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A B S T R A C T   

In this study, high fidelity finite element (FE) model was adopted to investigate the progressive 
collapse resistance of reinforced concrete (RC) frame structures under various column removal 
scenarios. The validity of the numerical model was verified by comparing with the existing 
experimental results. Afterwards, to facilitate the research on possible simplified boundary con-
ditions served for further various column removal scenarios, the effect of multi-span continuous 
beams was firstly evaluated and the simplified methods were compared. Then, the effect of 
various column removal scenarios addressing the three-dimensional effect on the progressive 
collapse resistance of RC frame structures with and without slab was systematically evaluated. 
The analysis results showed that the continuous span beams increased the internal compressive 
force of the beam section at compressive arch action (CAA) stage, which effectively improved the 
CAA strength of the substructure. For simple modeling, the use of horizontal constraints at the 
end of the beam could replace the continuous span beams. The presence of transverse beams and 
slab provided additional load transfer paths for collapse resistance. The compressive membrane 
action (CMA) and tensile membrane action (TMA) of the slab significantly improved the pro-
gressive collapse resistance of the substructure in the small and large deformation stages, 
respectively. The location of the removed column significantly affected the contribution ratio of 
transverse beams and slab to the progressive collapse resistance of the substructure, which was 
quantitatively evaluated for practical design.   

1. Introduction 

In history, progressive collapse of building structures is always accompanied by serious casualties and property losses. All types of 
public and private buildings can be affected by extreme events, which often cause localized damage to the structure, resulting in partial 
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or even overall structural collapse [1,2]. Major accidents (e.g., progressive collapse of Ronan Point apartment in London in 1968, car 
bomb incident at Alfred P. Murrah Federal Building in 1995, and 911 terrorist attack in 2001) triggered widespread attention of the 
engineering and academic communities on the progressive collapse problems of building structures. Since then, many countries 
included the provisions related to this issue in design codes, and the design guidelines for structures against progressive collapse [3–5] 
have been released successively. 

In general, since it is difficult to predict the probability and severity of extreme events, it is neither economical nor practical to 
design structures to deal with extreme events through traditional methods. The current anti-collapse design concepts mainly include 
direct and indirect design methods. As a direct design method, the alternative load path (ALP) method evaluates whether the structure 
can provide effective alternative load transfer path under ideal column removal scenarios. Considering the unpredictability of acci-
dental events, this threat-independent design method is recognized as the most reliable method to evaluate the progressive collapse 
resistance of building structures. For this reason, the ALP method is adopted in this study. 

In the last two decades, a large number of experimental studies on the progressive collapse resistance of RC/PC structures have been 
conducted [6]. The existing studies focused on the beam-column substructures [7–15], beam-slab substructures [16–22], and 
multi-story frame structures [23–29]. In general, the compressive arch action (CAA) and catenary action (CTA) in beams, as well as the 
compressive membrane action (CMA) and tensile membrane action (TMA) in slabs, provided additional progressive collapse resistance 
to the structures. The newly proposed multi-hazard resistant prefabricated frame structure systems [30–32] improved the resilience 
under both seismic and progressive collapse conditions. Further, various analytical models have been proposed to predict the pro-
gressive collapse resistance mechanisms of substructures, including the calculation methods for CAA [33–35], CTA [36–38], and 
membrane action of slab [39]. In general, each model could provide good prediction accuracy under the premise of satisfying its own 
characteristics. Also, efficient finite element (FE) methods were adopted for numerical studies to evaluate the progressive collapse 
performance of RC substructures [40–43], and the anti-explosion performance of RC frame buildings [44]. The progressive collapse 
process of the whole RC structures was also investigated based on the novel hybrid framework of FE method-physics engine [45]. 

However, progressive collapse tests are usually time-consuming and laborious, and the number of tests are limited. For this reason, 
the effect of design parameters on the progressive collapse resistance of building structures has not been completely evaluated, 
especially when various column removal scenarios are considered within the same three-dimensional building structures with and 
without slab, under the premise of reasonable consideration of boundary conditions. Similarly, under such conditions, simplified 
analysis models have the same limitations. Although existing numerical analysis studies have investigated the progressive collapse 
resistance of the frame and flat slab substructures, they usually focused on a specific column removal scenario without consideration of 
various column removal scenarios. Further, the contribution of slab to the progressive collapse resistance under various column 
removal scenarios needs to be evaluated. Thus, it is necessary to propose an accurate numerical simulation method to systematically 
evaluate the progressive collapse resistance of three-dimensional frame structures. 

In the present study, LS-DYNA was adopted to conduct numerical analysis based on high fidelity FE models. The FE models were 
verified by comparing with the existing test results. Afterwards, to facilitate the study on possible simplified boundary conditions 
served for further various column removal scenarios, the effect of multi-span continuous beams was firstly evaluated and the simplified 
methods were compared. Then, with reasonable consideration of the boundary conditions, the effect of various column removal 
scenarios addressing the three-dimensional effect on the progressive collapse resistance of RC frame structures with and without slab 
was systematically evaluated, and the contribution of slabs to the progressive collapse resistance under various column removal 
scenarios was quantified. 

2. Validation of numerical analysis model 

2.1. Test specimens for analysis verification 

To verify the validity of the FE numerical model, the existing test data conducted by Feng et al. [14] was considered. A total of four 
half scaled assembled monolithic concrete sub-frame specimens were tested under quasi-static loading. As shown in Fig. 1, two 
prefabricated beams, two prefabricated exterior columns, and one prefabricated mid-column were assembled in the sub-frame 

Fig. 1. Reinforcement details of specimen PCF-1.  
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specimen. Fig. 2 shows the test setup. Pin and fixed boundary conditions were used at the top and bottom of exterior columns, 
respectively. Guide rail was installed at the front and back sides of the mid-column to address the in-plane and out-of-plane constraints 
due to the slab and top column. The load was applied by monotonically increasing the vertical displacement of the mid-column until 
the complete failure of the specimen. 

Table 1 shows the reinforcement and joint details of four specimens. The test parameters include the beam dimensions, beam rebar 
ratio, development length of 135◦ hooked bars, and connection detail. More detailed information for the experimental program can be 
found in the literature [14]. 

2.2. Finite element modeling 

In order to fully understand the load transfer mechanism of frame structures under collapse, numerical investigation was performed 
using commercial software LS-DYNA. The explicit FE method was adopted to avoid the convergence difficulties of traditional implicit 
FE method at large deformation stage [25,40,41,43]. 

2.2.1. Element type 
In the establishment of the FE model, elements are crucial for the accuracy and reliability of the entire FE analysis. Fig. 3 shows the 

numerical analysis model of specimen PCF-1. Concrete was modeled using eight-node hexahedral solid elements with reduced inte-
gration. Reinforcing bars were modeled using 2-node Hughes-Liu beam elements with 2 × 2 Gauss quadrature integration. The beam 
element can effectively simulate the mechanical behaviors of rebars, such as axial forces, bi-axial bending, and transverse shear. The 
loading steel plate and the top constraint device of the exterior column were modeled using eight-node hexahedral solid elements, and 
the boundary spring was modeled using one-dimensional discrete spring elements. Based on the mesh sensitivity analysis, the mesh 
size was (12.5–25.0) mm for the beams, and (12.5–50.0) mm for the columns and footings. The smaller mesh size of 12.5 mm was used 
in the joint region. Note that the cast-in-situ and precast concrete were interconnected via shared nodes since good bonding effect was 
achieved for four specimens in the tests. Regarding the modeling process of the specimen, the software UG, HyperMesh, and LS-PrePost 
were adopted for 3D geometric modeling, mesh division, and pre-processing, respectively. 

2.2.2. Bond-slip relationship between rebar and concrete 
The structural behavior is significantly affected by the bond behavior between rebars and concrete. Addressing cracks in beam- 

column joint region due to strain concentration and bar-slip, the keyword *CONTACT_1D was used to consider the local bond-slip 
of beam longitudinal bars in the joint region and plastic hinge region with the length equal to the half of the beam height [40,41]. 
For the rebars except the joint and plastic hinge region, perfect bond between the rebar and concrete was assumed, and the beam 
elements were coupled to the concrete elements using the keyword *CONSTRAINED_ LAGRANGE_IN_SOLID. 

In this study, to calibrate the properties of CONTACT_1D, the bond-slip relationship specified in Model Code 2010 [46] was 
employed. The bond stress τb between the rebar and concrete can be defined as follows: 

τb =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

τb max(s/s1)
α for 0 ≤ s ≤ s1

τb max for s1 ≤ s ≤ s2

τb max −

(
τb max − τbf

)
(s − s2)

(s3 − s2) for
s2 ≤ s ≤ s3

τbf for s ≥ s3

(1)  

where the parameters τbmax, τbf, s1, s2, and s3 are defined addressing the compressive strength of concrete and the bond conditions [46]. 
In LS-DYNA, to consider the bond strength degradation after the peak bond stress, an exponential damage curve was used for the 

bond stress-slip (τ-s) relationship of CONTACT_1D [40,41]. 

Fig. 2. Test setup.  
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τ=
{

Gbs for s ≤ smax
τmaxe− hdmgD for s > smax

(2)  

where Gb is the bond shear modulus (=27.4 MPa/mm in this study); smax is the maximum elastic slip (=0.5 mm in this study); hdmg is the 
damage curve exponential coefficient (=0.1 in this study); and D (=s-smax) is the damage parameter. It is noted that the parameter 
values of the simplified bond-slip model for CONTACT_1D were determined by comparing Eq. (1) and (2) [40]. 

Table 1 
Reinforcement and joint details of specimens [14].  

Specimen Beam Interior joint Exterior joint  

Cross section 
(b× h) (mm) 

Clear span 
(L n) (m m) 

Flexural bars Transverse 
bars 

Anchorage 
method 

Hook length 
(Weld length) 
(mm) 

Anchorage 
method 

Hook 
length 
(mm) Top Bottom 

PCF-1 150 × 250 2600 2T16 
(1.24 %) 

2T12 (0.69 %) R6@100 
(50) 

135◦hook 360 135◦hook 360 

PCF-2 180 × 300 2600 4T10 
(0.65 %) 

1T10+2T8 
(0.37 %) 

R6@100 
(50) 

135◦hook 360 135◦hook 360 

PCF-3 180 × 300 2600 4T10 
(0.65 %) 

1T10+2T8 
(0.37 %) 

R6@100 
(50) 

135◦hook 195 135◦hook 195 

PCF-4 150 × 250 2600 2T16 
(1.24 %) 

2T12 (0.69 %) R6@100 
(50) 

Welding 120 135◦hook 360 

Note: T16 indicates the deformed bar with 16 mm diameter, and R6 indicates the plain bar with 6 mm diameter. The net cover concrete thickness of beam and column 
sections is 20 mm. The spacing of stirrups in beams and columns is 100 mm. At the beam end and column end, the stirrup spacing is 50 mm. 
HRB400 deformed bars were used for flexural bars, and HPB300 plain R6 bars were used for transverse bars. The compressive cylinder strengths of concrete was fc′ =
(31.6, 30.0, 32.1 and 32.1) MPa for precast concrete, and fc′ = (26.9, 27.2, 28.3 and 28.3) MPa for cast-in-place concrete. 

Fig. 3. Numerical analysis model of specimen PCF-1.  

Fig. 4. Yield surface of CSCM.  
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2.2.3. Material modeling 
LS-DYNA provides a wealth of constitutive models for concrete material. Existing studies have shown that the continuous surface 

cap model (CSCM) can achieve satisfactory analysis results in terms of simulating the quasi-static response of RC structures under the 
mid-column removal scenario. Fig. 4 shows the yield surface shape of CSCM, which can effectively characterize the material properties 
of concrete under low confinement situation and tensile stress, such as damage-based softening and modulus reduction, shear dilation, 
shear compaction, confinement effect, and strain rate effect. 

To set CSCM parameters, LS-DYNA provides the original version (*Mat_CSCM) and simplified version (*Mat_CSCM_CONCRETE). 
For the original version, a total of 37 input parameters are required to define concrete material properties. On the other hand, the 
simplified version requires only the unconfined concrete compressive strength fc, the maximum aggregate size Ag, and the units. The 
other relevant parameters can be automatically generated by CSCM itself. According to Yu et al. [41], the use of the default CSCM 
parameters in the simplified version overestimates the stiffness and load-carrying capacity of the test specimens. To solve such 
overestimation, the tensile fracture energy Gft can be reduced to 80 % of the default value [47]. In the case of obvious compression or 
shear damage, the reduced compressive fracture energy Gfc = 50 Gft (default value of Gfc = 100 Gft) or reduced shear fracture energy 
Gfs = 0.5 Gft (default value of Gfs = Gft) can be used [47]. Addressing the severe compressive failure of concrete and diagonal shear 
cracks occurred at the beam ends in the test specimens [14], the original version of CSCM was adopted and the relevant fracture 
energies were decreased in this study. In the original version of CSCM, the unconfined concrete compressive strength fc and the 
maximum aggregate size Ag were defined according to the measured values, and the other parameters are calculated according to the 
user manual of CSCM [47]. Fig. 5 shows the model parameters of CSCM for precast concrete in specimen PCF-1. 

When severe cracking and failure of concrete occur, the maximum principal strain εmax is a suitable criterion for erosion algorithm 
[25,40,41,43]. According to this method, when the maximum principal strain exceeds the failure principal strain, the corresponding 
concrete element would be removed. According to Pham and Tan [40], when the failure principal strain is too small, the concrete in the 
compression zone at the beam end unexpectedly suffers from erosion at large deformation stage. Thus, addressing the large 
displacement of the mid-column in test specimens, the value of failure principal strain was finally set to 0.25 after multiple 
trial-and-error calculations in terms of concrete cracking and spalling in tension. 

Symmetric bilinear elastic-plastic material model *MAT_PLASTIC_KINEMATIC was selected for rebars. The elastic modulus, yield 
strength, tangential modulus, and ultimate strain of the material model were determined from the material test results [14]. The 
loading steel plate at the mid-column and the top constraint device at exterior columns adopted a linear elastic material model 
*MAT_ELASTIC and a rigid material model *MAT_RIGID, respectively. The density, elastic modulus, and Poisson’s ratio of the two 
materials were determined from the steel parameters. The boundary spring at the top of the exterior columns adopted a linear elastic 
spring material model *MAT_SPRING_ELASTIC, and the spring stiffness was taken as 10 kN/mm according to the test results [14]. 

2.2.4. Boundary conditions and loading method 
As seen in Fig. 2, the fixed boundary condition at the footing was achieved by restricting the translation in three directions of the 

bottom nodes, the horizontal translation of the side nodes, and the vertical translation of the top nodes at the footing. Horizontal 
springs were used to simulate the lateral constraints at the top of the exterior columns (Fig. 3). At the contact surface between the top 
constraint device and exterior columns, the keyword *Contact_Automatic_Surface_To_Surface was used with both the static and dy-
namic coefficients of friction setting to 0.2. For the composite constraint, it was achieved by retaining only the vertical displacement of 
the nodes on the front and back sides of the mid-column. 

Vertical loading was implemented by applying the vertical displacement to the steel plate on the mid-column through the keyword 

Fig. 5. Model parameters of CSCM for precast concrete of PCF-1 (Units: N, mm, and ms).  
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*BOUNDARY_PRESCRIBED_MOTION_SET. To avoid severe vibration of structural resistance, the loading speed increased slowly with a 
small constant acceleration of 0.005 mm/ms2 at the beginning, and remained constant after the loading time reached 100 ms. The total 
loading displacement was set to 800 mm, and the loading time was 1650 ms. 

2.3. Comparison between the analysis and test results 

Fig. 6 compares the predictions with the test results in terms of the vertical load-displacement curves of four specimens. Except for 
specimen PCF-2 showing early rebar fracture, the load displacement curves of the other three specimens are in good agreement with 
the test results. The basic characteristics of the curve, such as the ascending section (corresponding to CAA), softening section (i.e., 
strength degradation) as well as the subsequent ascending section (corresponding to CTA), are well reproduced. As seen in Table 2, 
except for the slight overestimation of PCAA in PCF-4, the error between the predictions and test results was less than 10%. Due to 
human error during the assembly of precast concrete beams in specimen PCF-2, the beam bottom bars experienced initial plastic 
deformation, which decreased the peak strength and did not develop CTA. The discussion of specific reasons can be found in the 
literature [14]. 

Because CSCM cannot trace the concrete cracks directly, the effective plastic strain is usually adopted to equivalently represent the 
damage degree of concrete [41]. In general, the larger effective plastic strain represents the wider crack. Fig. 7 compares the crack 
pattern and failure modes of the specimens. The FE models simulated well the crack distribution, spalling of concrete, and rebar 
fracture in specimens at the end of test. 

In summary, the load displacement curves, crack patterns, and failure modes simulated by the FE method were in good agreement 
with the test results. The validity and reliability of the FE model were verified. On this basis, the verified FE model was extended to 
investigate the effects of multi-span continuous beams, simplified boundary conditions, and various column removal scenarios on the 
progressive collapse resistance of moment frames. 

3. Effects of multi-span continuous beams and simplified boundary conditions 

Due to the limitations of laboratory space, specimen size, and equipment, most of the existing experimental studies have focused on 
double-span beam-column substructures. To consider the potential influence of continuous span beams, test specimens are usually 
simplified assuming a fixed end constraint at the end of the substructure [7–9], a horizontal constraint on the beam extension section of 
the substructure [25,49], or conservatively free boundary conditions (i.e., ignoring the influence of continuous span beams) [13,14]. 
As the effect of multi-span continuous beams on the progressive collapse resistance of substructures and the rationality of the simplified 
boundary conditions have not been completely and explicitly investigated, the effects of multi-span continuous beams and simplified 
constraint conditions on the progressive collapse resistance of the substructures needs to be evaluated. 

3.1. Evaluation of multi-span continuous beam effect 

In the validated FE model of specimen PCF-1, one and two spans were additionally attached on the left side in PCF-L1 and PCF-L2, 
respectively, to consider the effect of multi-span continuous beams on the progressive collapse resistance of the substructure under the 
penultimate column removal scenario. Further, addressing the column failure at the middle region of moment frames, based on PCF- 
L2, a new span and two new spans were added to the right side in PCF-L2R1 and PCF-L2R2, respectively. Fig. 8 shows the failure modes 

Fig. 6. Comparison of load-displacement curves between analysis and test results.  
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of the four models. Due to the existence of the left side spans, the damage of left exterior column of PCF-L1 and PCF-L2 was significantly 
less than that of the right exterior column (Fig. 8(a) and (b)). For PCF-L2R1 and PCF-L2R2, compared to PCF-L2, the existence of the 
right side spans reduced the damage of the right exterior column (Fig. 8(c) and (d)). 

Fig. 9(a) compares the vertical load-displacement relationships of the models PCF-1, PCF-L1, and PCF-L2. When a single span was 
added to the left side, the peak strength at CAA increased from 51.6 kN to 62.4 kN (i.e., an increase of 20.9 %). The additional span 
increased the lateral stiffness of the left side, which increased the axial compressive force on the beam section (refer to Fig. 9(b)), 
thereby improving the CAA strength. When another span was further added to the left, the continuous span beam effect was negligible, 
showing only the axial compressive force increased by 2.0 % in PCF-L2. At CTA stage, the existence of continuous span beams resulted 
in early development of CTA. However, the effect of continuous span beams on the CTA strength was insignificant due to the sufficient 
strength of the original exterior columns of the substructure. As seen in Fig. 9(c), when a new span was further added on the right, the 
peak strength at CAA of PCF-L2R1 was 6.2 % greater than that of PCF-L2 due to the increased beam axial compressive force. However, 
when another span was additionally added to the right, the side span effect was negligible. Also, the effect of side span on the CTA 
strength was insignificant due to the sufficient strength of the original exterior columns of the substructure. It is noted that exterior 
column’s strength and stiffness would be relatively weak in real structures in some cases. In this case, the possible effect of exterior 

Table 2 
Comparison of key results between numerical analysis and test.  

Specimen PCAA (kN) ECAA (kJ) PCTA (kN) ECTA (kJ) δCTA (mm) 

Test FE Rat. Test FE Rat. Test FE Rat. Test FE Rat. Test FE Rat. 

PCF-1 50.5 51.6 1.02 10.7 11.2 1.05 127.4 122.7 0.96 55.9 54.3 0.97 765.5 767.7 1.00 
PCF-2 54.0 63.8 1.18 12.7 16.3 1.28 N/A 77.6 N/A N/A 32.1 N/A N/A 637.4 N/A 
PCF-3 62.5 65.7 1.05 15.5 16.0 1.03 79.3 79.1 1.00 32.0 31.3 0.98 586.0 641.9 1.10 
PCF-4 45.8 54.0 1.18 10.1 11.8 1.17 105.4 109.7 1.04 39.5 42.8 1.08 636.7 669.3 1.05 

Note: ECAA and ECTA are the energy dissipations during the CAA stage and the whole loading process, respectively [48]. 

Fig. 7. Comparison of crack patterns and failure modes of specimens at the end of test.  

Fig. 8. Failure modes of four models with continuous span beams.  
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column’s strength and stiffness on the progressive collapse resistance of the substructure needs to be systematically evaluated. 

3.2. Evaluation of simplified boundary conditions 

For simple analysis modeling and test setup, a reasonable simplification of boundary conditions is necessary. To describe the 
continuous span beams, three different beam end constraints (i.e., horizontal constraint, roller support, and fixed boundary condition) 
were considered in analysis models PCF-1-H, PCF1–V, and PCF-1-F, respectively (Fig. 10). 

Fig. 11 shows the failure modes of three FE models. Addressing symmetry condition, only the left half is expressed. Compared with 
the failure mode of PCF-L2R2 (Fig. 8(d)), the damage of exterior column of PCF-1-H and PCF-1-V was relatively larger due to the 
simplified boundary constraints. However, due to the full constraint applied to the beam end, the damage of exterior column of PCF-1- 
F was significantly lower than that of PCF-1-H and PCF-1-V, which is quite close to that of PCF-L2R2. Fig. 12 compares the vertical 
load-displacement curves and beam axial force variations in PCF-L2R2, PCF-1-H, PCF-1-V, and PCF-1-F. As shown in Fig. 12(a), the 
peak strength at CAA of PCF-1-H, PCF-1-V, and PCF-1-F was (64.5, 60.7, and 69.4) kN, respectively. Compared with PCF-1-L2R2 (i.e., 
67.0 kN), PCF-1-F overestimated the peak strength at CAA, while PCF-1-V largely underestimated the peak strength at CAA. In PCF-1- 
H, the peak strength at CAA was only 3.7 % lower than that of PCF-L2R2. Similar to the load displacement curve, the beam axial force 
variations also presented a similar tendency (Fig. 12(b)). In CTA stage, due to the sufficient strength of exterior columns, the effect of 

Fig. 9. Analysis results of four models with continuous span beams.  

Fig. 10. Numerical analysis models with three simplified boundary conditions.  
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boundary conditions on the peak strength was insignificant, except for the ultimate displacement corresponding to rebar fracture in 
PCF-1-V with the reduced lateral stiffness. For simple and conservative analysis modeling, continuous span beams can be replaced with 
the horizontal constraints. This result is also consistent with the existing research findings that the horizontal constraints applied at the 
overhang edge of the flat slab substructure are most realistic [43]. 

4. Effects of transverse beam and slab under penultimate column removal scenario 

Although transverse beams and slab can improve the progressive collapse resistance of moment frames, these effects have not been 
sufficiently evaluated due to the difficulty of tests. For this reason, the contributions of transverse beams and slab to the progressive 
collapse resistance are not accurately considered in the anti-collapse design of building structures. To consider the bi-directional 
action, symmetric section was used for the exterior columns (i.e., section dimensions increased from (400 × 350) mm to (400 ×
400) mm). For direct comparison, the modified exterior column section was also used in the subsequent 2D analysis model. Further, 
addressing the convenient modeling and marginal difference between cast-in-situ and assembled monolithic structures, the FEA model 
was simplified as the cast-in-situ model. 

4.1. Evaluation of transverse beam effect 

Fig. 13(a) shows the FE model SF-B with a transverse beam. Horizontal constraints were applied to the extension beam ends to 
approximately consider the influence of continuous span beams in both directions. The design detail of the transverse beam was 
consistent with that of the longitudinal beam. To accurately evaluate the effect of transverse beam under penultimate column removal 
scenario, a new model SF-2D was established (Fig. 13(b)). All parameters of the two models are consistent except for the transverse 
beam. 

Fig. 14 shows the failure modes of two models. The failure mode of SF-2D was very similar to the front view of the failure mode of 
SF-B, and the densely distributed penetrating cracks in the beam indicated the full mobilization of CTA. In the transverse beam of SF-B, 
flexural cracks were uniformly distributed, and no obvious penetrating cracks occurred. This result indicates that basically no CTA is 
developed in the transverse beam, which exhibits flexural resistance mechanism during the whole loading process. 

Fig. 15(a) compares the vertical load-displacement relationships of SF-B and SF-2D. In small deformation stage (i.e., beam 
mechanism stage), the use of transverse beam significantly increased the 1st peak strength from 62.3 kN to 84.4 kN (i.e., an increase of 
35.5 %). In large deformation stage, although no effective CTA developed in the transverse beam, due to the existence of residual 
bending strength, the 2nd peak strength of SF-B reached 136.5 kN, which was 13.4 % greater than the 120.4 kN of SF-2D. Fig. 15(b) 
compares the beam axial force variations of two models. The axial forces on the longitudinal beam section of the two models were 
basically the same, indicating that the use of the transverse beam hardly affected the CAA and CTA. In the transverse beam, the axial 
force was negligible, indicating that only the flexural resistance mechanism of the transverse beam should be considered. In practice, 
when the contribution of a transverse beam to the progressive collapse resistance of moment frames is considered, only the flexural 
resistance of the transverse beam can be simply included in the vertical load-displacement relationship of the longitudinal subframe. 

4.2. Evaluation of slab effect 

To quantitatively evaluate the effect of floor slab on the progressive collapse resistance of moment frames, a new model SF-S was 
established based on the model SF-B. Fig. 16 shows the FE model of SF-S, which consists of two slabs as well as the beams and columns 
attached to them. Horizontal constraints were applied to the extension segments of the beam and slab to approximately consider the 
influence of boundary conditions in both directions. Addressing the FE models based on the existing test specimens, the slab was also 
half scaled. For the concrete and rebars of the slab, the element types and material models were the same as those of the beam. Previous 
studies have shown that LS-DYNA can accurately simulate the mechanical performance of RC slabs under the column removal sce-
narios by selecting appropriate element types and material models [21,41,43,50–52]. 

Fig. 17 shows the failure modes of SF-S. Extensive cracks developed along the top and bottom surface of the slab. Fig. 18 compares 
the vertical load-displacement relationships of SF-S and SF-B, and the contributions of beams and slab to the progressive collapse 
resistance of SF-S. As seen in Fig. 18(a), the use of slab increased the 1st peak strength from 84.4 kN to 144.4 kN (i.e., an increase of 
71.1 %) in small deformation stage due to the additional compressive membrane action (CMA) developed in the slab. In large 
deformation stage, the 2nd peak strength of SF-S reached 150.6 kN due to the additional tensile membrane action (TMA) developed in 

Fig. 11. Failure modes of three models according to boundary conditions.  
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the slab, which was 89.9 % greater than 79.3 kN of SF-B under the same vertical displacement. After the 2nd peak strength, due to the 
high restraining effect of slab on the beam deformation, early fracture of the beam bottom bars near the mid-column end occurred, thus 
leading to the early strength degradation in SF-S. As the mid-column displacement increased, the vertical load gradually increased 
again due to CTA of beams and TMA of slab, but the resistance of the substructure did not exceed 150.6 kN. When SF-S reached the 1st 

Fig. 12. Analysis results of three models according to boundary conditions.  

Fig. 13. Numerical analysis models of SF-B and SF-2D.  

Fig. 14. Failure modes of SF-B and SF-2D.  

Fig. 15. Analysis results of SF-B and SF-2D.  
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peak strength, the contributions of beams and slab to the load resistance were 58.4 % and 41.6 %, respectively (Fig. 18(b)). As the mid- 
column displacement increased, the slab contribution gradually increased. When the mid-column displacement reached about 219 
mm, the maximum slab contribution was 54.2 %. Ultimately, fracture of beam and slab rebars decreased the slab contribution. 
Compared to CTA of beams, earlier developed TMA of slabs generates enough secondary resistance mechanism, which improves the 
progressive collapse resistance. Thus, for economical anti-collapse design in practice, the additional CMA of slab needs to be 
considered when an exterior column is removed. 

5. Effect of column removal scenarios 

Location of removed column determines the boundary conditions of substructures and the number of resistant members under 
collapse, which critically affect the progressive collapse resistance of the substructures. Thus, the effect of column removal scenarios on 
the progressive collapse resistance of moment frames with/without slabs needs to be quantitatively evaluated. 

5.1. Column removal in subframes without slab 

Based on the original removal scenario of the penultimate column (scenario 1), the other four column removal scenarios corre-
sponding to scenarios 2 to 5 were investigated (Fig. 19). Fig. 20 shows the failure modes of four models. Regarding the model name, the 
last number denotes the column removal scenario number. Except the transverse beam in SF-B-2 with a single transverse beam, large 
number of penetrating cracks were distributed along all longitudinal and transverse beams, indicating the sufficient development of 
CTA. 

Fig. 21 compares the vertical load-displacement relationships of models SF-B-1 to SF-B-5. For direct comparison, the vertical load- 
displacement relationship of SF-B was also included as SF-B-1 in this figure. Compared to SF-B-1, the 1st and 2nd peak strengths of SF-B- 
2 increased by (4.5 and 1.9)%, respectively, due to the influence of the right beam end constraint. Due to the CAA developed in 
transverse beams, the maximum 1st peak strength of SF-B-3, SF-B-4, and SF-B-5 was 133.1 kN, which was 50.9% greater than that of SF- 
B-1 and SF-B-2. In large deformation stage, due to the CTA developed in transverse beams, the maximum 2nd peak strength of SF-B-3, 
SF-B-4, and SF-B-5 was 239.2 kN, which was 72.0% greater than that of SF-B-1 and SF-B-2. Regardless of beam end constraint, the 
progressive collapse resistance can be simply grouped according to the location of removed column (i.e., scenarios 1 to 2 for exterior 
column removal and scenarios 3 to 5 for interior column removal). Compared to PCF-1-H without transverse beams (Fig. 12(a)), the 1st 

and 2nd peak strengths of SF-B-5 with transverse beams increased by (106.4 and 87.1)%, respectively. This result indicates that use of 
double-span transverse beams can linearly increase the peak strengths of CAA and CTA. However, due to the different mid-column 
displacement at rebar fracture, the peak strengths of SF-B-5 would not be exactly twice that of PCF-1-H. 

Fig. 22(a) compares the beam axial forces in the longitudinal direction of models SF-B-1 to SF-B-5. At CAA, the beam axial forces of 
the five models were almost the same. Due to the horizontal constraints at both beam ends, the axial compressive force in the beams of 
SF-B-2, SF-B-4, and SF-B-5 was increased by 10.6%, compared to SF-B-1 and SF-B-3. At CTA, due to the sufficient strength of the 
exterior columns, the axial tensile force in the beams of the five models were basically consistent. Fig. 22(b) compares the beam axial 
forces in the transverse direction. The beam axial force of SF-B-1 and SF-B-2 was negligible. As SF-B-3, SF-B-4, and SF-B-5 also had 
double-span beams in the transverse direction, the beam axial forces were fully mobilized. Due to the stronger boundary constraints in 
the transverse direction of SF-B-5, its beam axial force was 7.6% greater than that of SF-B-3 and SF-B-4 at CAA. At CTA, the axial tensile 
force of the beams in the three models were basically the same. 

Fig. 16. Numerical analysis model of SF-S  
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5.2. Column removal in subframes with slab 

To quantitatively evaluate the effect of slab on the progressive collapse resistance of the substructure under different column 
removal scenarios, based on the original removal scenario of the penultimate column (scenario 1), the other four column removal 
scenarios corresponding to scenarios 2 to 5 were investigated (Fig. 23). As in the previous section, horizontal constraints are applied to 
the extension segments of the beams and slabs to approximately consider the influence of boundary conditions in both directions. 

Fig. 17. Failure modes of SF-S  

Fig. 18. Comparisons between SF-S and SF-B  

Fig. 19. Possible column removal scenarios in moment frames.  
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Fig. 24 shows the failure modes of SF-S-5. Compared to SF-S (Fig. 17), the crack patterns of SF-S-5 presented a symmetric dis-
tribution in both directions, and the CMA and TMA of the substructure were fully mobilized. Fig. 25 compares the vertical load- 
displacement curves of models SF-S-1 to SF-S-5. For direct comparison, the prediction of SF-S was also included as SF-S-1 in this 
figure. During the small deformation stage, the peak strength of SF-S-2 was 5.6% greater than that of SF-S-1 due to the horizontal 

Fig. 20. Failure modes of models according to column removal scenarios.  

Fig. 21. Comparison of load-displacement curves of models according to column removal scenarios.  

Fig. 22. Comparison of beam axial forces of models according to column removal scenarios.  

Fig. 23. Numerical analysis models with slab.  
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constraint on the right beam-slab extension section of SF-S-2. When double-span beams were used in the transverse direction, the 
maximum 1st peak strength of SF-S-3, SF-S-4, and SF-S-5 was 247.3 kN, which was 62.2% greater than that of SF-S-1 and SF-S-2. In 
large deformation stage, due to TMA fully developed in the slab, the maximum 2nd peak strength of SF-S-3, SF-S-4, and SF-S-5 was 
349.8 kN, which was 132.3% higher than that of SF-S-1 and SF-S-2. Compared to SF-S-1 and SF-S-2, strength degradation was 
insignificant in SF-S-3, SF-S-4, and SF-S-5, and a continuous increase in strength was achieved due to the full mobilization of TMA. 
Further, as seen in Figs. 24 and 25, unlike the CMA of slab, the TMA does not require high constraints on the edge of the slab, since the 
existence of the compression ring around the slab itself can provide sufficient lateral constraints for the TMA developed in the middle 
region. 

Besides, compared with the subframes without slab (Fig. 21), the additional CMA of slab improved the progressive collapse 
resistance of the moment frames by 71–73%, for the exterior column removal scenarios. For the interior column removal scenarios, the 
additional CMA and TMA of slab further improved the progressive collapse resistance of the moment frames by 86% and 46%, 
respectively. 

Comparing the resistance curves of SF-S series and SF-B series, the load contribution ratio of beams and slabs in the substructure can 
be quantified (Fig. 26). When the substructures reached the 1st peak strength, the slab of SF-S-2, SF-S-3, SF-S-4, and SF-S-5 resisted 
(42.0, 43.3, 44.6, and 45.9)% of the vertical load, respectively. The slab contribution to the collapse resistance in the four models was 
similar. As the mid-column displacement increased, the slab contribution gradually increased, especially in SF-S-3, SF-S-4, and SF-S-5. 
The slab contribution of SF-S-3, SF-S-4, and SF-S-5 was significantly greater than that of SF-S-2 with a single transverse beam. The 
maximum slab contribution ratio of the four models reached (54.8, 74.1, 74.8, and 75.1)%, respectively. In the large displacement 
stage, due to the full mobilization of the TMA within the slab of SF-S-3, SF-S-4, and SF-S-5, the slab contribution ratio of the three 
models was significantly higher than that of SF-S-2. 

6. Discussion of dynamic effects 

The simplified energy balance method proposed by Izzuddin et al. [48] provides an effective approach for evaluating the dynamic 
collapse resistance of structures. In this method, the pseudo-static resistance of the structure is determined from the external work 
(Pd⋅δp) produced by dynamic load and the strain energy (

∫ δp
0 P(δ)dδ) absorbed by the structure (refer to Fig. 27(c)). 

Pd · δp =

∫ δp

0
P(δ)dδ (3)  

where Pd is dynamic load; δp is the predicted displacement corresponding to Pd; and P(δ) is the vertical load measured from the static 
loading test or static analysis. 

Fig. 27 compares the pseudo-static resistance of SF-S-2, SF-S-3, SF-S-4, and SF-S-5. The peak pseudo-static resistances of the four 
models are (135.7, 278.8, 283.9, and 285.8) kN, respectively. Through this method, it is possible to directly estimate the allowable 
anti-collapse design load or the displacement corresponding to the collapse resistance under design load (refer to Fig. 27(d)), without 
complicated nonlinear dynamic analysis. However, it has been pointed out that the displacement predicted by the simplified energy 
balance method is usually larger than the actual value, since it ignores the effects of damping and strain rate on the material strength 
[14,53]. For this reason, this method can be conveniently used for conservative design at initial design step. To verify the usefulness of 
the simplified energy balance method in various design conditions, further study is needed to compare the nonlinear dynamic analysis 
results in the FE modeling method validated in this study. 

7. Summary and conclusions 

In this study, the progressive collapse performance of frame structures was systematically analyzed using LS-DYNA software. After 
careful calibration of model parameters, the numerical models were validated through comparisons with experimental results and 
further employed to investigate the effects of multi-span continuous beams, simplified boundary conditions, and various column 
removal scenarios on the progressive collapse resistance. The primary findings can be summarized as follows. 

Fig. 24. Failure modes of SF-S-5.  
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1. To predict the progressive collapse resistance of frame structures under static loading, a refined numerical model was considered. 
The load displacement curves, crack patterns, and failure modes of the FE analysis results were in good agreement with the 
experimental results.  

2. Compared with the subframe without continuous span beams, use of continuous span beam increased the peak strength at CAA. 
However, the strength increase was not linearly affected by the additional continuous span beams at both sides. In moment frames 
satisfying strong column-weak beam concept, use of continuous span beam did not increase the peak strength at CTA, but resulted 
in early development of CTA.  

3. To represent the effect of continuous span beams reasonably, three different simplified boundary conditions were compared, 
namely, horizontal constraints, vertical constraints, and full constraints. The results showed that for simple analysis modeling, 
continuous span beams can be replaced with the horizontal constraints at the extended beams. 

Fig. 25. Comparison of load-displacement curves of models with slab according to column removal scenarios.  

Fig. 26. Quantification of collapse resistance of the slab in models SF-S-2~SF-S-5.  
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4. When the contribution of a transverse beam to the progressive collapse resistance of moment frames is considered (i.e., removal of 
an exterior column), the flexural resistance of the transverse beam can be simply included in the progressive collapse resistance of 
the subframe without transverse beams. The additional CMA of slab improved the progressive collapse resistance of the moment 
frames by 71–73 % before the development of CTA of beams, which allowed economical anti-collapse design in practice for the 
exterior column removal scenario.  

5. When the contribution of double-span transverse beams to the progressive collapse resistance of moment frames is considered (i.e., 
removal of an interior column), the peak strengths of CAA and CTA of the transverse beams can be simply included in the pro-
gressive collapse resistance of the subframe without transverse beams. The additional CMA and TMA of slab further improved the 
progressive collapse resistance of the moment frames by 86 % and 46 %, respectively. Thus, the slab contribution needs to be 
considered for economical anti-collapse design in practice for the interior column removal scenario. 

In this study, nonlinear static behavior of moment frames with various collapse conditions was investigated. To accurately evaluate 
the actual progressive collapse behavior of moment frames, further study on nonlinear dynamic analysis is needed using the validated 
FE modeling method. Besides, for PC structures with half PC slab and topping concrete, it can show the full or partial composite action 
between the slab and moment frame according to the connection details. The partial composite action would decrease the strength due 
to CAA and membrane action, and increase the deformation capacity due to lower restraint. For simplicity, RC slab was adopted in this 
study. The exact PC slab effect on the overall collapse behavior of the PC structures needs to be further investigated. 
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