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Abstract:

Background and Objective:

Progressive collapse resistance of the steel moment-frame with composite floor slabs can be assessed by sudden column loss
scenarios. In order to investigate the progressive collapse-resistant capacity of the steel moment-frame with composite floor slabs, a
simplified approach based on the theory of membrane action and energy equilibrium principle is presented, which assessed the
behaviour of progressive collapse resistance of this frame subjected to the removal of a penultimate column via the static and
dynamic analysis.

Mateial and Method:

The residual vertical bearing capacity model considering of the membrane action and tie force (TF) method of composite floor slabs
is developed to evaluate the force mechanism of the composite floor slabs. An energy-based theoretical framework is proposed for
calculating the maximum allowable dynamic demands based on the nonlinear static Pulldown analysis, which is used to explore the
relationship between of dynamic and static response in the progressive collapse process. Furthermore, the finite element software
SAP2000 is used to calculate the numerical example to verify the reliability of this simplified approach.

Results:

The results show that the composite floor slabs significantly improve the structural progressive collapse-resistant ability and this
simplified approach evaluates the progressive collapse resistance of the whole structure effectively.

Conclusion:

The existence of the floor can increase the ductility of the structure, and increase the progressive collapse-resistant ability. The
appropriate value of the DIF depends on the ductility and amount of inelastic action the structure would experience during the
column removal scenario.

Keywords: Engineering structure, Progressive collapse, Composite floor slabs, Membrane action, Energy equilibrium, Pulldown
analysis.

1. INTRODUCTION

The progressive collapse of the structure may be described as the spread of an initial local structural damages or
failure from element to element due to terrorism attacks, gas explosion, earthquake, fire and other emergencies, which
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in turn lead to the changing of internal force in adjacent structures, prompting more elements failure caused by
progressive expansion, eventually resulting in the collapse of an entire structure or disproportionately large part of it [1].
It is a complex subject to evaluate the progressive collapse-resistant capacity of structures under different progressive
collapse conditions. The alternative path method (APM) is most widely used to analyze the building structures subject
to postulate scenarios of initial local structural damages and the load-displacement curves are used to evaluate the
progressive collapse-resistant behavior of structures under progressive collapse conditions [2, 3]. Izzudin et al. [4] and
Vlassis et al. [5] proposed a framework for a simplified progressive collapse-resistant evaluation of multi-storey
buildings, which is evaluated from three aspects: static response, dynamic response and ductility performance. Dat et al.
[6] mainly investigated the beam mechanism in direct affecting area of the structures based on the single degree of
freedom model through the principle of energy equilibrium principle. Kim et al. [7, 8] carried out the evaluation of the
ultimate bearing capacity and the performance of the structure combined with Pushdown analysis method. Yi Weijian et
al. [9] and Li Yi ef al. [10] investigated the collapse-resistant mechanism of RC frame combined with Pushdown
analysis method. Huang Zhiwei, et al. [11] conducted the reliability assessment of progressive collapse-resisting
capacity of reinforced concrete frame under static load. Ding Yang et al. [12] proposed a rapid assessment method by
introducing the substructure model based on the alternative path method(APM). P. Foraboschi [13, 14] designed and
constructed a test building to investigate the progressive collapse assessment of steel moment-frames with composite
floor slabs, which took full advantage of the properties, capabilities and opportunities afforded by steel.

Existing experimental and numerical investigations have demonstrated that the evaluation of structure progressive
collapse is mainly focused on three key areas:

1. Evaluation has mainly focused on the static progressive collapse-resistant capacity of the frame structures
following the current representative design guidelines and new simplified approach has been proposed to
facilitate the designers based on the existing methods.

2. Research has mainly focused on the pure frame and the progressive collapse resistant demand of the RC frames
under the beam mechanism (i.e., for small deformations), and that for the catenary mechanism is lacking;

3. The nonlinear and dynamic effects at large deformations are not well considered in current research, and the
effects of membrane action of floor slabs on structural progressive collapse-resistant capacity are not considered
from the perspective of structural integrity.

The composite floor slabs as planar components have a bidirectional beneficial tension effect on the frame
structures [15], which could enhance the ability of progressive collapse-resistant capacity of the structure through the
tensile membrane action at the large deformations [16]. Although the recommended tie force(TF) method takes into
account the catenary mechanism to describe the progressive collapse demand [3], it neglects the contributions of the
membrane action of composite floor slabs at large deformations, which leads to the APM over-conservative and lack of
sufficient theory and test data supporting. Nonlinear incremental dynamic analysis also known as the “nonlinear
dynamic Pushdown analysis” [17], is usually a promising method for estimating the progressive collapse-resistant
capacity, which is time-consuming and requires repeated computational calculations to evaluate the structural
progressive collapse-resistant dynamic performance. As a consequence, a more convenient and engineer-friendly
methods should be adopted to evaluate the progressive collapse-resistant capacity of the structure, and appropriate
measures can be taken to enhance the structural collapse-resistant performance.

In this paper, a simplified approach based on the theory of membrane action and energy equilibrium principle is
presented, which assessed the behaviour of progressive collapse resistance of this frame subjected to the removal of a
penultimate column via the static and dynamic analysis. This approach requires three dimensional(3D) analysis of the
floor framing considering geometric and material nonlinearity, which focuses on redundancy and enhancement of the
alternate load path method(AMP) [2]. Also, the dynamic impact factor(DIF), which is widely used to account for
dynamic effects within a static design framework is investigated. The residual vertical bearing capacity model
considering of the membrane action and tie force(TF) method of composite floor slabs is developed to evaluate the
force mechanism and deformation model of the beam-slab collapse-resistant system in direct affecting area. An energy-
based theoretical framework is proposed for calculating the maximum allowable dynamic demands based on the
nonlinear static Pulldown analysis. Furthermore, the finite element software SAP2000 is used to calculate the numerical
example to verify the applicability and reliability of this simplified approach and the relationship curve between the
residual bearing capacity and the ultimate displacement is obtained. The analytical results show that the composite floor
slabs can effectively enhance the ability to resist progressive collapse via improving the integrity of the structure. The
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simplified approach is reliable, and it moves the evaluation of the progressive collapse resistance from the generalities
to the quantifiable, with all benefits that this brings for understanding and design.

2. ANALYSIS MODEL OF STRUCTURAL PROGRESSIVE COLLAPSE

In the case of sudden loss of the vertical key load-bearing members, axial unbalance load of the removed column
will quickly seek a new load path to redistribute in a few milliseconds [18]. As a result, the consequent structural
response is dynamic, generally characterized by significant geometrical and material nonlinearities. There are three
simultaneous changes which may increase the internal forces in direct affecting area of the structures:

1. Spans of slabs and beams in direct affecting area bridging over the removed key load-bearing components will
be two times the initial ones, and all floors above the first floor will deflect identically and dynamically under
uniform gravity loads to seek a new equilibrium path.

2. Existing gravity loads are amplified by a dynamic factor is up to 2.0 [19].

3. Spans of slabs and beams in indirect affecting area can be considered that the interaction between the layers to
change its force little effect, for the form of the basic load did not change, as shown in Fig. (1).
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Fig. (1). The schematic diagram subject to sudden column loss: (a) Plan layout for 4x3 bay composite floor systems; (b) Column-
missing event of a perimeter moment frame.

There are two types of connection between the primary girders and secondary beams,which are hinged connection
and fully restrained connection. Usually, the secondary beams are determined as simply supported beams, the primary
girder-secondary beam connection only transfer beam vertical bearing reaction force without bending moment, the
connection is hinged connection. However, steel frame beam-to-column connection is the moment connection. In this
paper, in order to investigate the capacity of progressive collapse resistance of the steel moment-frame with composite
floor slabs, the beneficial effect of secondary beams is neglected, and the model of the steel moment-frame with
composite floor slabs is established, as shown in Fig. (1).

When a multi-storey building is subjected to sudden column loss, the frame structure can prevent the progressive
collapse mainly by two progressive collapse-resistant mechanisms, i.e. beam mechanism at small deformations and the
catenary mechanism at large deformations. Initially, the low-load-level system acts as a pure bending element, and with
the increase of load and rotation, the system will transition from the bending element to the catenary element. In a two
dimensional catenary system, the integrity of the system depends on the capacity of the support to resist the horizontal
component of the force. Typically, columns are not designed to receive lateral loads of the magnitude required for the
balance of a catenary system, as shown in Fig. (1b). In the penultimate column loss case, a beam-slab substructure is
similar to a simply supported slab in the sense that both are laterally-unrestrained, as shown in Fig. (2). The advantage
of a 3D behavior is that the balance forces are internal to the system. In principle, the floor system undergoes a
deformation that reshapes the floor plate into an inverted dome or a dish, (see Fig. 2b). Therefore, the equilibrium of the
system does not depend on the capacity of the catenary tie forces at the support. The radial tensile forces created as a
result of the dishing action is balanced with compressive hoop stresses of the composite floor system [20].
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Table 1. The progressive collapse-resistant capacity of structures.
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Analysis Method Nonlinil:;z;?ii;lg\? lldown Equivalez];lg):il;:;;(i; Bearing Di]r:lcl: dﬁ‘x‘;izizbzl?:;]t;n ic Theoretical Calculation/kN
Model A 4085.49 3638.39 3555.66 5492.50
Model B 717.55 650.76 642.86 830.98
Model C 15943 11339.10 11680 14381.36
Model D 2635 1906.53 1950.57 2500

Theoretical analysis and numerical calculation results indicate that: the ultimate bearing capacity of multi-storey
spatial pure frame system is larger than single-layer spatial pure frame system. By improving capacity of failure joints
via membrane action, the composite floor slabs effectively improve the integrity of the structure, while the progressive
collapse-resistant capacity of the frame structure is enhanced and the development of the plastic hinge is delayed. It is
overestimated to measure the ultimate progressive collapse-resistant capacity simply by the vertical displacement ,,,, of
the beam-to-column connection above the loss column, and the ductility of the joints should also be taken into account.

4.2.2. Steel Moment-frame with Composite Floor Slabs

Fig. (12) details the failure process observed in the simulations. In both cases, the beam-to-column connections
above the loss column fail first. Fig. (12a) shows the load versus deflection response of the multi-storey spatial frame
system with composite floor slabs (model C), while Fig. (12b) shows the load versus deflection response of single-layer
spatial frame system with composite floor slabs (model D). For model C and model D, when the displacement of the
beam-to-column connections above the loss column reaches 1.17m and 1.01m, the ultimate bearing capacity of the
residual structure is 15943kN and 2635kN respectively, which are all larger than those of the pure frame system (model
A and B). According to the Eq. (15), the static ultimate bearing capacity is 14381.36kN and 2500kN respectively, as
shown in Table 1. The results show that the maximum error of theoretical analysis and numerical calculation are 9.8%
and 5.1% respectively, which are less than 10%. It reveals that the analytic results of calculating in the theory and
numerical simulation can be believed.

By the contrastive study, no more loads can be transferred to the system and the system appears to fail abruptly,
when these connections fail in the pure frame case (see Fig. 11). The steel moment-frame with composite floor slabs
(see Fig. 12) is able to absorb loss of these connections and keep carrying significant loads beyond, which is the
primary reason for the disparity in ductility between pure frame and steel moment-frame with composite floor slabs
simulation cases. In spite of the failure of all major connections, the system is able to keep carrying increasing load until
the profiled sheet and the welded wires start to widespread rupture around the loss column area at a peak load. The
results show that the integral performance can improve the progressive collapse-resistant ability of the structure. By
improving capacity of failure joints via membrane action, the composite floor slabs effectively improve the integrity of
the structure, while the progressive collapse-resistant capacity of the frame structure is enhanced and the development
of the plastic hinge is delayed. The progressive collapse-resistant performance would be underestimated if the integral
behavior of the structure were not taken into account.

4.3. Dynamic Resistance

It should be noted that progressive collapse is a dynamic event. Thus, it is necessary to evaluate the 3D and
composite floor slab effects on the dynamic resistance of the steel moment-frame. Based on the nonlinear static
Pulldown analysis, the dynamic response of the structure is deduced based on the theory of energy equilibrium principle
according to Eq. (20), and the progressive collapse-resistant capacity curve for sudden column loss is obtained, as
shown in Figs. (11 and 12).

According to the progressive collapse-resistant capacity curve, for different models, the ultimate dynamic bearing
capacity is 3638.39KN, 650.76KN and 11339.10kN, 1906.53kN respectively, while the maximum dynamic bearing
capacity is 3555.66kN, 642.86kN and 11680kN, 1950.57kN by repeating the direct nonlinear dynamic Pulldown
operation several times until the convergence results are obtained. Fairly good agreement is observed between the
results for sudden column loss using direct dynamic analysis (direct nonlinear dynamic Pulldown analysis) and energy-
based approximate analysis (progressive collapse-resistant capacity curve), with differences in the load intensity being
generally less than 5%. The results show that good agreement between the direct dynamic Pulldown analysis and
approximate energy-based analysis results for pure frame and steel moment-frame with composite floor slabs,
confirming that the approximate energy-based analysis procedure can accurately determine the real response of the
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integrity of the structure, while the progressive collapse-resistant capacity of the frame structure is enhanced and
the development of the plastic hinge is delayed. The progressive collapse-resistant performance would be
underestimated if the integral behavior of the structure were not taken into account.

. A approximate energy-based analysis method is established based on the theory of energy equilibrium principle

under column loss scenario, and the relationship between of dynamic and static in the progressive collapse
process is explored. Compared with the direct nonlinear dynamic Pulldown analysis, this approach with
nonlinear static analysis is simplified and effective as it greatly reduces the computational amount.

. The progressive collapse-resistant capacity obtained from nonlinear static and approximate energy-based

analysis of static evaluation is larger than that of dynamic evaluation, which indicates that the value obtained by
static analysis is overestimated, which is due to the reason that the collapse-resistant curve considering dynamic
effect better reflects real response in structural progressive collapse.

. The DIF for multi-storey steel moment-frame with composite floor slabs in this study is 1.42, which is smaller

than the DIF of 2.0 typically specified in design codes, which suggests that the commonly used value of 2.0 can
potentially be relaxed. The existence of the floor can increase the ductility of the structure, and increase the
progressive collapse-resistant ability. The appropriate value of the DIF depends on the ductility and amount of
inelastic action the structure would experience during the column removal scenario.
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