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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 

 

Based on the alternate load path method and considering the composite effect of floor slabs, a beam–column frame with 

unequal spans was studied to derive the equations for the load–deformation relationship at five different stages (elastic, 

elastic–plastic, plastic, transient, and catenary) during progressive collapse. The anti-collapse mechanism of the composite 

beam–column frame and the influence of arch action were carefully analyzed. A numerical model was established using 

ABAQUS for the relevant model, and the model was verified by comparison with experimental data. Further, the 

theoretical equations were compared with the results of numerical simulations for different span ratios. The results show 

that the theoretical equations possess good generality and high accuracy for analyzing progressive collapse of a composite 

beam–column frame with unequal spans. 
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1. Introduction 

 

A fundamental aim of structural design is to ensure the safety of a structure; 

specifically, to prevent progressive collapse of the structure. Once progressive 

collapse occurs, it is often catastrophic and can cause serious loss of life and 

property. Therefore, methods to prevent the progressive collapse of structures 

are an important part of the theoretical and experimental practice of structural 

engineering. When vertical load-bearing components (columns) in a structure 

are destroyed, the remaining structure will redistribute the internal forces. With 

increasing vertical deformation, the internal force in the horizontal members 

(beams) gradually changes from flexural to tensile to carry the vertical loads, 

forming what is called a catenary mechanism. At this stage, the catenary 

mechanism is the last line of defense against progressive collapse of the 

structure, and therefore, it is a key component in the anti-collapse design of a 

structure. 

Research regarding anti-collapse mechanisms of beam–column frames 

currently focuses on pure steel frame beam–column structures with equal spans. 

Studies using unequal spans are rare, and the composite effect between 

supported concrete slabs and the steel beams is usually not considered. 

Demonceau and Jaspart[1] conducted static loading tests on a single-story frame 

and proposed a mechanical model of the substructure considering the 

composite beam effect in different stages, where the load–displacement 

formula was deduced and verified. Izzuddin et al.[2-4], Arash and Fereidoon[5], 

and Vlassis et al.[6] theoretically analyzed the behavioral changes of steel beams 

with equal spans during the failure of the middle column, and proposed 

formulas for the anti-collapse bearing capacity. Li et al.[7,8] proposed a model of 

steel beams subjected to axial and rotational spring constraints under 

distributed loads. The constrained coefficient method and rigid plastic hinge 

model were used to derive the load–span deflection formula of constrained steel 

beams in different stages. The reliability of the formula was verified using finite 

element analysis. In our previous report [9], we analyzed the entire process of a 

beam–column substructure of a steel frame resisting external loads using the 

alternate load path method and deduced the formula for the anti-collapse 

bearing capacity and displacement of the beam–column substructure. The 

accuracy of the formula was verified using numerical examples. 

Based on the alternate load path method[10] and the constraint coefficient 

method[11], a concrete slab and steel composite beam–column frame was 

considered in this study. The bearing capacity–deformation equations of the 

composite beam–column frame with unequal spans were derived for different 

stages of the process. The influence of arch action was also considered. A 

numerical analysis model was established using ABAQUS, and then validated 

by comparison with relevant test results. In addition, the results of the derived 

equations were compared with those of the numerical simulation for different 

span ratios. The results of the comparison indicate that the theoretical equations 

provide good versatility and high calculation accuracy for anti-collapse 

analysis of a composite beam–column frame with unequal spans. 

 

2. Analysis model of the composite beam–column substructure 

 

2.1. Analysis model 

 

In the anti-collapse analysis of a frame structure, the floors above the 

failure column and the two spans connected to the failure column are usually 

defined as being in the direct influence area, while other parts are within the 

indirect influence area [3], as shown in Fig. 1. The direct influence area is the 

focus of anti-collapse research and design as it must directly bear the load 

resulting from the failure of the vertical load-bearing component in order to 

prevent progressive collapse, while the indirect influence area provides 

reliable boundary conditions for the direct influence area. 

 

 

Fig. 1. Diagram defining the direct and indirect influence areas of the composite 

beam–column frame mode 

 

The alternate load path method is currently the most commonly used 

method for analyzing and designing the collapse resistance of a frame 

structure. This method does not consider the cause of failure or the failure 

process of the column; it only considers the change in the behavior of the 

main components connected to the failure column under load. In the frame, 

the inflection point of the side column is approximately located in the middle 

of the story height. The quarter point (L0) of the beam in the panel adjacent to 

the failure column, between two intact column joints, is taken as the location 

of the boundary condition to simulate the constraint of the peripheral members. 
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A composite frame model [12] consisting of two beams and three columns is 

shown in Fig. 1. When the middle column of this structure fails, the beams on 

each side of the column are subjected to an increasingly large deformation, 

and the resistance mechanism gradually transforms from beam action to 

catenary action. 

As shown in Fig. 1, the joints of the composite beam–column frame 

model have both axial and rotational constraints. If the model is further 

simplified by applying an axially constrained spring and a rotationally 

constrained spring (corresponding to spring stiffnesses KR and Kr, respectively) 

at the joint, a simplified analysis model of the composite beam–column frame 

can be obtained, as shown in Fig. 2, in which the failure column allows only 

vertical movement and no rotation. 

 

 

 
Fig. 2.Simplified analysis model of the composite beam–column frame 

direct influence area 

 

 

2.2. Analytical assumptions and response of a composite beam 

 

2.2.1. Assumptions 

 

To obtain the bearing capacity–deformation equation of the composite 

beam–column frame, the following simplifications and assumptions were 

made:(1) The beam and column sections are all I-shaped sections, and the 

material is an ideal elastic-plastic material;(2) Rigid plastic hinges only appear 

on the beam;(3) The tensile strength of the concrete is negligible;(4) The slip 

between the steel beam and the concrete slab is not considered as the composite 

beam is assumed to contain a complete shear connection, while the differential 

deformation of the steel beam members and buckling of the flange plate are 

ignored.(5) The correlation between the axial force and bending moment of the 

composite beam section followed Eq. (1) [11,13]. (6) The joint has sufficient 

rotational deformation capability to allow the catenary effect to be fully 

developed and employed. 

1
pp

=+
N

N

M

M
                                               

(1) 

 

Here, Mp is the plastic limit bending moment of the composite beam section and 

Np is the plastic limit axial force of the composite beam section. 

 

2.2.2 Response of composite beam under concentrated load 

 

A typical vertical bearing capacity (P) vs. deformation (V)curve 

(load–displacement curve) is used to describe the force in the joint and the 

tensilebending of the composite beam–column frame during progressive 

collapse, as shown in Fig. 3. Five clear stages are defined:the (1) elastic (OA), 

(2) elastic–plastic (AB), (3) plastic (BC), (4) transient (CD), and (5) catenary 

(DE) stages. The load–displacement curve in each stage is approximately 

linear. 

In the elastic phase and the elastic–plastic phase (① and ②, respectively 

in Fig. 3), the joint mainly relies on the bending moment of the section to resist 

the external force; the axial force is insignificant at this stage. The structure 

mainly resists collapse via the beam mechanism. The tensile-bending 

correlation curve mainly moves vertically from the origin to the plastic positive 

yielding moment Mp+ and to the plastic negative yielding moment Mp- of the 

composite beam, as shown in Fig. 4a. When the structure enters the plastic 

stage (③ in Fig. 3), the axial force is still insignificant. The joint reaches its 

plastic bending capacity and the load does not change over this defined range of 

displacement. In the tensile-bending correlation curve, the composite beam 

reaches the plastic bending yield moment Mp+ at the mid-span and reaches the 

plastic negative yield bending moment Mp- at the beam end, as shown in Fig. 4b. 

When the plastic phase ends, the structure enters the transition stage (④ in Fig. 

3), and significant axial force is generated in the composite beam. At this time, 

the composite beam–column structure begins to transform from being 

supported by the bending mechanism  

to being supported by the catenary mechanism, and the axial force causes astate 

transformation of the joint. The tensile-bending correlation curve mainly moves 

linearly from the plastic yield bending moment to the plastic tensile bearing 

capacity, as shown in Fig. 4c. When the structure enters the catenary stage (⑤ 

in Fig. 3), the beam mechanism is no longer active; only axial tension exists in 

the composite beam, and the joint has yielded due to tensile stress, as shown in 

Fig. 4d. 

 

 

Fig. 3. Typical load–deformation curve for the composite beam–column substructure 

 

 

 

(a) Before joint yielding (elastic stage and elastic-plastic stage) 

 

(b) Formation of plastic hinges (plastic stage) 

 

(c) Transformation from the beam mechanism to the  

catenary mechanism (transition stage) 

 

(d) Catenary mechanism (catenary stage) 

 
Fig. 4. Behavior of the frame joints during different stages of progressive collapse 

 

3.  Theoretical background of collapse stages 

 

Among the stages of progressive collapse of the composite beam–column 

frame defined in Fig. 3., the elastic–plastic stage reflects the process of 

forming plastic hinges at the end of the composite beam at the failure column 

and the side columns. This stage is a complex nonlinear process with too 
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many influencing factors to accurately capture. To simplify the analysis, the 

behavior in this stage was approximated as a straight line. The various stages 

of the process are described here in detail. 

 

3.1. Elastic stage 

 

In the elastic stage, the beam–column frame mainly relies on the bending 

moment resistance of the section to resist the external force; as the axial force 

is ignored, only the action of the rotationally constrained spring is considered. 

The corresponding model of the elastic stage is shown in Fig. 5.  

Fig. 5. Analysis model for the elastic stage 

 

If ends a and b of the beam are considered to be hinged (Kr = 0), then the 

bending moment Msm at the beam end and vertical deformation vs at the failure 

column are given by: 
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where, E is the elastic modulus of the steel and I+ is the section moment of 

inertia of the composite beam, converted into steel under the positive bending 

moment [14]. If the beam ends a and b are fixed (Kr → ∞), then the bending 

moment Mfm of the beam ends at the failure column, the vertical deformation 

vf at the failure column, and the bending moments Mfa and Mfb of the beam 

ends at the side columns are given by: 
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The actual state of the rotational constraint is a mixture of the hinged and 

fixed conditions. To simplify the analysis, the constraint coefficient method 

was adopted, introducing the rotational constraint coefficients cf and cs as 

follows: 
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where Ker is the equivalent line stiffness of the composite beam; Krs is the 

negative rotational stiffness of the composite beam corresponding to the 

negative bending moment; and Krm is the positive rotational stiffness of the 

composite beam corresponding to the positive bending moment, as follows: 

 

L
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K +=rm
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rs

L

EI
K −=  

(7) 

where I- is the section moment of inertia of the composite beam converted into 

steel under the negative bending moment [14] and 'L  is the length of the 

rotational spring, calculated as follows [15]: 

)/2/)/((' 2
+−+−+− −+= IIIIIILL  

(8) 

For the calculation model of the composite beam–column substructure in 

the elastic stage shown in Fig. 5, the vertical deformation v at the failure 

column and the beam bending moments at the failure column Mm and at the 

side columns MRa and MRb were determined as follows: 
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According to Eq. (9), the equation for the bearing capacity at the failure 

column of the composite beam–column substructure in the elastic stage is 

written as: 
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It is easy to observe that the rotational constraint coefficient cf determines 

where the plastic hinge appears earliest in the failure column and side column. 

In the case where L1>L2 and MRa<MRb, the plastic hinge might appear on the 

right side of the failure column or at end b of the composite beam.  

If the right side of the failure column yields earlier than end b of the 

composite beam, then: 
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However, if end b of the composite beam yields earlier than the right side of 

the failure column, then: 
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the right side of the failure column yields earlier than end b of the 

composite beam, and 
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2) When, 
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end b of the composite beam yields earlier than the right side of the 

failure column, and 
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Here, PA and vA are the values corresponding to Point A on the 

load–deformation curve of the failure column (Fig. 3). 

 

3.2. Elastic–plastic stage 

 

The elastic–plastic stage occurs between the elastic and plastic stages. To 

simplify analysis, a linear transition between the stages was adopted, so the 

equation for the bearing capacity at the failure column of the composite 

beam–column frame is as follows: 

 

P
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where PB and vB are the values corresponding to Point B in Fig. 3. The 

end of the elastic–plastic stage is marked by the development of plastic hinges 

on both sides of the failure column and at beam ends a and b. The calculation 

model at this time is shown in Fig. 6, where θ1 and θ2 are the beam end angles 

opposite the failure column, ignoring the bending deformation of the 

composite beam. According to the principle of virtual work (excluding the 

axial force and axial deformation in the composite beam), and referring to the 

calculation method of the deflection of a simply supported composite 

beam[16], the corresponding bearing capacity and deformation can be 

obtained as follows: 

 

Fig.6. Analysis model in the plastic stage 
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By substituting these expressions for PB and vB into Eq. (18), the correlation 

between bearing capacity and deformation at the failure column in the 

elastic–plastic stage can be obtained. 

 

3.3. Plastic stage 

 

In the plastic stage, plastic hinges appear on both sides of the failure 

column and at beam ends a and b, and the resistance of the frame no longer 

increases. In this case,P③=PC=PB and the axial tension in the composite beam 

remains small. As the deformation increases, the internal force in the 

composite beam changes from primarily a bending moment to a combined 

bending moment and axial force. The catenary mechanism then gradually 

becomes dominant and the structure enters the transient stage. The final 

vertical deformation of the plastic stage vCwas analyzed using the conversion 

process from the plastic hinge mechanism to the catenary mechanism. The 

detailed derivation process is shown in section 3.4. 

 

3.4. Transient stage 

 

In the transient stage, due to the presence of axial force in the composite 

beam, the axially constrained spring at the beam ends begins to participate in 

the work. To simplify analysis, we assumed that the axial forces in the left and 

right span beams are equal [9,17] and that there is no eccentricity. The 

equivalent axial stiffness Ke of the composite beam can then be given by: 

Rasac

e
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KKK
K

++
=  

(21) 

 

where Kac is the axial stiffness of the composite beam;Ac is the sum of the 

cross-sectional area of the steel beam and the area of the steel bars in the 

concrete slab; Kas = 48EIc/Lc
3is the axial stiffness provided by the side column, 

where Ic is the section moment of inertia of the column; and KR is the axial 

restraint stiffness provided by the perimeter members of the beam–column 

joint. 

The calculation model of the composite beam–column frame in the 

transient stage is shown in Fig. 7. As the deformation increases, the axially 

constrained spring at the composite beam end is continuously elongated. If the 

left span is analyzed, the geometric relationship can be approximated as 

follows: 

2
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22
1 )( DLvL −+=  (22)
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where Da is the horizontal deformation of composite beam end a. Similar 

relationships can be written with Db: 

 

2
2

b 2/ LvD =  
(25) 

2b / LvvD =  
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According to the rigid plastic hinge model, the horizontal deformation of the 

beam end includes the axial spring deformation and plastic hinge deformation. 

Fig.7. Analysis model in the transient stage 

 

Hence, the total elastic elongation of the equivalent axial spring of the 

composite beam is as follows: 

 

-pb-papmbae DDDDDD −−−+= +
  (27) 

whereDpm+, Dpa-, and Dpb- are the positive bending moment of the plastic hinge 

at the failure column of the composite beam, and the negative bending 

moment of the plastic hinges at the composite beam ends a and b, respectively. 

The axial tension provided by the axial spring is: 

 

eeDKN =           (28) 

 

With the differential of Eq. (28) given by: 

 

ee DKN =           (29) 

 

Substituting Eq. (27) into Eq. (29): 

)( pbpapmbae −−+ −−−+= DDDDDKN    (30) 

 

According to the plastic yield flow criterion, 

 

pppp MND =          (31) 

 

where Np is the plastic axial force of the composite beam section. Mp/Np is 

defined as rp, where positive and negative bending moments in the plastic 

hinge corresponds to rp+ and rp-, respectively. Ignoring the bending 

deformation of the beam, for a rigid plastic hinge, the plastic angular 

increment is approximated by: 

 

1pa / Lv= − ，
2pb / Lv= − ，

21pm / LLvL= +   (32) 

 

Substituting Eq. (31) and (32) into Eq. (30):  
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The plastic stage (Phase ③ in Fig. 3) was assumed to have no axial 

tension, where vC of the failure column at the end of the plastic stage (the 

beginning of the transient stage) was determined using Eq. (32) as: 
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Integrating Eq. (32), the axial force N is obtained as follows: 
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The force in the composite beam–column frame under progressive collapse in 

the transient stage is thus as shown in Fig. 8 (considering the left span for 

analysis). 

Fig.8. Force diagram of the composite beam in the transient stage 

 

According to the relevant equation for bending moment and axial force 

(Eq. (1)), combined with the torque balance condition shown in Fig.9: 
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The equation for bearing capacity of the failure column in the transient stage 

is thus: 
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At the end of the transient stage, the axial tension causes the composite beam 

to reach full-section yield (in which the bending moment in the beam is zero 

and the beam mechanism has ceased to function altogether). Then, the 

deformation of Point D in Fig. 3 is obtained from Eq. (35) as: 

 

LK
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21p
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2
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       (39) 

 

By substituting vD from Eq. (39) into Eq. (38), the corresponding bearing 

capacity PD at Point D can be obtained. 

 

3.5.Catenary stage 

 

In the catenary stage, the axial force in the composite beam section 

reaches Np and then remains unchanged. As the deformation increases, the 

effect of the catenary mechanism becomes increasingly significant. At this 

time, the bending moment in the beam is ignored, and the composite beam 

represents the tensile force of the two-bar system. Therefore, the bearing 

capacity at the failure column is written as: 

vN
LL

L
P p

21

⑤ =         (40) 

 

Related studies [18] have shown that when the relative v of the failure column 

exceeds one-fifth of the short beam span, frame failure can be considered as 

the collapse failure criterion of the structure. 

 

4. Analysis of anti-collapse mechanism 

 

4.1. Experimental tests 

 

Previously, a progressive collapse test of a 1/3-scale composite 

beam–column frame consisting of four spans connected by rigid joints was 

conducted [19]. The dimensions and joint details of the specimen are shown in 

Figs. 9a and 9b.The steel columns and beams were H200×200×8×12 (mm) 

and H200×100×5.5×8 (mm) sections, respectively, of Q235B Chinese grade 

material. The concrete strength grade was C30, the thickness of the concrete 

slab was 100 mm, the concrete cube compressive strength was 24.5 MPa, and 

its elastic modulus was 2.65 × 104 MPa. The steel bars in the concrete slab 

wereHPB235 and were arranged in the slab as shown in Fig. 9c. A summary 

of the material properties of the steel components are listed in Table 1. 

(a) Dimensions of the test specimen 

 

 

(b) Connection details (c) Layout of the rebar in the RC slab 

Fig. 9. Composite beam–column frame test specimen (dimensions in mm) 

Table 1 
Material properties of the steel used in the test specimens 

Components 

Yield strength 

fy 

(MPa) 

Tension strength 

fu 

(MPa) 

Elastic modulus 

E × 105(MPa) 

Column flange 269 401 1.96 

Column web 275 411 2.09 

Beam flange 247 396 2.00 

Beam web 276 415 1.98 

ϕ 8 325 487 1.96 

ϕ 12 331 464 1.95 

Fig. 10. Numerical analysis model of composite beam–column frame 

(a) Tensile relationship (b) Compressive relationship 

Fig. 11. Stress–strain relationship of concrete 

4.2. Numerical simulation 

 

The numerical analysis model of the composite beam–column frame 

established in ABAQUS in a previous study [19] was used here, as shown in 

Fig.10. The beam–column members and the concrete slab were all constructed 

using C3D8R solid elements, and the steel bars in the concrete slab were 

constructed using T3D2 truss elements. The steel material was represented by 

the double-fold line constitutive model; its Poisson's ratio was 0.3 and the 

material properties shown in Table 1were used as input data. The concrete 

material was represented by the stress–strain relationship of C30 concrete as 

recommended in Appendix C of the Concrete Structure Design Code 

GB50010-2010 [20], as shown in Fig.11. The modeling method is described 

in detail in Section 6.2. 

 

4.3. Numerical simulation and experimental results 

 

A comparison of the bearing capacity–deformation curves determined 

using the numerical simulation (FE1) and experiments (Test) at the failure 
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column is shown in Fig.12. In general, the results of the numerical simulation 

agreed well with those of the experiment. However, because the arch action is 

not fully described in the numerical simulation, the first bearing capacity peak 

(around point B’) was not obvious in the modeled curve. Overall, the 

numerical analysis model established here simulates the collapse resistance of 

composite beam–column frames after the failure of the middle column quite 

well, and can be used for analysis of progressive collapse of similar 

substructures. 

 

 

Fig. 12. Comparison between load-deformation curves from the numerical simulation 

(FE1)and experiments (Test). Points A–E are as defined in Fig. 3, while point B' is the 

point of peak load. 

 

 

4.4. Verification of theoretical equation 

 

Figure 13 shows a comparison of the load–deformation curves of the test 

results, numerical simulations, and theoretical equation (SM1). The theoretical 

curve better matched that of the experimental results in the initial stages 

compared to the numerical simulation curve, although the stiffness was 

greatly overestimated by the theoretical equation in the catenary stage 

compared to the other curves. This was mainly due to the fact that the side 

span of the frame selected in the physical test cannot provide sufficient axial 

constraint for the failure span; hence, the horizontal restraint stiffness of the 

composite beam of the failure span was too small to fully develop the catenary 

effect. 

 

Fig.13.Load–displacement curves produced using the theoretical equation (SM1), 

numerical simulation (FE1), and experimental results (Test) 

We applied an effective axial lateral constraint to both ends of the model 

(ends A and E shown in Fig.9a), which resulted in curve FE2 from the 

numerical simulation, as shown in Fig.14.Although the lateral constraint 

boundary condition has little effect on the initial stage of collapse, when the 

frame enters the transient stage, the ultimate anti-collapse bearing capacity of 

the structure significantly increased and its deformation significantly reduced. 

The FE2 curve matched that of the theoretical equation (SM1) extremely well 

in the catenary stage; hence, the axial constraint applied at the beam ends 

provided a more accurate description of the actual catenary mechanism of the 

structure in the late stage of collapse. 

 

 

Fig. 14. Comparison of the load–displacement curves using the theoretical equations 

(SM1) compared to numerical simulations with (FE2) and without (FE1) axial 

constraints. 

 

5. Analysis of arch action 

 

5.1. Calculation of arch action  

 

The application of a concentrated load at the failure column causes the 

beam ends at the side column to be subjected to a negative bending moment. 

As the applied load increases, the crack developed in the upper tension zone 

of the composite beam section near the side column will continue to develop, 

resulting in the neutral axis (bending axis) moving downward. However, the 

beam end section at the failure column is subjected to a positive bending 

moment, where the neutral axis is biased toward the concrete slab. Therefore, 

the curved neutral axis of the cross-section at both ends of the composite 

beam is not in a horizontal plane, but rather in the form of an arch, which 

results in a load distribution referred to as the arch action, as shown in 

Fig.15.Under the arch action of the composite beam shown in Fig.15, the 

rotating end sections of the composite beams at the failure column form the 

crown of the arch, and the rotating end sections of the composite beams at the 

side column form the haunches of the arch, resulting in an arch rib in the 

oblique direction with a height ofΔ. 

 

Fig. 15. Arch action of beams under applied load 

 

 

Fig. 16. Arch spring model of a beam under applied load 

 

If the axial constraint of the composite beam is simplified to a spring 

constraint with stiffness KR, the arch spring model shown in Fig.16 is obtained 

[19]. In this model, in addition to the diagonal arch rib members, the lower 

flange and a portion of the web are considered as spring-loaded members. The 

oblique arch rib member and the spring rod member are connected by an 

incompressible rigid rod member (in which the beam–column joint at the 

failure column is considered to be a rigid body). Here, l01 and l02are defined as 

the lengths of the ribs, wherel01=(L1
2+Δ2)0.5 and l02=(L2

2+Δ2)^0.5. 

 

Under the applied vertical load at the failure column, the horizontal 

deformations of the beam ends at the side columns are d1 and d2, and the 

spring deformation elongations areδ1andδ2, respectively, as shown in Fig.17. 
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Fig.17. Deformation of the arch spring model 
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Fig.18. Force diagram of the composite beams under arch action 

 

The forces in the composite beams under the conditions of arch action are 

shown in Fig. 18. According to the equilibrium condition, this force can be 

obtained as follows: 
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where Kδis the axial spring stiffness of the rod, calculated by: 
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Ae1 and Ae2 are the areas of the steel beams on each side of the failure column 

below the mid-span oblique rib line prior to column failure[19], as shown in 

Fig. 15.Substituting Eqs. (46)–(49) into Eq. (50) yields: 
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When the vertical deformation of the failure column is v=Δ, the 

extrapolated horizontal displacements of the beam ends will reach their 

maximum value. As the vertical deformation of the failure column continues 

to increase, the horizontal displacements of the beam ends begin to decrease 

(pulling inward). At this point, the arch effect fails, and Eq. (52) is no longer 

applicable. To simplify analysis, the symmetric curve v=Δis used to represent 

the entire arch action phase. WhenΔ<v≤2Δ: 
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It should be noted that arch action mainly occurs during the small 

deformation stage; therefore, it usually functions in the first three stages of 

progressive collapse, especially during the initial collapse resistance of the 

plastic stage. According to the superposition principle combined with the 

theoretical equations of the different collapse stages, the equations for the 

bearing capacity of the composite beam–column frame considering arch 

action were obtained: 
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When v≤Δ, PΔis calculated using Eq. (52); when Δ<v≤2Δ, PΔ is calculated 

using Eq. (53); and when v>2Δ, PΔ = 0. 

 

5.2. Experimental verification of arch action 

 

A comparison between the theoretical calculation results and 

experimental curves with and without arch action is shown in Fig.19. The 

theoretical results considering arch action (SM2) better matched the 

experimental curve (Test). Therefore, it is necessary to consider the influence 

of arch action in the analysis of the anti-collapse behavior of a structure in the 

early stages. 

A numerical comparison ofexperimental and theoretical results at key 

points is shown in Table 2. The theoretical results consideringarch action 

(SM2) were more similar to the experimental ones (Test) than the results that 

did not consider arch action(SM1). The deviations in the force and 

deformation  

between the theoretical and experimental results were no more than 4%. It can 

also be observed that the superposition of the calculated arch action upon each 

stage met the accuracy requirements of engineering calculations. 

Fig. 19. Comparison of load–displacement curves from theoretical calculations with 

(SM2) and without (SM1) considering arch action and experimental results (Test) 
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It is known from error analysis that arch action can delay the time at 

which a structure enters the plastic stage, providing conditions for 

deformation development of the structure. This effect can significantly 

increase the peak load of the structure so that the initial bearing capacity of the 

structure is improved, but has almost no effect on the collapse resistance in 

later stages. In general, arch action has a positive effect on the collapse 

resistance of the structure. 

 

6. Numerical analysis 

 

6.1. Specimen design 

 

To verify the reliability of the theoretical equations for the anti-collapse 

analysis of a composite beam-column frame with unequal spans, several 

specimens with different span ratios were evaluated. The span ratio of the 

left-to-right beam (L1:L2) was set to 1:1, 1:1.5, and 1:2, where the length of the 

right span L2 was 3000 mm, 4500 mm, and 6000 mm, respectively, the length 

of the left span L1 was 3000 mm (standard span), and the length of column Lc 

was 3000 mm. The dimensions of the steel column and beam were 

HW300×300×10×16 (mm) and HW300×200×8×12 (mm), respectively. The 

concrete strength grade was C30, the thickness of the concrete slab was 100 

mm, and the effective width of the slab was 1200 mm. Longitudinal HPB300 

steel bars were arranged on the top and bottom of the concrete slab and 

attached to the beam end baffles. The upper row of longitudinal steel bars and 

the distributed steel bars formed a steel mesh, and the reinforcement ratio was 

calculated to meet the design requirements. The composite floor slab and steel 

beams were connected by shear studs with a diameter of 19 mm and a length 

of 80 mm. The studs were arranged in a double row with a spacing of 210 mm. 

The dimensions of the concrete slab and slab reinforcement are shown in 

Fig.20. 

 

Fig. 20. Arrangement of steel bars in the concrete floor slabs (in mm) 

 

 

6.2. Numerical model 

 

In the numerical model, the steel was considered an ideal elastic–plastic 

material with a yield strength of 235 MPa, an elastic modulus of 2.06×105 

MPa and a Poisson's ratio of 0.3. The concrete was modeled using the 

stress–strain relationship of C30 concrete as recommended in Appendix C of 

the Concrete Structure Design Code GB50010-2010 [20], as shown in Fig.11. 

The numerical model used the three-dimensional truss unit T3D2 to simulate 

the steel bars in the slab, while the eight-node reduced integral solid element 

C3D8R was used to model the other components. 

The welds between the beam and column sections were simulated by a tie 

constraint. The steel bars and studs in the concrete slab were treated as 

embedded units. The interfaces between the bolts, webs, and shear tabs were 

defined as general contacts. Friction was represented by an isotropic Coulomb 

model, with an assumed friction coefficient of 0.3, as commonly used for 

steel-to-steel contact. Considering the influence of large deformations in the 

calculation, displacement control was used, and the corresponding amplitude 

was applied in a smooth analysis step. It should be noted that the middle 

position of the side column must be connected to the fixed connecting plate by 

establishing an axial connecting unit to simulate the pair of peripheral 

members, capturing the effects of the frame on the collapse resistance, in 

which the axial restraint stiffness is KR. The boundary conditions and the mesh 

division of the numerical model of the composite beam–column substructure 

are shown in Fig.21. 

 

Fig. 21. Numerical model of composite beam–column substructure with unequal 

spans 

 

6.3. Validation of the model 

 

Figure 22 compares the results of the numerical simulations with the 

theoretical results for the composite beam–column frames with different span 

ratios. With increasing span ratio, the initial stiffness of the composite 

beam–column frame decreased, and the catenary effect is postponed, 

providing conditions for the development of structural deformation. However, 

the different span ratios had a significant influence on the bearing capacity of 

the rigid-joint composite beam–column frame. For the same standard span, the 

geometry with unequal spans had lower resistance to structural collapse. 

Notably, the composite beam–column frame is subjected to vertical loads. 

Because of the high stiffness of the short-span beam, it is subjected to a large 

load as the internal force is redistributed, resulting in the short-span beam 

yielding earlier than the long-span beam and subsequent destruction of the 

structure. Finally, the catenary effect of the long-span beam was not fully 

developed, and the vertical bearing capacity of the structure decreasedwith 

increasing span ratio. The main reason for the mismatch between the 

theoretical and numerical results in the transient stage may be due to the 

theoretical modelnot considering the role of stud tightening, while the M–N 

relationship (Eq. (1)) used in the transient stage does not fully reflect the 

bending–tensile performance of the composite joint. 

 

 

Table 2. Comparison of the key points of the P–v curves of the composite beam–column frame 

Key points Test19 SM1 SM2 Deviation 

 P (kN) v (mm) P1 (kN) v1 (mm) P2 (kN) v2 (mm) P/P1 P/P2 v/v1 v/v2 

A 183 10 184 10 184 10 0.99 0.99 1.00 1.00 

B 252 31 256 36 256 31 0.98 0.98 0.86 1.00 

B’ 278 55 256 - 274 55 1.09 1.01 - 1.00 

C 252 157 256 163 256 163 0.98 0.98 0.96 0.96 

D 338 274 345 268 345 268 0.98 0.98 1.02 1.02 
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Fig. 22. Load–deformation curves from theoretical calculations (SM) andthe 

numerical model (FE) for different span ratios 

 

In general, the theoretical and numerical results for structures with 

different span ratios agreed well, indicating that the theoretical equations 

provide a high degree of accuracy and meet engineering design requirements. 

Therefore, the proposed equations can be confidently used as the basis for the 

evaluation of the anti-collapse resistance of steel-frame structures. It should be 

pointed out that this work mainly considers the collapse resistance of steel 

frames connected by rigid joints. When evaluating the more popular 

semi-rigid joints, due to the diversity of forms, there will be a significant 

difference in the initial rotational stiffness and the resistance mechanisms of 

the composite joints under positive and negative bending moments, which will 

have a large impact on the overall force distribution within the structure. 

Therefore, the determination and verification of an accurate and reliable 

evaluation method for the collapse resistance of steel frames connected by 

semi-rigid joints requires further analysis of systematic test data. 

 

7. Conclusion 

 

An anti-collapse calculation model supported by both axial and rotational 

spring constraints was proposed to investigate a composite beam–column 

frame with unequal spans.According to the different stress states, the 

progressive collapse of the structure was divided into five resistance stages 

and the anti-collapse mechanism was analyzed. The load–deformation curves 

of the composite beam–column frame at different stages under unequal spans 

wereanalyzed in detail, and the influence of arch action was fully considered. 

The entire progressive collapse process was analyzed, indicating that the 

stress state changed from predominantly bending, to mixed bending–tensile, 

and finally to a tensile-dominated mechanism resisting the external load. The 

major conclusions of this study are as follows: 

1) The arch action and catenary effect were generated under axial and 

rotational constraints at the beam ends of the composite beam–column frame. 

This arch action effectively increased the peak load of the structure in the 

plastic stage. 

2) The theoretical relationship considering arch action described the 

corresponding experimental results well, indicating that this equation has a 

high degree of credibility. 

3) The numerical analysis and theoretical calculations of the structural 

behavior with unequal spans showed that with increasing the left-to-right 

spanratio, the initial stiffness and ultimate bearing capacity of the composite 

beam–column frame decreased. Hence, unequal spans are not conducive to the 

development of arch action. Therefore, a structure with equal spans is 

preferable for improving anti-collapse bearing capacity.  

4) The versatility of the theoretical equations derived here was verified by 

numerical examples with various unequal spans, where the theoretical 

equations satisfied the accuracy requirements of engineering calculations. 
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