vertical load combination 

with 1.0 times dead load and 0.5 times live load acting on the multi-column frame tube structure with 

ATBCF under the condition of column demolition are adopted for the nonlinear dynamic analysis. 

t0t

0P

0

t
P
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Figure 6. The loading curve of the remaining structure. 

Although the dynamic effects of the remaining structure can be accurately reflected by using the 

dynamic analysis method, a lot of computational time is required in both theoretical and numerical 

calculations. Therefore, in the process of the actual structure design, the progressive collapse 

resistance performance of the remaining structure is preliminarily studied by using the static analysis 

methods. In the static analysis, to take the dynamic effect caused by the transient failure of the 

structural component bearing loads into account, a dynamic amplification coefficient ad is introduced 

according to the Chinese Code CSCE 392. When the progressive collapse resistance of the remaining 

structure is calculated by using the linear static analysis method, the dynamic amplification 

coefficient is determined as 2.0, and when that is solved by using the nonlinear static analysis method, 

the one is taken as 1.35 for the steel structure. The applicable range of load amplification is determined 

as the span between the columns connected to the removed column, and the layer is located above 

that of the removed column. In addition, the determination of the value of the dynamic amplification 

coefficient in the Chinese Code CSCE 392 is more focused on the traditional frame structures, while 

for the multi-column frame tube structure with ATBCF, a further study is needed. 

3. Results 

3.1. Pushdown Processing Analysis 

3.1.1. Pushdown Processing of the Remaining Structure 

Under the three types of different demolition column work conditions, the curves of the vertical 

load coefficient ฀ d versus the vertical displacement ฀  of the demolition column’s upper node 

(hereinafter referred to as the “failure point”) are shown in Figure 7. The endpoints of the curves 

corresponding to the work condition 1 and the work condition 2 are determined by the collapse 

criterion. While for the curve corresponding to the work condition 3, at the endpoint of the curve, the 

ratio of the current structural stiffness to the initial one is equal to zero, which can be seen from Figure 

7. As the load gradually increases, the working state of the structure changes from elastic deformation 

to elastoplastic one, which reflects in the curve changing from linear to nonlinear. Such a change is 

marked by the first occurrence of a break point on the curve. The load coefficient at the first break 

point on the curve of the load coefficient versus the displacement is defined as ฀ d,y. The maximum 

load coefficient that is called as the ultimate one, is named as ฀ d,max, and the corresponding 

displacement, which is called as the ultimate displacement, is noted as ฀ max. The results are listed in 

Table 2. 

Comparing the slopes of the linear segments of the curves shown in Figure 7, it can be found 

that the stiffness of the remaining structure under the work condition 3 is larger than that under the 

work condition 1 and 2. For the work condition 3, when the load curve enters the nonlinear 

deformation stage, the bearing capacity of the remaining structure quickly reaches its ultimate value, 

the remaining structure reflects a similar “brittle” property, with the value of ฀ d,max฀only increasing 

by 0.71% comparing to the value of ฀ d,y. While for the work condition 1 and 2, in the nonlinear 

deformation stage, the remaining structure undergoes a long period of deformation development, 

following with a certain degree of recovery in stiffness, and the load coefficient increases with 

increasing the displacement, the remaining structure exhibits a similar “plastic” property. 

Comparing to the value of ฀ d,y, the values of ฀ d,max individually increase by 23.81% and 23.85%, and 

the ultimate displacements are also greater than that under the work condition 3. Simultaneously, by 

comparing the curves under the work condition 1 and 2, it can be found that the shapes of the two 

curves are similar, and the ultimate load coefficient of the work condition 2 is slightly larger than that 

of the work condition 1. 
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Figure 7. The curves of loading coefficient versus displacement under various work conditions. 

Table 2. Load coefficient and vertical displacement under various work conditions. 

Work Condition ฀ d,y ฀ d,max ฀ max/mm 

1 3.247 4.020 55.821 

2 3.338 4.134 55.324 

3 8.457 8.517 37.425 

It can be seen from the above analysis that under the condition of the corner column demolition 

at the bottom floor, the stiffness of the remaining structure in the elastic stage is greater than that of 

the one under the condition of the middle column demolition at the bottom floor, which indicates 

that the residual bearing capacity of the remaining structure with the corner column demolition is 

higher than that of the one with the middle column demolition. However, the plastic deformation 

capacity of the remaining structure with the middle column demolition is superior to that of the one 

with the corner column demolition, which can be found from Figure 7. 

3.1.2. Progressive Collapse Mechanism of the Remaining Structure 

With the demolition of the middle column or the corner one of the multi-column frame tube 

structure with ATBCF, the vertical load is transmitted to the remaining columns by the frame beams 

and the truss beams. Due to the higher stiffness of the truss beam, the load transmitted by the truss 

beam is greater than that of the frame beam. Under the work condition 1 with side middle column 

demolition and the work condition 2 with edge middle column demolition, the numerical simulations 

are individually conducted for the finite element models corresponding to the remaining structures 

by using the MIDAS/Gen software. When the iteration steps are 33 and 34, the deformation diagrams 

of the remaining structures are shown in Figure 8a,b. 
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Figure 8. Plastic hinge distribution of the truss beams under work conditions 1 and 2: (a) step 33 for 

work condition 1; (b) step 34 for work condition 2; (c) ultimate step 149 for work condition 1; (d) 

ultimate step 80 for work condition 2. 

Combing with the load coefficient and displacement curve under the work conditions 1 or 2 (as 

shown in Figure 7), it can be found that during the linear loading stage, the overall remaining 

structure is in an elastic serving state. When the load closes to the first break point, the remaining 

structure has almost no plastic hinges or only a small number of plastic hinges. At the first break 

point, a lot of plastic hinges suddenly appear in the remaining structure, and the plastic hinges firstly 

appear on the web members of the truss beams near the demolition column end at the bottom floor, 

and rapidly develop towards the upper floors, as shown in Figure 8a,b. The web members of the truss 

beam yield and quickly fail, resulting in a rapid decrease in structural stiffness and an increase in 

structural deformation. The internal force redistribution occurs in the remaining structure, the 
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bending moment at the end of the frame beam at the failure point rapidly increases, and the frame 

beam is in an elastoplastic working state. Due to the tie effect of the upper and lower chords of the 

truss beam and the bending resistance performance of the frame beam, the remaining structure can 

still bear greater loads. By the internal force redistribution, the structural stiffness has been restored 

to a certain extent, corresponding to the second break point, and following with the second upward 

stage in the load coefficient versus displacement curve, as shown in Figure 7. The plastic rotation 

angle at the end of the frame beam increases with increasing external load, until it approaches to the 

ultimate value [฀ p,e], the remaining structure no longer satisfies with the requirements for resisting 

the progressive collapse. Currently, the loading processes are terminated, and the corresponding 

iteration steps for the work condition 1 and 2 are 149 and 80, the ultimate plastic hinge distributions 

and deformation diagrams of the remaining structures are shown in Figure 8c,d, respectively. 

Under the work condition 1 with side middle column demolition, the curves of the bending 

moment My and plastic rotation angle ฀ p,e of the frame beam end at the failure point versus the load 

coefficient ฀ d are shown in Figure 9. It can be found from Figure 9 that the changes in the bending 

moment and plastic rotation angle at the beam end are synchronous. When the bending moment My 

reaches its yield value Mp=90.00 kN·m, the plastic rotation angle at the beam end begins to emerge. 

When the bending moment My increases to 101.56 kN·m, the plastic rotation angle ฀ p,e at the beam 

end is of 0.1897 rad, which is larger than the allowable one [฀ p,e]=0.0189 rad. It can be seen from the 

above analysis that under the condition of the side middle column failure, the structure possesses a 

good second defense line to resist the progressive collapse. Therefore, the frame beam can effectively 

improve the safety storage of the remaining structure against the progressive collapse. 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

0

10

20

30

40

50

60

70

80

90

100

110

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

塑
性
转
角

/r
ad

弯
矩
M

y
 / 

k
N

·m

荷载系数Ad

梁端弯矩

梁端塑性转角

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Loading coefficient dA

/
k
N

y
M

m⋅

/R
ad

 

Figure 9. Curves of bending moment and plastic rotation versus loading coefficient. 

Under the work condition 3 with corner column demolition, the numerical calculation is 

operated on the finite element model of the remaining structure by using the MIDAS/Gen software. 

When the iteration step is 149, the deformation diagram of the structure is shown in Figure 10a. It can 

be found from Figure 10a that the progressive collapse process of the multi-column frame tube 

structure with ATBCF under the work condition 3 is different from that under the work condition 1 

or 2. When the corner column of the structure fails, as the vertical load gradually increases, the plastic 

hinges firstly emerge on the web members of the truss beams near the column end at the bottom 

floor, as shown in Figure 10a. Distinguishing the work conditions 1 and 2, the upper and lower chords 

of the structural truss beam at the corner cannot form effective ties like that at the mid span. With the 

failure of the web members, the stiffness of the truss beam rapidly decreases, and the proportion of 

the load enduring by the frame beam greatly increases. The load redistribution between the truss 

beam and the frame beam causes a rapid yielding and failure of the frame beam, resulting in a severe 

degradation of the stiffness of the overall remaining structure, which corresponds to the break point 

of the load coefficient versus displacement curve under the work condition 3 in Figure 7, and 

ultimately results in the progressive collapse in the region at the corner columns. At this moment, the 

corresponding iteration step for the work condition 3 is 171, the ultimate plastic hinge distribution 
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and deformation diagram of the remaining structure is shown in Figure 10b. Thus, it can be found 

from the above analysis that in the actual design of the multi-column frame tube structure with 

ATBCF, the frame beam, as the second defense line against progressive collapse, should possess a 

sufficient safety storage to ensure that the structure still possesses the capacity of progressive collapse 

resistance under the condition of the corner column demolition. 

  
(a) (b) 

Figure 10. Plastic hinge distribution of the truss beams under work condition 3: (a) step 149 for work 

condition 3; (b) ultimate step 171 for work condition 3. 

3.2. Nonlinear Dynamic Analysis 

3.2.1. Failure Time of the Column 

When an engineer structure is subjected to an unexpected load, such as an explosion load, or an 

impact load, resulting in the failure of its components, the failure time of the structural components 

is generally very short [23]. It is shown that the failure time of the load-bearing component at the 

bottom floor has a significant impact on the dynamic response of the remaining structure. The shorter 

the failure time, the stronger the dynamic response [24]. For the value of failure time t0, the DoD 2013 

specification [25] stipulates that the failure time of the column shall not exceed 0.1 times of the first 

vertical vibration period Tv1 of the remaining structure, while the Chinese Code CSCE 392 stipulates 

that the failure time of the removed column shall not be greater than 0.1 times of the primary 

vibration period T1 of the remaining structure. To obtain a reasonable value of failure time t0, in the 

following study, the multi-column frame tube structure with ATBCF under the work condition 1 is 

selected as a research object. Based on the eigenvalue analysis (or mode analysis) of the frame 

structure with the side middle column demolition, the primary vibration period T1 and the first 

vertical vibration period Tv1 of the remaining structure are 1.327 s and 0.2717 s, respectively. Thus, 

the failure time t0 is individually taken as 0.001 s, 0.02717 s (0.1Tv1), 0.1 s, 0.1327 s (0.1T1), and 0.5s, 

and the vertical displacement versus time curves of the remaining structure at various failure times 

are shown in Figure 11. Extracting the maximum displacement on each vertical displacement time 

history curve, the relationship curve between the maximum displacement and the failure time can be 

obtained, as shown in Figure 12. 
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Figure 11. Vertical displacement time history curves at various failure times. 
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Figure 12. Relationship curve between maximum displacement and failure time. 

It can be found from Figures 11 and 12 that the shorter the failure time t0 of the column, the 

greater the dynamic response of the remaining structure. When the failure time is of 0.001 s and 

0.02717 s (0.1Tv1), the vertical displacement time history curves of the remaining structures are very 

similar, with the corresponding maximum vertical displacement as 14.53 mm and 14.22 mm, 

respectively. The difference between the both values is only 0.31mm, with a decrease of only 2.2%. 

When the failure time is of 0.1s and 0.1327s (0.1T1), the maximum vertical displacement of the 

remaining structure is individually 11.72 mm and 11.32 mm, which is 19.3% and 22.1% lower than 

the result at the failure time 0.001 s. When the failure time is 0.5 s, the maximum vertical displacement 

of the remaining structure is of 10.52 mm, which is a decrease of 27.6% compared to the value at the 

failure time 0.001 s. For this case, the dynamic effect of the remaining structure has significantly 

decreased. Therefore, it is reasonable to take a failure time for the structural components not greater 

than 0.1 times the first vertical vibration period of the remaining structure. In this situation, the 

calculation results can fully reflect the maximum dynamic response of the remaining structure. 

3.2.2. Dynamical Magnification Factor 

For the work condition 1 with the side middle column failure, the work condition 2 with the 

edge middle column failure, and the work condition 3 with the corner column failure, the failure 

times of the columns are taken as 0.1 times of the first vertical vibration periods of the corresponding 

remaining structures. A nonlinear dynamic analysis is conducted on the remaining structures to 

obtain the displacement time history curves at the structural components’ failure points under the 

three work conditions, as shown in Figure 13. It can be seen from Figure 13 that under the three types 

of different working conditions, the maximum displacements at the failure points of the remaining 

structures are of 14.22 mm, 13.27 mm, and 8.20 mm, respectively. Then, according to the Chinese 
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Code CSCE 392, the displacements at the failure points of the remaining structures are individually 

solved by using the linear static calculation method (LSCM) and the nonlinear static calculation 

method (NSCM). The vertical displacements at the failure points of the multi-column frame tube 

structure with ATBCF under three working conditions obtained by using the linear static calculation 

method, the nonlinear static calculation method, and the nonlinear dynamic calculation method 

(NDCM) are listed in Table 3. 
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Figure 13. Vertical displacement time history curve at the failure points of the remaining structure at 

various work conditions: (a) Work condition 1; (b) Work condition 2; (c) Work condition 3. 

Table 3. Vertical displacements gained by using three calculation methods at various work 

conditions. 

Work 

Condition 

Displacement by using LSCM 

฀ s/mm 

Displacement by using NSCM 

฀ ns/mm 

Displacement by using NDCM 

฀ nd/mm 

1 14.58 11.74 14.22 

2 13.66 10.77 13.27 
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3 8.79 6.45 8.20 

It can be found from Table 3 that under the three working conditions, the vertical displacements 

obtained by using the LSCM are greater than that obtained by using the NDCM, and the calculation 

results obtained by LSCM and NDCM are relatively close. Comparing with the vertical displacement 

obtained by NDCM, the vertical displacements obtained by LSCM are individually only larger of 

2.5%, 2.9%, and 7.2%, which indicates that when adopting the LSCM, if the dynamic amplification 

coefficient is selected as 2.0, then the calculation results can accurately reflect the dynamic effects 

caused by the transient failure of the structural load-bearing components. However, under the three 

working conditions, the vertical displacements obtained by using the NSCM are smaller than that 

obtained by using the NDCM. Comparing with the vertical displacements obtained by NDCM, the 

vertical displacements obtained by NSCM are individually smaller of 17.4%, 18.8%, and 21.3%, which 

indicates that when utilizing the NSCM, if the dynamic amplification coefficient is taken as 1.35, then 

the calculation results of the vertical displacements at the failure points of the remaining structure 

may be smaller than the actual ones. 

The vertical displacements of the failure points of the remaining structures with the side middle 

column demolition, the edge middle column demolition, and the corner column demolition are 

recalculated by using the NSCM. Currently, the dynamic amplification coefficients are determined 

as of 1.92, 1.92, and 1.84, and the corresponding vertical displacements at the failure points of the 

remaining structures are calculated as of 14.23 mm, 13.31 mm, and 8.22 mm, respectively. At this 

point, the calculation results obtained by using the NSCM are very close to those obtained by using 

the NDCM, with only the differences of 0.01 mm, 0.04 mm, and 0.01 mm between the calculated 

results. 

4. Discussion 

The plastic deformation capacity of the remaining structure with the side column demolition or 

with the edge middle column demolition is significantly higher than that of the remaining structure 

with the corner column demolition. Its mechanical mechanism can be explained by the fact that the 

upper and lower chords of the mid span truss beam can generate the effective ties, while the upper 

and lower chords of the truss beam at the end almost cannot militate the effective ties. However, for 

the remaining structure dismantling the side column that is perpendicular to the assembly slab seam, 

its plastic deformation capacity approximately equals to that of the remaining structure dismantling 

the edge column that is parallel to the assembly slab seam, while its bearing capacity of the second 

defense line is slightly smaller than the latter's bearing capacity of the second defense line. The 

mechanical mechanism formed by the difference in load-bearing capacity of the second defense line 

of the remaining structure under the two working conditions of removing the side beam and 

removing the edge beam is a problem worthy of in-depth research. 

In addition, the calculation and analysis for the progressive collapse resistance of the multi-

column frame tube structure with ATBCF under the conditions of different column demolition 

indicate that when applying the LSCM for calculating the vertical displacements of the remaining 

structures, it is reasonable to take 2.0 as the recommended dynamic amplification factor according to 

the Chinese Code CSCE 392, While when adopting the NSCM for calculation, if the dynamic 

amplification coefficient is taken as 1.35, the calculation results may be smaller than the actual values. 

So, when the nonlinear static calculation method is adopted to solve the failure point displacement 

of the remaining structure of the multi-column frame tube structure with ATBCF or other similar 

assembly frame structures, how to determine the appropriate dynamic amplification factor, is also a 

question worth further research. 

5. Conclusions 

To assess the progressive collapse resistance capacity of a multi-column frame tube structure 

with ATBCF under different column demolition conditions, the progressive collapse resistance 

performance and mechanism of the remaining structure are studied by using the ALP method, and 
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the effect of column failure time on the dynamic response of the remaining structure is investigated. 

The conclusions of this study are as follows: 

(1) The stiffness and residual bearing capacity of the remaining structure with the corner column 

demolition are larger than that with the middle column demolition, while the ultimate displacement 

of the former is smaller than that of the latter, therefore, the remaining structure with the middle 

column demolition possesses a stronger plastic deformation capacity. 

(2) For the remaining structure with the side or edge middle column failure, the frame beam 

elevates the safety storage, which results in that the remaining structure has an excellent second 

defense line against the progressive collapse. However, for the remaining structure with the corner 

column failure, due to the lack of reliable ties of the upper and lower chords of the truss beam at the 

corner, the safety storge of the frame beam above the failure point needs to be enhanced to ensure 

the remaining structure’s capacity to resist progressive collapse under the condition of corner column 

failure. 

(3) The dynamic analysis for the structure with ATBCF indicates that the shorter the column 

failure time, the greater the dynamic response of the remaining structure is. When the ALP method 

is adopted to operate the progressive collapse analysis of the remaining structure, it is reasonable to 

take the column failure time as 0.1 times of the first-order vertical vibration period of the remaining 

structure, and it is suitable to set the dynamic amplification coefficient as 2.0. 
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