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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

This paper presents experimental and theoretical investigations on progressive collapse behavior of steel framed structures 

subjected to an extreme load such as fire, blast and impact. A new capacity-based index is proposed to quantify robustness 

of structures. An energy-based theoretical model is also proposed to quantify the effect of concrete slabs on collapse 

resistance of structures. The experimental results show that the dynamic amplification factors of frames subject to impact 

or blast are much less than the conventional value of 2.0. The collapse process of frames in fire can be either static or 

dynamic depending on the restraint conditions and load levels. It is necessary to account for the failure time and residual 

strength of blast-exposed columns for assessing the collapse resistance of structures subject to explosion. Two collapse 

modes of steel frames under blast or impact are found: connection-induced collapse mode and column-induced collapse 

mode. In case of fire, a frame may collapse due to either column buckling or pull ing-in effect of beams. The energy 

dissipation from elongation of slab reinforcement and additional resultant moment greatly contribute to the collapse 

resistance of structures. 
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 1.  Introduction 

 

Design and research on progressive collapse of building structures have 

developed for more than 50 years since the collapse of Ronan Point apartment 

in London in 1968 (Fig. 1a) [1]. The term “progressive collapse” is defined as 

“the spread of an initial local failure from element to element, eventually 

resulting in the collapse of an entire structure or a disproportionately large part 

of it” [2]. The requirement for preventing progressive collapse of structures 

was first specified in the UK design code [3], by providing a categorization of 

building types/occupancies to design buildings to sustain an extent of localized 

failure under extreme loads without progressive collapse. Similar design 

approaches were given in Eurocodes [4]. The collapse of Murrah federal 

building in 1995 (Fig. 1b) and especially that of World Trade Center towers in 

2001 (Fig. 1c) [5] under terrorist attack have significantly advanced the 

development of U.S. codes for mitigating progressive collapse of buildings 

[2,6,7]. Afterwards there have been growing interests in understanding the 

progressive collapse behavior of high-rise buildings [8]. 

 

                     
(a) Ronan Point apartment                                  (b) Murrah federal building                            (c) World Trade Center 

Fig. 1 Events of progressive collapse of buildings under extreme loading conditions 

 
There is numerous research on the progressive collapse resistance[9] of 

structures under extreme loading conditions, such as blast, impact, and fire. In 

the case of blast or impact, the local failure is generally simulated by 

immediately removing columns, and the resistance of the remains are assessed 

to ensure alternative load-transfer paths to bridge over the missing columns. 

Numerous quasi-static experiments have been conducted [10-13]. Yang and 

Tan [10] investigated the behavior of steel beam-column connections by 

removing a column at center. Lew et al. [11] studied the collapse performance 

of frame assemblies with two kinds of moment resisting connections. Tsitos et 

al. [12] evaluated the applicability of design methods in earthquake 

engineering to progressive collapse design of steel structures by testing scaled 

steel frames. Xie and Shu [13] carried out experiments on three-dimensional 

steel frames to study the variation of internal forces due to removal of a 

column. The sudden removal of a column may cause dynamic effect on the 

behavior of structures, which cannot be accurately represented by these quasi-

static tests. Many attempts have thus been made to simulate the induced 

dynamic effect in the process of column removal and collapse [14-19]. Xie [14] 

simulated the failure of the middle column by using a cylinder, and tests on 

three planar frames were conducted. Chen et al. [15] used a chain block to 

suddenly remove a perimeter column in the test on a full-scale steel frame. The 

influence of concrete slabs on its collapse resistance was studied. Xiao et al. 

[16,17] simulated the sudden column removal by dislodging concrete blocks 

inserted in the middle of a column. The load transfer path and failure 

mechanism of a scaled concrete frame under column removals were 

investigated. However, in these dynamic tests, the duration of column removal 

time was not short enough where the dynamic effect induced on the damaged 

structure was not well represented. For most of numerical studies reported in 

the literature on the progressive collapse of structures due to blast or impact 

[20-22], there has been a general lack of validation against experimental data. 

The alternate path method assumes that the column is removed 

immediately regardless of the magnitude and duration of blast loads. In 

practice, although the duration of explosion on structural members is very 
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short (in millisecond), the duration of response of the member under explosion 

to failure may be longer depending on material properties and geometry 

dimensions. It is unreasonable to neglect the failure process of members in all 

cases. Furthermore, the damaged components may have some residual bearing 

capacity. The failure time and residual capacity of the damaged members will 

affect the resistance of a structure against progressive collapse. One objective 

of this paper is to study these issues. 

In the case of fire, the failure of steel members and slab in the fire 

compartment is deemed as local failure for progressive collapse, which cannot 

be simulated by simply removing these heated components [23]. This is firstly 

because that the fire duration (in hour) is much longer than blast (in 

millisecond). The structural fire behavior is thus a quasi-static process before 

the failure of the heated members. Secondly, when a structure collapses in fire 

(i.e. collapse time) is one key factor in addition to whether and how it collapses. 

This collapse time is dependent on the failure process of heated members 

which interacts with surrounding members at ambient temperatures. Previous 

studies focus on figuring out collapse mechanisms of structures [24-42]. It has 

been found that the progressive collapse will be triggered by the failure of the 

heated columns, followed by lateral drift and failure of adjacent cool columns, 

respectively. The catenary action in the heated beams and tensile membrane 

action in the heated slabs may play an important role in resisting the collapse 

of structures. The collapse modes are significantly affected by load ratio, 

strength of beams relative to columns, slab, connection, and fire scenario. A 

high load ratio will cause a global downward collapse due to failure of all 

columns on one floor [27-29]. A relative strong beam may also result in a 

global downward collapse due to a more uniform load redistribution in the 

columns [27]. A heated beam may have a pulling-out effect on columns at low 

temperatures[30], and pulling-in effect at high temperatures [30]. The tensile 

membreane action from slabs and increasing reinforcement in the slab may 

facilitate the load transfer between columns [32]. A fire along edge bay is more 

prone to cause collapse than a central-bay fire [34, 35]. A thermo-mechanical 

model of composite slabs was proposed by using reduced-order shell elements 

[36,37], and the membrane action mechanism and fire resistance of composite 

slabs were investigated [39,40]. Recently, there is a growing concern to 

investigate the potential collapse of buildings in the cooling phase of a fire [32, 

38, 41] and subject to a travelling fire [43]. However, the above conclusions 

are drawn based on numerical results rather than experimental results. The 

existing experimental studies are stopped at a relatively small level of 

displacements (without collapse) due to the limited laboratory conditions or 

safety concerns. There is still lacking of non-standard fire tests on real-scale 

structures [44,45]. Another important issue is the mitigation measures against 

fire-induced collapse. It has been found that it is feasible to employ bracing 

systems and fire protections to mitigate or prevent structural collapse [46]. 

Therefore, it is essential to conduct fire tests designed with collapse as the 

ultimate limit state to verify the concluded collapse mode and to validate the 

numerical models.  

Analytical studies have been conducted to quantify the robustness of 

structures, which are generally divided into structural attributes-based 

measures [8,47,48] and structural behavior-based measures [49-55]. The 

former involves the demand-capacity ratio or ductility of connections, while 

the latter concerns load-bearing capacity, redundancy, key displacement, etc. 

However, there is still a lack of generalized methodologies for quantify the 

collapse resistance of realistic structures [23,56,57]. Most existing robustness 

indexes do not fully account for the influence of structural characteristics, 

dynamic effect and local damage. Moreover, most robustness quantifications 

are based on elastic analyses by excluding plastic internal force redistribution 

in the structure. 

This paper presents experimental, numerical and analytical investigations 

on the progressive collapse behavior of steel framed buildings subject to 

impact, blast, and fire, respectively. Experiments were conducted on steel 

frames to study its progressive collapse resistance under impact loads, where 

an instantaneous knock-out scheme was used to simulate the removal of 

columns. A new capacity-based index was proposed to quantify the robustness 

of steel framed buildings. The blast-induced collapse behavior of structures 

was investigated, where the effect of failure time and residual strength of the 

blast-exposed column on the collapse resistance was studied. Fire tests on steel 

frames were carried out to study the collapse behavior of structures exposed to 

localized fires. Parametric studies were conducted to investigate the influence 

of dynamic effect, load ratio, beam section, fire scenario on the collapse 

resistance. An energy-based theoretical model was also proposed to quantify 

the effect of reinforced concrete slab on the collapse resistance of structures.  
 

2.  Collapse behavior of buildings subject to impact 

 

2.1. Experimental study 

 

Experiments were conducted on three planar steel frames with two storeys 

and four bays (scale ratio of 1:3) by removing a middle column on the ground 

floor, as illustrated in Fig. 2 [62]. The out-of-plane displacements of the frame 

were restrained. The dimensions of the test frames and structural components 

are listed in Table 1. The beam and column members were made of H-type 

sections, where, for example, H80×50×3×4 represents a H-section with a depth 

of 80mm, flange width of 50mm, web thickness of 3mm and flange thickness 

of 4mm, respectively. The case FRAME1 is to study the behaviour of the 

critical beam-column region with fully welded connections under a removal of 

a middle column. While FRAME2 and FRAME3 focused on the effect of 

columns on the collapse resistance of the frames where the beam-to-column 

connections were further strengthened by stiffeners to avoid connection failure. 

Weight baskets were attached to the beams to simulate the mechanical gravity 

loads (Fig. 2b). This is to avoid the detaching and slipping of the loading 

system from the specimen at large displacements. Each basket in the middle 

two bays and side bay had a weight of about 7.2kN and 4kN, respectively.  

In this study, a sudden removal of the target column was achieved by a 

specially designed mechanism with a pendulum hammer, as illustrated in Fig. 

2b. This is to satisfy the requirement that the removal period should be no 

more than 1/10 of the period of the dominant response mode [7,8]. Fig. 3 

shows the details of the mechanism made up by a three-hinged strut. A brittle 

locking rod made of glass was first inserted in the column to keep the column 

straight and maintain its function. A pendulum hammer was released from a 

designated position to strike the column and break the glass rod, which 

triggered the hinge mechanism and thus removal the column (Fig. 3b). The 

experimental results showed that the column removal duration was around 

0.02s, compared to 0.5s for the natural period of the frame. 

The deformed shapes of the frame specimens after the column removal is 

shown in Fig. 4. The strong beam-weak column frame FRAME2 failed as the 

columns failed in bending and compression, whereas FRAME1 and 3 

exhibited large permanent deformations. The displacement-time curves of the 

three steel frame specimens at the column-removal location are shown in Fig. 

5. The measured maximum dynamic deflections were 252mm, 454mm and 

249mm for FRAME1-3, respectively. The corresponding permanent 

deflections were 228mm, 443mm and 225mm, respectively. The experimental 

results showed that strong connections can effectively enhance collapse 

resistance of steel frames. A frame with strong beams and weak columns was 

prone to collapse due to failure of the columns adjacent to the removed column. 

The catenary action of beams facilitated the dynamic load transfer from the 

removed column to its surrounding columns. 

 

l l ll

h2

⑤① ② ③ ④

h1

 
(a) frame dimension 

 
(b) gravity loading and column removal 

Fig. 2 Schematic of the tested steel frame under impact 
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(a) break of the glass rod 

 
(b) formation of hinge mechanism 

Fig. 3 Schematic of the column-removal mechanism 
 
Table 1 

 Dimensions of the steel frame specimens 

Specimen 
Beam section 

(mm) 

Column section 

(mm) 

Story height 
Span length l 

h1 h2 

(mm) (mm) (mm) 

FRAME1 
Middle bay：H545044 

Side bay：H805034 
H10010068 1227 1054 2100 

FRAME2 H545044 H545044 1227 1054 2054 

FRAME3 H545044 H10010068 1227 1054 2100 
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Fig. 4 Deformation of the frame specimen (FRAME1) Fig. 5 Time histories of vertical deflection at the top of the removed column 

 
2.2. Theoretical study 

 

2.2.1. Concept of new robustness index 

The resistance of a structure against progressive collapse under a local 

failure is defined as “robustness”. Structural robustness is the ability of the 

structure to redistribute the loads sustained by the failed members, and to 

remain stable after subjecting to local failure [59]. A capacity-based 

robustness index was proposed in Eq. (1) by comparing the imposed load on 

the original intact structure (Fig. 6a) and the residual capacity of the damaged 

structure (Fig. 6b) [60]: 

 

2 1 2 1

2 2

( ) ( )
m m dm m

rob

m dm

q q q q
I

q q

− −
= =                                                                      (1) 

where q1m, q1s is the load imposed in the middle and side bays of the intact 

structure (Fig. 6a), respectively; q2m, q2s is the static ultimate load in the 

middle and side bays of the damaged structure until failure (Fig. 6b), 

respectively;   is a dynamic amplification factor; q2dm is the dynamic critical 

load in the middle bays of the damaged structure until failure, which can be 

determined by q2dm = q2m/.  

The proposed robustness index in Eq. (1) can explicitly account for the 

dynamic effect and redistribution of plastic resistance forces. If Irob ≤ 0, the 

ultimate load of a damaged structure is less than the imposed load on the intact 

structure, leading to collapse of the frame lacking of necessary robustness. If 

Irob > 0, the frame is robust and may not collapse. The closer the Irob to 1, the 

larger the ultimate load than the initial load imposed on the frame, and the 

better the robustness of the frame. 

 

q1s q1m q1s

l2 l2l1 l1

h

 
 (a) intact structure 

Damaged Column

q2s
q2m q2s

A

C

B

D

E

F

G

l2 l2l1 l1

h Catenary   action

 
(b) damaged structure 

Fig. 6 Schematic of robustness index 
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2.2.2. Dynamic amplification factor and collapse mode 

The determination of Irob depends on the dynamic amplification factor    

and collapse mode [61]. Finite element models were established in ABAQUS 

and validated against experimental results. A push-down analysis was then 

carried out for the three tested steel frames. The predicted static load 

corresponding to a vertical displacement equal to the measured value of 

0.252m is P1m = 4.42kN, compared to the applied load of 3.3kN. Thus, the 

dynamic amplification factor can be determined as 1=4.42/3.3=1.34. 

Similarly, the dynamic amplification factors of FRAME2 and FRAME3 were 

determined as 2 = 4.23/3.85 = 1.10 and 3 = 4.57/3.85 = 1.19, respectively. It 

is worth noting that the dynamic amplification factors are much less than a 

conventional value of 2.0. This can be attributed to the energy dissipation from 

the development of plastic deformations in the frame.  

Two collapse modes were found depending on the behaviour of 

connections and columns, as shown in Fig. 7. If the collapse of the frame is 

triggered by fracture of beams or connections, the collapse of the frame will be 

limited in the damaged bays, which is defined as a confined collapse mode 

(Fig. 7a). If the connection is sufficiently strong and ductile, the local failure 

will spread beyond to the surrounding columns, leading to a propagating 

collapse mode (Fig. 7b). 

 

 

 
 (a) confined collapse mode 

 
(b) propagating collapse mode 

Fig. 7 Two collapse modes of steel frames 
 
2.2.3. Parametric studies 

Parametric studies were conducted to investigate the influencing of strain 

rate of materials, damping ratio, sizes of beams and columns, and location of 

removed columns. The details can be found in the reference [60]. The results 

showed that: (1) For a confined collapse mode, the influence of material strain 

rate was larger than that of the damping ratio; (2) For the propagating collapse 

mode, the influence of damping was larger than that of strain rate; (3) the 

ultimate load and robustness increased with increasing damping ratios; (4) The 

ultimate load and robustness for a middle column removal was larger than that 

for a side-bay column removal. 
 

3.  Collapse behavior of  buldings subject to blast 

 

This section addressed the influence of failure time and residual bearing 

capacity of the damaged column on the resistance of the whole structure 

against progressive collapse. A 2D steel frame of six bays and twelve storey 

was modeled in this study, as shown in Fig. 8 [62]. The span and storey height 

of the frame were taken as 4.5m and 3m, respectively. The I-type steel beams 

and columns were taken as I400×200×8×10mm and I500×500×12×15mm, 

respectively. A vertical uniformly distributed load of q=75kN/m was applied 

on all the beams, and a lateral blast load on the ground floor column. For an 

identified blast load acting on the column, the axial force in the column may 

decrease from its initial value N0 to N' as show in Fig. 9. After the explosion, 

the frame will continue to deform under the vertical loads and thus the 

damaged column reaches its residual load-bearing capacity Nr. The influence 

of the failure time t0 and residual bearing capacity Nr of the blast-exposed 

column on the vertical displacement of the frame was studied as follows. 

 

 

  
Fig. 8 A steel frame subjected to explosion on a ground floor column Fig. 9 Variation of the axial force in the column under explosion 
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Fig. 10 Vertical displacement of the column versus time for different failure 

times 
Fig. 11 Comparison of axial displacements of columns for different residual 
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3.1. Influence of failure time t0 

 

The residual bearing capacity model (Nr=8000kN) of the column under 

explosion in Fig. 9 was used in this case. Five cases of failure time of the 

column were adopted (0ms, 12ms, 60ms, 120ms, infinity). Comparison of the 

axial displacement at the column top for the five failure cases is shown in Fig. 

10. The longer the failure time of the column, the less the displacement of the 

structure. When the failure time was infinite, the displacement is equivalent to 

the static response. Obvious dynamic effects were observed for an immediate 

removal (0ms). The response for a removal of 12ms almost coincided with the 

immediate removal. This indicates that only if the failure time is within certain 

range (e.g. 60ms), it is important to consider the effect of failure time of 

columns. 

 

3.2. Influence of residual load-bearing capacity Nr 

 
The same failure time of 60ms was taken. Four conditions of residual 

load-bearing capacity Nr of the column were considered (0kN, 500kN, 1000kN, 

2000kN). Fig. 11 shows the variation of axial displacements of the column for 

the four residual capacity cases. It showed that the larger the residual bearing 

capacity of the column, the less the displacement of the structure given the 

same failure time. Therefore, the existence of the residual bearing capacity can 

enhance the collapse resistance of structures. Therefore, it is important to 

consider the residual bearing capacity of the damaged column under explosion 

for assessing the collapse resistance of structures. 

An equivalent spring model and SDOF model were proposed by the 

authors to simplify the analysis of progressive collapse of steel framed 

structures. The equivalent spring model includes two independent steps: (1) 

determine the failure process (failure time and residual load-bearing capacity) 

of the column under blast based on a member-level model; (2) replace the 

damaged column with an equivalent spring model considering the column 

failure process, and analyze the behavior of the remaining structure. The 

SDOF model is to further simplify the analysis, and to analytically determine 

the failure time and residual load-bearing capacity of columns under blast. The 

detailed development and verification of these two models are presented in the 

reference [62]. 

 
4.  Collapse behavior of buildings subject to fire 

 
4.1. Experimental study 

 
Fire tests were carried out to investigate the collapse resistance of steel 

frames under localized fires [63]. Three planar steel frames (Frames 1, 2 and 3) 

were designed and tested, as shown in Fig.12. The test frames had 4 bays and 

2 storeys. The spans of the two middle and edge bays were 2.2m and 2.0m, 

respectively. The column in the middle of the ground floor (gridline 3) was 

heated by an electric furnace. Frame 1 had a larger rectangular tube section of 

middle bay columns (150×50×5), compared to 60×40×3.5 of Frame 2 and 

Frame 3. A larger gravity load was applied on Frame 3. The electric furnace is 

designed to allow dynamic performance and large deflection of the test frames 

(Fig. 12b). Gravity loadings were imposed to the frame by hanging weight 

baskets on the beam (Fig. 12b). Welded beam-to-column connections were 

used. 

The vertical displacements at the top of the heated columns of the three 

frames were measured and compared in Fig. 13. It shows that the displacement 

descended gradually in Frame 1 while changed rapidly in Frames 2 and 3. This 

indicates that the heated column in Frame 1 failed in a quasi-static way, 

whereas those of Frames 2 and 3 failed in a dynamic way. This is because of 

the stronger axial restraint stiffness of the heated column in Frame 1 and less 

load level imposed to Frame 1. Besides, Frames 2 and 3 regained equilibrium 

after failure of the heated column, when the displacement reached around 

55mm and 420mm, respectively, as shown in Fig. 14.  

The experimental results showed that, depending on the restraining 

condition and loading level, the failure process of a restrained steel column in 

fire could be either static or dynamic. Ignoring the dynamic effect on structural 

behavior under fire may greatly underestimate the maximum displacement of 

structures, thus leading to an unsafe design. 

 

             
                                                          (a) frame dimension                                                  (b) loading system 

 

 
(c) on-site setup                                               

Fig. 12 Layout of fire tests on steel frames 

 

 
 

Fig. 13 Comparison between two displacement measurement systems for 

the vertical displacement at the top of the frames Fig. 14 Deformation of Frame 3 after test 
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4.2. Numerical study 

 

Numerical simulation of the test frames using the software ABAQUS was 

conducted to further investigate the collapse mechanism of the test frames [63]. 

Fig. 15 shows the numerical model and the analysis results of test frame 3. It 

shows that the numerical analysis results agreed well with the test results in 

terms of both the deformation shape and the displacement of the test frame.  

Parametric studies were conducted to study the influence of damping and 

the strain rate of material on the performance of steel frames under localized 

fires by using the numerical model of Frame 2. The results showed that the 

damping with damping ratios ranging from 0 to 10% had a negligible influence 

on the performance of frames as shown in Fig. 16. The influence of material 

strain rate was significant for the cases when the heated column failed in a 

dynamic way as shown in Fig. 17. Neglecting the strain rate effect in the 

numerical modelling may significantly overestimate the maximum 

displacement at top of the heated column. 

The validated numerical models were further used to study the collapse 

modes of frames through amplifying the applied gravity load. As shown in Fig. 

18a, after the failure of the heated column, the deflection of beams above the 

column was small. The failure of the heated column resulted in an increment of 

compressive axial forces in the adjacent column, leading to their buckling. 

This collapse mode can be defined as Column-buckling failure mode, which 

may occur when the beams are strong and the initial load ratio is high [31]. Fig. 

18b shows large deflections of beams, and obvious lateral displacements of the 

adjacent columns. This mode can be identified as Pulling-in force induced 

failure [31]. This collapse mode is prone to occur for the frames with weak 

beam sections [31]. 

 

 
Fig. 15 Numerical analysis of Frame 3 

 

  
Fig. 16 Effect of damping on vertical displacement (V4) at top of the heated 

column 

Fig. 17 Effect of strain rate effect on vertical displacement (V4) at top of the 

heated column 

 

 
(a) column buckling failure mode (Frame 1) 

 
(b) pull-in force induced failure mode (Frames 2 and 3) 

Fig. 18 Failure modes of the test frames 
 

5.  Effect of slabs and beams on collapse resistance 

 

When a structure experiences large deformations, a secondary load 

resisting mechanisms such as the tensile membrane action in slabs and 

catenary action in beams will be mobilized as an effective means against 

collapse. This section presents an experimental study on a 3D steel frame due 

to an edge-column loss. Moreover, energy-based analytical approaches were 

proposed to quantify the collapse resistance of steel structures in the event of a 

general middle and side column loss scenario, as shown in Fig. 19. 

 

 
Fig. 19 Location of the general middle and side columns 
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5.1. Experimental study 
 

The specimen was a single-storey, two-bay steel frame with flat concrete 

slabs [67], as shown in Fig. 20. The height is 1.3m. The transverse and 

longitudinal spans of the slab are 1.8m and 2.4m, respectively, as illustrated in 

Fig. 21. The test setup is shown in Fig. 22. A force was applied at the column-

removal location by the actuator, as shown in Fig. 23. A force-controlled 

loading rule was used and when the load exceeded 80kN, displacement-

controlled loading rule was employed. 

 

 
Fig. 20 The test specimen 

 

 

Fig. 21 Plan view of the tested frame. (Dimensions in mm.) 
 

 
 

(a) On-site layout (b) Schematic layout 
Fig. 22 Test setup 
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Fig. 23 Connection between the actuator and the specimen 

 

The displacement-resistance relationship of the frame is shown in Fig. 24. 

The collapse resistance and final displacement are 227kN and 606mm, 

respectively. Three stages were found for the curve: elastic-plastic stage, 

transition stage, an catenary action stage. It was found that the collapse 

resistance of the frame was about 2.8 times greater than its plastic bearing 

capacity. 

 

 
Fig. 24 Resistance-vertical displacement curve of the tested frame 

 

The final deformation shapes of the frame are shown in Fig. 25~ Fig. 27. 

As shown in Fig. 25, a main crack which elliptically distributed along the 

edges was found on the slab top. Obvious spalling of concrete from the 

column-removal location to the corner columns was observed. The failure of 

the frame was governed by fracture of the bottom flange of steel beams, as 

shown in Fig. 26. The deformation shape of the column at corner is shown in 

Fig. 27. There was severe local buckling at the bottom of the column.  

 

  

(a) Front view (b) Right view 

Fig. 25 Final deformation shape of slabs 
 

 

 
Fig. 26 Fracture of steel beams Fig. 27 Lateral displacement of columns  
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5.2. Analytical study 

 

5.2.1. Model simplification 

To save computational cost, the collapse resistance of the remaining 

framed-structure after column loss is represented by the corresponding 

simplified substructures. Fig. 28~ Fig. 29 show the simplifications of the 

substructures for general middle and side column loss scenarios, respectively. 

For the general middle column loss scenario, the boundary conditions for the 

four edges of the substructure are fully restrained considering that the axial 

and rotational restraints provided by the surrounding slabs and beams are 

relatively strong. Similarly, for the general side column loss scenario, three 

edges of the substructure are fully restrained.  
 

 
 

(a) original structure for general middle column loss scenario (b) simplified slab-beam substructure for general middle column loss 

scenario 

Fig. 28 Model simplification for general middle column loss scenario [65] 
 

 
 

(a) original structure for general side column loss scenario (b) simplified slab-beam substructure for general side column loss 

scenario 

Fig. 29 Model simplification for general side column loss scenario [66] 
 
5.2.2. Analytical model  

The failure modes of the substructure under the removal of middle and 

side columns are shown in Fig. 30. For the middle-column removal scenario, 

the failure mode of the composite beam-slab substructure is shown in Fig. 30 

(a) [65]. This substructure can be divided into four rigid segments by the 

positive yield lines AI, CI, EI and GI. An elliptical and negative yield line was 

hypothesized to emerge along the edges of the substructure. For the side-

column removal, the failure mode is indicated in Fig. 30(b) [66]. The 

substructure is divided into three rigid segments by the positive yield lines AJ 

and KC, and the negative yield lines BL and MD were used to emerge for the 

unevenly distributed deformation. Note that the resistance of steel beams at the 

limit state is dominated by catenary action, which indicates that the bending 

action is negligible. Thus, the formation of plastic moment hinges was ignored 

in the assumed failure mode of steel beams.  

 

  
(a) failure mode for general middle column loss scenario (b) failure mode for general side column loss scenario 

Fig. 30 Failure modes for general middle and side column loss scenario [64,65] 

 
For calculating the collapse resistance of the beam-slab substructure in the 

proposed energy-based method, the following three internal energy 

dissipations were considered: (1) elongation of reinforcement bars in the slab 

along yield lines and steel beams; (2) additional resultant moment due to the 

tensile membrane force in the slab and tensile force in the beam; (3) sectional 

bending moment along the yield lines. The detailed deduction of this 

analytical approach can be found in the references [65, 66]. The ultimate 

capacity of the substructure can be obtained using the proposed energy-based 

method. For the general middle column loss, the ultimate capacity is given by: 
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For the general side column loss, it is given by: 

 

'

( ( 2 ) 2 2 2
2

2 2 2 )

xe x uL ya y xa x uL

ym y xm x x

v v v
F C T l F C T Lb C T lb F

l L L

L l l
C M C M M

l L L

 


 

= + + + +

+ + +

                 (3) 

Column Loss

Column Loss

Fixed Boundary

Longitudinal 

BeamTransverse 

Beam

Longitudinal Beam

Transverse Beam

Column Loss
A

B

D

C

X

Y

l

αL

L

A

B
I D

CH

Negative yield line

Transverse beam

 Longitudinal beam

αL

Positive yield line

J K

Negative yield line

Positive yield line

Removed column
L M



Guo-Qiang Li et al.  327 

 

where Cxe and Cye represent the contribution from the extended reinforcement 

and beams, respectively; Ca represents the contribution from additional 

bending moments caused by membrane forces in slabs; Cym and Cxm represent 

the influence of the membrane force on the yield bending moment of slabs, 

respectively. 

To capture the main mechanical characteristics of the substructures at 

large deflections, a tri-linear displacement-resistance relationship was 

proposed. As shown in Fig. 31, vA, vB and vC are the displacement 

corresponding to the end of the elastic-plastic stage, transition stage and 

failure displacement, respectively. qA is the plastic capacity of the substructure, 

which can be determined by yield-line theory. The determinations of 

displacements vA and vB are included in Ref. [65, 66]. 

 

5.2.3. Verification 

The performance of the proposed analytical method was verified by 

validated numerical models, wherein the effect of structural parameters such 

as aspect ratio and thickenss of slabs, reinforcement ratio of slabs, height of 

beam section on the progressive collapse of beam-slab composite 

substructures were considered. The detailed parameters of substructures for 

removal of a middle and side column are given in Tables 2 and 3, respectively. 

The comparisons of analytical and numerical displacement-resistance 

relationships of the substructures under removal of a middle and side column 

were shown in Ref. [65] and Ref. [66], respectively. The errors of the 

predicted ultimate bearing capacity of the substructures are shown in Tables 4, 

respectively. The proposed method provided accurate predictions on the 

ultimate bearing capacity of the substructure, with the relative errors less than 

15%. 

 

 
Fig. 31 Simplified resistance-displacement curve 

 

Table 2 

Dimensions and reinforcement of the composite substructures for middle column loss scenario 

No. Variable 
Planar Size  

( L× l ) (mm) 

Slab Thickness 

(mm) 

Reinforcement 
Beam Section 

Top Bottom 

S1 Control specimen 4000×3000 100 Φ12@120 Φ12@180 200×100×5.5×8 

S2 

Aspect ratio 

4000×2500 100 Φ12@120 Φ12@180 200×100×5.5×8 

S3 4000×3500 100 Φ12@120 Φ12@180 200×100×5.5×8 

S4 4000×4000 100 Φ12@120 Φ12@180 200×100×5.5×8 

S5 

Slab thickness 

4000×3000 75 Φ12@120 Φ12@180 200×100×5.5×8 

S6 4000×3000 125 Φ12@120 Φ12@180 200×100×5.5×8 

S7 4000×3000 150 Φ12@120 Φ12@180 200×100×5.5×8 

S8 

Rebar ratio 

4000×3000 100 Φ14@120 Φ14@180 200×100×5.5×8 

S9 4000×3000 100 Φ8@120 Φ8@180 200×100×5.5×8 

S10 4000×3000 100 Φ10@120 Φ10@180 200×100×5.5×8 

S11 

Beam section height 

4000×3000 100 Φ12@120 Φ12@180 120×100×5.5×8 

S12 4000×3000 100 Φ12@120 Φ12@180 160×100×5.5×8 

S13 4000×3000 100 Φ12@120 Φ12@180 240×100×5.5×8 

Note: Dimensions in mm. Φ denotes the diameter of reinforcement bars.  

 

Table 3 

Dimension and reinforcement of composite substructures for side column loss scenario 

No. Variable 
Planar Size  

( L× l ) (mm) 

Slab Thickness 

(mm) 

Reinforcement 
Beam Section 

Top Bottom 

SS1 Control specimen 4000×2000 100 Φ12@120 Φ12@180 200×100×5.5×8 

SS2 

Aspect ratio 

4000×1750 100 Φ12@120 Φ12@180 200×100×5.5×8 

SS3 4000×2250 100 Φ12@120 Φ12@180 200×100×5.5×8 

SS4 4000×2500 100 Φ12@120 Φ12@180 200×100×5.5×8 

SS5 

Slab thickness 

4000×2000 75 Φ12@120 Φ12@180 200×100×5.5×8 

SS6 4000×2000 125 Φ12@120 Φ12@180 200×100×5.5×8 

SS7 4000×2000 150 Φ12@120 Φ12@180 200×100×5.5×8 

SS8 

Rebar ratio 

4000×2000 100 Φ14@120 Φ14@180 200×100×5.5×8 

SS9 4000×2000 100 Φ16@120 Φ16@180 200×100×5.5×8 

SS10 4000×2000 100 Φ10@120 Φ10@180 200×100×5.5×8 

SS11 

Beam section height 

4000×2000 100 Φ12@120 Φ12@180 120×100×5.5×8 

SS12 4000×2000 100 Φ12@120 Φ12@180 160×100×5.5×8 

SS13 4000×2000 100 Φ12@120 Φ12@180 240×100×5.5×8 

Note: Dimensions in mm. Φ denotes the diameter of reinforcement bars.  
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Table 4 

Relative errors of analytical collapse resistance for middle column loss Relative errors of analytical collapse resistance for side column loss 

No. 

Numerical  

Collapse Resistance 

(kN) 

Analytical  

Collapse Resistance 

(kN) 

Relative Error 

(%) 

S1 1031 1011 1.9% 

S2 1027 907 11.7% 

S3 1037 1053 -1.5% 

S4 1024 1105 -7.9% 

S5 954 823 13.7% 

S6 1106 1141 -3.2% 

S7 1211 1321 -9.1% 

S8 1122 1129 -0.6% 

S9 884 829 6.2% 

S10 957 917 4.2% 

S11 1012 1081 -6.8% 

S12 1018 1041 -2.3% 

S13 1056 949 10.1% 
 

No. 

Numerical  

Collapse Resistance 

(kN) 

Analytical  

Collapse Resistance 

(kN) 

Relative Error 

(%) 

SS1 520.5  500.2  3.9% 

SS2 522.9  481.7  7.9% 

SS3 512.5  502.5  1.9% 

SS4 515.9  525.7  -1.9% 

SS5 512.4  460.5  10.1% 

SS6 539.8  543.1  -0.6% 

SS7 555.3  589.4  -6.1% 

SS8 554.5  532.5  4.0% 

SS9 582.2  578.9  0.6% 

SS10 488.3  454.3  7.0% 

SS11 524.5  549.3  -4.7% 

SS12 523.6  519.8  0.7% 

SS13 498.5  431.2  13.5% 
 

5.2.4. Further discussion 

To further investigate the collapse resistance of substructures for removal 

of a middle and side column, the three terms of internal energy dissipations 

were calculated, including those from elongation of reinforcement in slabs and 

steel beams Win1, additional resultant moment Win2 and sectional moment of 

slabs Win3 at the limit state. Fig. 32 and 33 show the proportions of these three 

internal energy dissipations for the middle and side column removal, 

respectively. It can be concluded that the first two energy dissipations 

contributed more to the collapse resistance at large deflections. For the case of 

middle column loss, they accounted for 65% to 75% of the total energy 

dissipation, respectively. For side column loss, they occupied more than 70% 

of the total dissipation. 

 

  
Fig. 32 Contributions from Win1, Win2 and Win3 to the collapse resistance for 

middle column removal 

Fig. 33 Contributions from Win1, Win2 and Win3 to the collapse resistance for 

side column removal 

 

To further verify the reliability of the proposed method, the analytical 

contribution percentage of the concrete slab at the ultimate limit state was 

compared with that of the numerical results. The numerically predicted 

contribution of slabs to collapse resistance was obtained by subtracting the 

resistance of the steel beams from the total value of the beam-slab substructure. 

The comparisons of the numerical and analytical slab contribution for middle 

and side column loss scenario are shown in Fig. 34~Fig. 35, respectively. It 

was found that the contribution from slabs at the collapse limit state ranged 

from 30%-50% of the total resistance, and it was mainly affected by the 

reinforcement ratio of slabs. When the reinforcement ratio was increased by 

36%, the slab-induced contribution correspondingly increased by 17% for 

middle column loss and 14% for side column loss. A reduction of 

reinforcement ratio by 56% led to decline of slab-induced contribution by 34% 

(middle column loss) and 31% (side column loss). The section height of beams 

had little effect on the beam-induced contribution to the collapse resistance of 

the substructure. 

 

  
Fig. 34 Comparison of the contribution of slabs to the collapse resistance for 

middle column loss 

Fig. 35 Comparison of the contribution of slabs to the collapse 

resistance for side column loss 
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6.  Conclusions 

 

This paper investigated progressive collapse behavior of steel framed 

buildings under impact, blast, and fire, respectively. Experimental, numerical 

and analytical studies were conducted to investigate the collapse mechanism 

and influencing factors. The following conclusions can be drawn:  

(1) Under blast or impact, two collapse modes of steel frames were 

found depending on the behaviour of beams, connections and columns: beam 

or connection-induced collapse mode due to fracture of connections and 

column-induced collapse mode due to buckling of adjacent columns. In the 

case of fire, a similar column buckling collapse mode occurred for strong 

beams and high load ratio. Otherwise, the frame will collapse in a pull-in 

force-induced mode due to large deflection of beams. 

(2) The dynamic amplification factors of frames subject to impact or 

blast (up to 1.35) were much less than the conventional value of 2.0, due to 

the energy dissipation during the plastic deformations developed in the 

frame. In contrast, the collapse process of frames in fire can be either static or 

dynamic depending on the restraint conditions and load level. It is therefore 

important to exactly simulate the dynamic effect of structures under extreme 

loads to ensure conservative conclusions.  

(3) A capacity-based robustness index was proposed by comparing the 

imposed load on the intact structure to the residual capacity of the damaged 

structure. This index explicitly accounted for the dynamic effect and plastic 

deformation. 

(4) The failure process of a steel column in fire could either be quasi-

static or dynamic, which is dependent on the restraint condition provided by 

the surrounding structural components and the load level. 

(5) The influence of strain rate of material needs to be considered in the 

numerical modelling of structures in fire for the cases that the heated 

components fail in a dynamic way. Ignorance of this influence may lead to 

significant overestimation of the maximum deflection of the structure. 

(6) Damping showed little effect on the behavior of steel frames in 

localized fires. Therefore, it is suggested to ignore the effect of damping for 

assessing progressive collapse resistance of steel frames under localized fires. 

(7) An energy-based analytical approach was proposed to consider the 

effect of slabs and beams on the collapse behavior of structures. It was found 

that the energy dissipations due to the elongation of reinforcement and steel 

beams as well as additional resultant moment greatly contributed to the 

collapse resistance of the subassemblies. The slab-induced contribution was 

mainly affected by the slab reinforcement ratio ranging from 30%-50% of the 

total resistance.  

(8) For impact or blast actions, it was found that the effect of damping 

on the collapse resistance depended on the collapse mode. It was larger in the 

column-induced collapse mode compared to beam-induced collapse mode. 

The ultimate load and robustness increased with increasing damping ratios. 

However, the damping had a negligible influence on the collapse behaviour 

of structures exposed to fire. 

(9) It is important to consider the failure time and residual strength of 

blast-exposed columns for predicting the collapse resistance of structures 

subject to explosion. 
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