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Steel-concrete composite slabs are widely adopted in steel frame buildings as the gravity load resisting system. So
far, the progressive collapse resistance of this type of structure is mainly evaluated by the experimental or numer-
ical methods, which is complicated, time-consuming and expensive. Hence, in this study, an easy-to-use theoret-
ical method for giving a quick evaluation of the progressive collapse resistance at the design stage is proposed for
this type of structure. When the floor system is horizontally constrained at the parallel boundaries, the theoretical
model is composed of three stages, i.e., elastic stage, plastic stage, and catenary stage. At the elastic stage and plas-
tic stage, the load is carried by the flexural resistance of the floor system. At the catenary stage, the load is resisted
by the catenary action and the tensile membrane action. When the floor system is not constrained at the parallel
horizontal boundaries, the theoretical model is only composed of elastic stage and plastic stage. Then, this theo-
retical model is validated with different experimental and numerical simulation results. Finally, for the multi-
story and high-rise buildings, considering the potential instability of columns under the excessively redistributed
gravity load, the potentially maximum tributary area of each column under the progressive collapse scenario is
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1. Introduction

Steel-concrete composite slabs, attributing to their saving in con-
struction time and excellent durability, are widely used in steel frame
buildings as the gravity load resisting system. Besides, when the steel
frame buildings subjecting to abnormal loads, the composite floor sys-
tem is also playing a vital role in progressive collapse prevention,
which is supported by the experimental and numerical investigations
conducted by Johnson et al. [1], Hadjioannou et al. [2], Fu et al. [3],
Zandonini et al. [4], Sadek et al. [5], Alashker et al. [6,7], Li and EI-
Tawil [8], Jeyarajan and Liew [9]. Compared with the skeleton steel
frame (without composite slab), this improvement in progressive col-
lapse prevention is mainly due to the increased flexural resistance
from the composite slab, and the composite action between the com-
posite slab and steel beams. The composite action can be inoperative
when the composite slab is severely damaged at the large deformation
stage. Under this condition, if the floor system is fully constrained at
the parallel horizontal boundaries, tensile membrane action can be de-
veloped and become a primary source of resistance. For the reinforced
concrete slab, the tensile membrane action is provided by the slab
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reinforcement. For the composite slab, except for the steel reinforce-
ment, the steel deck can also develop tensile membrane force in its lon-
gitudinal direction. It is worth noting that the steel deck may contribute
more resistance than the steel reinforcement at the large deformation
stage [6].

At present, the investigations on progressive collapse resistance of
steel frame structures rely mainly on experimental and numerical
methods. These two methods are complicated, time-consuming, and
expensive, so they cannot quickly evaluate the progressive collapse re-
sistance at the design stage. Hence, an easy-to-use theoretical method
is needed to expediently predict the progressive collapse resistance of
steel frame structures with composite slab. Up to now, several theoret-
ical models have been proposed by Bailey [10], Alashker et al. [11], Fu
etal. [12], Liet al. [13], and Zhang et al. [ 14]. However, these models re-
quire either iterative calculation [11,12], or complex calculation based
on stringent assumptions [10,13,14]. Therefore, in this study, a simpli-
fied theoretical model is proposed to evaluate the progressive collapse
resistance of steel frame structures with composite slab.

2. Theoretical model
As shown in Fig. 1, according to the horizontal boundary conditions,

the progressive collapse scenarios subjecting single column loss can be
divided into nine types, namely Al, A2, A3, B1, B2, B3, C1, C2, C3. As
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Fig. 1. Column removal scenarios.

the floor system has been horizontally constrained at the parallel
boundaries, the A3, B3, C1, C2, and C3 cases can fully develop the cate-
nary action and the tensile membrane action at the large deformation
stage. As lacking horizontal constraints, the other four cases (A1, A2,
B1, B2) are assumed to only develop the flexural resistance. The deriva-
tion of the theoretical model in this section is carried out in accordance
with the prototype structure shown in Fig. 1. The girders are arranged in
the x direction with a span of Iy, and the beams are arranged in the y
direction with a span of I,. Each girder span has n rows of beams con-
nected to it, and the spacing of the beam is constant. The girder-to-
column connection and the beam-to-column connection are rigid con-
nections, and the beam-to-girder connection is a hinged connection.
Fig. 2 (a) is a theoretical model suitable for A1, A2, B1, B2 cases, while
Fig. 2 (b) is a theoretical model suitable for A3, B3, C1, C2, C3 cases. ®
and é represent the uniformly distributed load on the floor and the ver-
tical displacement where the column is removed. The load-
displacement curve of the theoretical model corresponding to Fig. 2
(b) is divided into three stages: elastic stage, plastic stage, and catenary
stage. These three stages are divided by three characteristic displace-
ments, namely &y, 6; and 6. 6, represents the corresponding displace-
ment when the steel beam and composite slab reach the full plastic
resistance. According to Eurocode 8 [15], the beam chord rotation
angle corresponding to 6 is 0.013 rad. When the steel beam and com-
posite slab reach the full plastic resistance, the resistance of the entire
structure is @y. The resistance mechanism gradually changes from the
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flexural mechanism to the catenary action and the tensile membrane
action. When the displacement reaches &, the resultant force of the cat-
enary action and the tensile membrane action exceeds . After that, the
structural load is assumed to be completely carried by the catenary ac-
tion and tensile membrane action. When the displacement reaches 6,
the overall structure fails and loses its capacity. For Al, A2, B1, B2
cases, as shown in Fig. 2(a), the load-displacement curve of the theoret-
ical model only includes two stages, namely the elastic stage and the
plastic stage.

2.1. Elastic stage

As shown in Fig. 2, before the vertical displacement reaches 6y, the
load-displacement curve of the theoretical model is assumed to be a
straight line. In the elastic stage, the structural load is carried by the flex-
ural mechanism of the beam system and the composite slab system.
Therefore, w, can be calculated by the yield line method. As shown in
Fig. 3, the yield line method calculation diagrams corresponding to
each column removal cases can be divided into four types: I, II, III, and
IV. The solid lines represent the positive yield line, while the dashed
lines represent the negative yield line. 6x = &/, and 6, = §/l, are the ro-
tation angles of the floor plastic hinge around the y-axis and the x-axis.
M, and M', are the full-section plastic flexural capacity of the girder in
the positive and negative moment zone. M, and M', are the full-
section plastic flexural capacity of the beam in the positive and negative
moment zone. mgy and msy are the full-section plastic flexural capacity
of the per unit width composite slab around the y-axis and x-axis in
the positive moment zone, while m's, and m'sy are the full-section plas-
tic flexural capacity of the per unit width composite slabs around the y-
axis and x-axis in the negative moment zone.

The internal work Wipeernar corresponding to Type 1, Type II, Type IlI
and Type IV is calculated according to Egs. 1 to 4, respectively.

Wintemal = (Mlg + m;xly)ex + ((1 + D) {) + m;ylx)ey (1)

Winternal = (M/g + 2mgly + Zmlsxly> O«
n (2(1 + )My + 2M}, + 2mgly + 2m;ytx)9y 2)

Winternat = (2Mg + 2My + 2msily + 2y )b
+ (20My + My, + 2myyk + 2ml 1 )y 3)

Winternal = (2Mg + 2My + 4y -+ 4miyly ) 0

+ (2(1 +20)M, + 2M} + 4mgly + 4m;ylx)9y (4)
oy \
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Fig. 2. Theoretical models corresponding to different column removal cases.
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Fig. 3. Yield-line configuration of composite floor system.

The external Work Wexerna corresponding to Type I is calculated ac-
cording to Eq. 5; Wexternal COrresponding to Type Il and Type IIl is calcu-
lated according to Eq. 6, and Wexternal corresponding to Type IV is
calculated according to Eq. 7.

Wexternal = wylxly8/6 (5)
Wexternal = 2U~)ylxly8/3 (6)
Wexternal = 4U~)ylxly6/3 (7)

Then, the wy corresponding to each column removal case can be ob-
tained by Eq. 8.

Winternal = Wextemal (8)

2.2. Plastic stage

Because the catenary action and the tension membrane action can-
not be fully developed in the A1, A2, B1, and B2 cases, as shown in
Fig. 2(a), it is assumed that the load-displacement curve of the theoret-
ical model in these cases is a horizontal line after the displacement ex-
ceeds &y. Fu et al. [12] found that when the vertical displacement &
exceeds twice the height of the composite beam section, the resistance
of the structure will decrease. Therefore, &, is defined as twice the sec-
tion height of the composite beam.

For the A3, B3, C1, C2, C3 cases, as shown in Fig. 2(b), there are two
stages after the elastic stage, namely the plastic stage and the catenary

stage. These two stages are divided by the vertical displacement &,
where the sum of the resistance provided by the catenary action and
the tensile membrane action exceeds the resistance provided by the
flexural mechanism. Eq. (9) defines the load-displacement curve of
these two stages.

_ [ oy (plastic stage)
o= )
o + O, (catenary stage)

. and o, represent the uniformly distributed load of the floor car-
ried by the catenary action and the tensile membrane action,
respectively.

2.3. Catenary stage

The resistance provided by the catenary action corresponding to the
A3,B3, C1,C2 and (3 cases can be calculated according to Fig. 4. Fy is the
tensile yield force provided by the residual section of the girder-to-
column connection. F, and F', are the tensile yield force provided by
the residual section of the beam-to-column connection and beam-to-
girder connection, respectively. For the welded flange-bolted web con-
nection, Fy and F, are the tensile yield force provided by the shear tab
and the unbroken flange of the girder or beam. For the hinged beam-
to-girder connection, F'y, is the tensile yield force provided by the
shear tab. The catenary action provided by the A3, B3, C1, C2 and C3
cases can be calculated by Eqgs. 10 to 14, respectively. It can be seen
that the 6-, curve is a straight line passing through the origin.
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Fig. 4. Catenary action of beam system.
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As shown in Fig. 4, it can be seen that, among the five column re-
moval cases, only the C3 case can simultaneously develop catenary
force in both directions of girder and beam. Similarly, as depicted in
Fig. 5(a), only the C3 case can develop the two-way membrane force,
which calculation diagram is illustrated in Fig. 5(b). Ty and Ty are the
tensile membrane forces developed by the per-unit width floor slab in
the x and y directions, respectively. T, and T, are equal to the yield ten-
sile force developed by the per-unit width slab reinforcement and steel
deck in the respective directions. For the commonly used trapezoidal
steel deck and re-entrant steel deck, it is assumed that the tensile mem-
brane force only develops along the direction of the deck rib. Since the
two ends of the steel deck are only connected to the upper flange of
the steel beam by shear studs at the bottom of the deck rib, the tensile
membrane force of the steel deck developed along the direction of the
deck rib only considers the contribution of the bottom deck rib.

In Fig. 5, the uniform load carried by the unit area rectangular ele-
ment with side lengths dx and dy is ®,. The load balance formula of
the floor slab in the normal direction (z direction) is

0z

2
0= a)mdxdy—Txdy% + Txdy (62 ¥z 3y

a + axzdx> —Tde

0%z

~=d
1)

21,

0z
+ Tydx <6y +

B
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N
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=Y

Fig. 5. Two-way tensile membrane action of C3 case.
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Fig. 6. One-way tensile membrane action of C1 case.

Then,

T, 0%z 0z Om

T, o T T, 1o

Replacing x in the above equation with X, Eq. 17 can be obtained.

X = x-y/Ty/Tx 17)
Then, Eq. 16 can be converted into
2 2
0z 0z om (18)

— ==
ox?  0y? Ty

In Eq. 18, z at the boundary of the rectangular floor (x = 41,y = +1)
is equal to 0. Then, according to Park et al. [ 16], Timoshenko et al. [17], the
solution of Eq. 18 is
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According to Eq. 20, it can be seen that the 6-wy, curve is also a
straight line passing through the origin.

For A3, B3, C1 and C2 cases, only one-way tensile membrane force
can be developed. As shown in Fig. 6, taking C1 case as an example,
eliminating the y term in Eq. 16 can obtain Eq. 21.

0%z O 21
o T .
The solution of Eq. 21 is
2T«6
m =2 (22)
lX

The bearing capacity provided by the one-way tensile membrane ac-
tion corresponding to the A3, B3, and C2 cases can also be derived in the
same way.

In summary, the loads @, and o, carried by the catenary action and
the tensile membrane action have been obtained, and the displacement
6¢ can be obtained according to Eq. 23.

Wy = O¢ + Oy (23)

3. Comparisons with the experimental tests

Fig. 7 and Table 1 show the comparisons between the predicted re-

O lf, s sults of the theoretical model and the test results of five frame structures
e = =C(19) with floor slabs. The five test specimens include: PE1 specimen (Dat
T,6 . ; :
. 1 - 1 et al. [18]), MD specimen (Qian et al. [19]), 2 x 3-S-PI specimen (Fu
42 h135.. E(_l) 741= il et al. [3]), 2G1B-IN specimen (Wang et al. [20]) and 2G1B-OUT speci-
cosh < 21, > VIy/ TX] men (Wang et al. [21]). Specimen PEl is a typical reinforced concrete
floor structure composed of concrete beams and concrete floor slabs,
where, C is a constant. Thus, o, can be obtained as while specimen MD is a concrete flat slab structure. The remaining
three test specimens are steel frame structures with composite floor
Op =C Ty6 (20) slabs. Among the five specimens, the 2G1B-IN specimen has a relatively
132, strong horizontal boundary constraint so that it can develop significant
catenary action and tensile membrane action at the large deformation
stage. The remaining four specimens have weak horizontal boundary
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Fig. 7. Comparison of theoretical model and test results.
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Table 1
Comparison with the experimental results.
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Specimen Structure type Ultimate load (kPa) Ultimate displacement (mm)

Test Model Model/Test Test Model Model/Test
PE1 Concrete structure 43.1 28.6 0.66 330 390 1.18
WD Concrete structure 259 209 0.81 159 110 0.69
2 x 3-S-PI Composite structure 523 30.5 0.58 679 530 0.78
2G1B-0OUT Composite structure 25.6 17.5 0.68 748 600 0.80
2G1B-IN Composite structure 34.6 264 0.76 816 600 0.74

constraints, so in the theoretical calculation, only the contribution of the
flexural mechanism is considered.

Based on the comparison of the results in Fig. 7 and Table 1, it can be
seen that, except for the 2 x 3-S-PI specimen, the other four specimens’
ultimate theoretical resistance is 0.66-0.81 of its corresponding experi-
mental value. However, this ratio of the 2 x 3-S-PI specimen is only 0.58.
This is because the beam span of the 2 x 3-S-PI specimen is only 2 m,
while the span-to-height ratio of the composite beam is only 7.4,
which is much smaller than the common range of 10-20 for steel struc-
tural beams. This relatively smaller span-to-height ratio induces a larger
arch resistance in composite beams, resulting in the test value being
much higher than the theoretical prediction value. Besides, as the theo-
retical model uses the yield strength of steel to calculate, it does not con-
sider the beneficial contribution of steel strain hardening, which will
also cause the predicted value of the theoretical model lower than the
experimental value. For the specimen 2G1B-IN, the theoretical model
curve is closer to the experimental curve in the catenary stage, but the
final displacement selected by the model is conservative, making the
predicted ultimate resistance capacity lower. Although this theoretical
model's prediction value is relatively rough, as its simplicity and ease
of use, it can be used to make a conservative preliminary estimate of
the progressive collapse resistance of the floor system at the design
stage.

Except for the specimen PE1, the other four specimens' theoretical
failure displacement is 0.69-0.80 of the experimentally measured dis-
placement when the resistance capacity is losing. For the PE1 specimen,
the ratio of the theoretically predicted failure displacement to the corre-
sponding measured displacement is 1.18. This is because the deforma-
tion space available for the PE1 specimen is not enough, so the
experiment is terminated prematurely. If there is sufficient deformation
space for the PE1 specimen, its load-displacement curve should be able
to develop to a larger displacement.

In addition to comparing the experimental results, in the following
section, the theoretical model is also compared with the numerical sim-
ulation results.

4. Comparisons with finite element simulations
4.1. Prototype buildings

Fig. 8 (a) depicts two 5-story prototype steel frame buildings (Build-
ing A, Building B) designed according to Chinese codes [22,23]. The seis-
mic design intensity of Building A and Building B is VI, which
corresponding design basic earthquake acceleration is 0.05 g (gravita-
tional acceleration). The design dead load (DL) is 5 kN/m?, and the
live load (LL) is 2 kN/m?2. The girder spans for Building A and Building
B are 9 m and 6 m, respectively. The beam span, beam spacing, and
each floor's height for these two buildings are identical, which is 6 m,
3 m, and 4.5 m, respectively. Except for the girder and the column, all
the structural member sizes and material properties of these two build-
ings are the same. The H-section girder selected for Building A and
Building B is H500 x 200 x 10 x 16 and H300 x 150 x 6.5 x 9, respec-
tively. The nomenclature of the H-section beam is as follows: H (beam
height) x (flange width) x (web thickness) x (flange thickness). The

square steel column selected for Building A and Building B is
0400 x 400 x 12 (width is 400 mm, wall thickness is 12 mm) and
0350 x 350 x 10, respectively. The section size of the H-shaped steel
beam is H300 x 150 x 6.5 x 9. As shown in Fig. 8 (b) and 8 (c), all the
girder-to-column connections and beam-to-column connections are
designed as welded flange-bolted web connection, while the beam-to-
girder connections are designed as shear tab connection. As shown in
Fig. 8 (d), A 100 mm thick composite slab is selected to support the de-
signed gravity load. The 1.2 mm trapezoidal steel deck is parallel to the
girder. The slab reinforcement is steel mesh fabricated with 8 mm diam-
eter rebars, which spacing in both directions is 200 mm. The girder/
beam and composite slab are connected by 19 mm diameter shear
studs, which quantities on the 9 m and 6 m span girders are 85 and
55, respectively. Each beam has 38 shear studs. Full shear connection
is achieved both in girders and beams, so, the shear failure of the
shear studs is not considered in the macro model of the prototype build-
ings. Considering the 100 mm thick composite slab above the girder and
beam, the span-to-depth ratios of the composite girder and composite
beam in these two buildings are 15. The material properties of the
steel decks, reinforcement steel, shear studs and concrete used in
these prototype buildings are shown in Fig. 8 (e). The steel properties
used for the girders, beams, and columns are identical to those used in
the girder flanges of the test specimen conducted by Wang et al. [24].
The cylindrical compressive strength of concrete is 26 MPa.

4.2. Modeling approaches

This section presents the modeling approach for the macro model of
steel frame building, which is implemented using the LS-DYNA
software.

4.2.1. Girder(beam)-to-column connection

Fig. 9(a) shows a close up of the modeling approach of the composite
floor neighboring to the connection region. All the girders, beams, and
columns are modeled by the Hughes-Liu beam element with cross-
section integration. The welded girder flange and bolted web in the con-
nection region is modeled by discrete beam elements, which is using a
general spring material model (material 119 in LS-DYNA). To ensure
an appropriate failure mode, these connection springs are only permit-
ted to fail along its axial direction. The axial load-deformation relation-
ship is represented by the trilinear model depicted in Fig. 9(b). For the
welded flange-bolted web connection, the welded flanges and bolt con-
nections failure are caused by tension rather than compression [25,26].
Hence, the trilinear model in Fig. 9(b) only decreases after reaching its
ultimate tensile resistance (t,), and no drop is assumed after reaching
its ultimate compressive resistance (—t).

The fracture behavior of the girder(beam)-to-column connections is
highly influenced by the stress state. The steel fracture loci, considering
the effect of stress triaxiality and Lode angle, are selected the fracture
model used by Wang et al. [24], which is calibrated using the girder
flanges used in that study. However, these fracture loci can only be di-
rectly used for the solid element model, as the stress state can only be
accurately obtained from this model. Hence, an indirect approach is
used here: the connection springs will be calibrated with corresponding
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Table 2
Calibrated connection spring parameters for Building A.
Connection Spring 6y, (mm) ¢, (kN) &, (mm) ¢, (kN) &p (mm)
Girder-to-column Bolt spring 1.5 280 20 340 39
Flange 0.02 1354  2.05 1818  2.55
spring
Beam-to-column  Bolt spring 1 125 13.5 160 16
Flange 0.02 571 2 760 2.5
spring

connections modeled with solid elements. Fig. 9 (c) depicts the bolt
spring's calibration procedure, which are calibrated with two bolted
web connection models extracted from the girder(beam)-to-column
connection of Building A. Displacement controlled tensile loading is ap-
plied to these bolted web connection models along its axial direction.
After several iterations, the bolt spring's parameters are obtained
when the beam element model's result matches the solid element
model, as shown in Fig. 9 (c).

As depicted in Fig. 9 (d), the behavior of the girder(beam)-to-col-
umn connection under column loss scenario can be simplified and rep-
resented by a half-span model [24]. Both the solid element model and
beam element model for Building A are established here. The calibrated
bolt springs mentioned above are used to these beam element half-span
models. Similarly, the flange spring's parament is calibrated when these
two model's results fit well with each other (Fig. 9 (d)). Because the ma-
terial properties and bolt connection dimensions are identical for both
the beam-to-column connection and beam-to-girder connection, the
bolt spring calibrated for the beam-to-column connection is applied to
the beam-to-girder connection in the macro model. Table 2 lists the cal-
ibrated connection springs' parameters for Building A. The same con-
nections are also used in Building B.
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4.2.2. Composite floor slab

Fig. 10(a) depicts the modeling approach for the composite slab's
macro model. To reduce computational time and resources, the com-
posite slab is modeled by 300 x 300 mm shell elements with through-
thickness integration. Due to the cross-section shape's variation of the
composite slab, the shell elements are classified into two types, as de-
noted by strong strip and weak strip in Fig. 9(a) and Fig. 10(a). Strong
strip represents the 100 mm thick slab section with flange and rib,
while the weak strip represents the 50 mm thick slab section only com-
posed of the flange. Strong strips have seven integration points, includ-
ing four concrete points, two slab reinforcement points, and one steel
deck point. Given that the steel deck is only constrained at its bottom
surface by the shear stud, the steel deck is not considered in the weak
strip, which is composed of six integration points. In order to ensure
the model's continuity, the strong strip element nodes are located at
the mid-thickness of the shell, while the weak strip element nodes are
located at the bottom surface of the shell.

The performances of concrete, slab reinforcement and steel deck in
the shell element are characterized by the material 172 in LS-DYNA.
By altering the percentage of reinforcement, this material model can
represent both concrete and smeared reinforcement, or a combination
of them. The stress-strain curves used in this material model are illus-
trated in Fig. 8 (e). To avoiding the mutual influence between the steel
reinforcements in two directions, as shown in Fig. 10(a), they are
modeled by two separate integration nodes. Therefore, the reinforce-
ment failure in one direction will not result in premature reinforcement
failure in the other direction. Since the steel deck in the direction per-
pendicular to the slab rib is curled, it can not develop tensile resistance
in this direction. Hence, the material property of the steel deck integra-
tion point is only defined in the direction parallel to the slab rib. In the
case of convergence problem and too large unrealistic element
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Fig. 10. Macro model of the composite slab.
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distortion, the shell elements of both strong strip and weak strip are de-
leted from the model when its plastic strain reaches 0.3.

Under the progressive collapse scenario, the primary contributions
of the composite slab are the bending resistance and the spatial tensile
membrane action. Limited by the inherent cross-section property, the
composite slab with trapezoidal steel deck used in this study is per-
formed as a one-way slab, therefore, as shown in Fig. 10(b), it can
only resist bending load about the y axis (perpendicular to the slab
rib). However, it can develop tensile force both along x direction (paral-
lel to the slab rib) and y direction. Both the steel deck and slab reinforce-
ment contribute to the developed tensile force along x direction, while
the tensile force along y direction is only developed by the slab rein-
forcement. Fig. 10(b) describes the calibration routine: at first, a
2400 x 2400 mm square composite slab is extracted from the test spec-
imen, and corresponding high-fidelity model is established following
the modeling procedure described by Wang et al. [24]; the next step is
to analyze the tensile response along x direction and y direction, and
the flexural behavior about y axis; at last, altering the material proper-
ties of the shell element model to make its results consistent with
those obtained from the high-fidelity model. It is worth noting that,
for steel deck in the high-fidelity model, only bottom element nodes
are applied with tensile force (tension along x direction case) or hori-
zontal constraint (bending about y axis), which is in keeping with the
actual boundary conditions in currently designed steel buildings.
Fig. 10(c) presents the comparison between the calibrated shell ele-
ment model and the high-fidelity model, which indicates this shell ele-
ment model is applicable to the progressive collapse analysis of the
composite slab. The element number of the high-fidelity model and

Journal of Constructional Steel Research 179 (2021) 106576

shell element model is 41,088 and 64, respectively. Hence, the compu-
tational cost is notably reduced.

4.2.3. Other modeling approaches

Fig. 9(a) depicts the modeling method of shear stud: Rigid bars ex-
tend from the girder/beam nodes to their top flange, and discrete
beam elements are utilized to connect these rigid bars to the composite
slab. The yield stress, ultimate stress and ultimate strain of shear stud is
assumed as 320 MPa, 400 MPa and 0.14, respectively. In the pushdown
analysis of the overall structure, the failed column is removed before the
uniform vertical load is applied. On the floor slabs affected by the re-
moved column and the floor slabs above it, gradually increasing vertical
load is uniformly applied until the entire structure reaches its ultimate
load-carrying capacity. The affected area of the removed column is de-
fined according to ASCE/SEI 7-16 [27]. Except for the removed column,
all other columns are fixed at their bases. The total vertical reaction at
the column bases is regarded as the building resistance, and load inten-
sity is calculated by dividing the building resistance by the floor area
subjected to pushdown loading. Hence, the relationship between the
load intensity and the vertical displacement at the removed column is
thus obtained.

4.3. Simulation results and comparison with theoretical model

Fig. 11 shows the load intensity-displacement curves of the proto-
type buildings at each column removal scenario. Fig. 12 shows the ver-
tical displacement contours of prototype buildings. Table 3 summarizes
the ultimate resistance of the Building A (Rs) and Building B (Rg) under
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Fig. 11. Simulated load-displacement results of Building A and Building B.
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(a) Building A

*0
00

(b) Building B

Fig. 12. Vertical displacement contours of prototype buildings.
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Table 3

Ultimate resistance of Building A and Building B.
Removed 1.2DL + 0.5LL  Building A Building B
column g, Ra Ra/Rs  Rs Ro/ Ra  Ro/ R

(kN/m?) (kN/m?) (kN/m?)

Al 7 30.61 437 28.99 0.95 414
A2 7 23.07 330 27.05 1.17 3.86
A3 7 23.12 330 2624 1.14 3.75
B1 7 29.88 427 26.10 0.87 3.73
B2 7 22.87 3.27 22.62 0.99 3.23
B3 7 23.11 330 2342 1.01 3.35
C1 7 34.29 490 27.63 0.81 3.95
2 7 23.70 339 2557 1.08 3.65
(e} 7 25.36 3.62 25.62 1.01 3.66

each column removal scenario, and compares it with the load combina-
tion for extraordinary events Rq (1.2 DL + 0.5 LL = 7 kN/m?) specified
in ASCE/SEI 7-16 [27].

As shown in Table 3, for all column failure cases, Ra far exceeds its
corresponding Ry4. C1 case has the highest R, which is 4.90 times of
Ry, and the R of the B2 case is the lowest, which is 3.27 times of Ry.
These indicate that Building A can successfully prevent the progressive
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collapse caused by the removal of a single ground floor column. The
Ra of A1, B, and C1 cases is at least 4.27 times of Ry, while the R, of
the other six cases excluding the C3 case is about 3.3 times that of Ry.
Compared with the other six cases, the higher Ra of the A1, B1 and C1
cases is benefiting from the relatively smaller tributary floor area of
the affected girders, which is only half of the girder's tributary floor
area of other six cases. Except for the A1, B1, and C1 cases, the R, of
the C3 case is slightly higher than the other cases, which is owing to
the development of two-way tensile membrane action after the sur-
rounding horizontal boundaries are constrained. For the B2 and B3
cases, the load intensity-displacement curves exhibit an obvious down-
ward trend after reaching their maximum flexural resistance, which in-
dicates the catenary action and tensile membrane action cannot be fully
developed at the large deformation stage due to the weak horizontal
constraints.

After reducing the girder span from 9 m to 6 m, the most vulnerable
case is still B2, but its Rg is still much greater than Ry, that is 3.23 times
larger. For these two buildings, relatively higher resistance is achieved
when girder side columns (B1 and C1) or corner column (A1) fails,
while the internal column (B2, B3, C2, and C3) or beam side column
(A2 and A3) failure cases are relatively vulnerable. In addition, the ulti-
mate resistance of these three buildings is at least 3.23 times of Rg.,
which indicates these buildings have a superior progressive collapse re-
sistance. The excellent performance of the steel frame buildings with
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Fig. 13. Comparison between theoretical model and simulation results.
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Fig. 13 (continued).

composite slab against column loss is owing to the current design
method. In the seismic design of steel frame buildings, the composite
slab's contribution to the flexural capacity of the girder/beam is
neglected, which will significantly improve the structural resistance
against progressive collapse.

Fig. 13 shows the comparison of the theoretical prediction of each
column removal condition of the prototype buildings with the load-
displacement curve of the numerical simulation results. It can be seen
that the theoretically predicted ultimate resistance are close to the nu-
merical simulation results. Therefore, this theoretical method is suitable
to give a conservative preliminary estimate of the progressive collapse
resistance of the steel frame buildings with composite slab at the design
stage.

5. Model limitations

Although the theoretical method proposed in this paper is easy-to-
use, it still has several limitations in predicting the actual progressive
collapse resistance of steel frame buildings. First, the strain hardening
effect is not considered for the structural steels, such as beams, slab re-
inforcement, and steel deck. Instead, all the structural steels are as-
sumed to be perfect plasticity. Based on the structural steels used by
Wang et al. [20], this simplification may underestimate the strength of
the beam, slab reinforcement, and steel deck by 27%, 16%, and 11%, re-
spectively. As this method aims to evaluate the progressive collapse re-
sistance at the design stage, the steel yield strength is selected here for
conservative purposes. Second, the compressive membrane action of
the slab is not considered. The compressive membrane action
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development is highly affected by the boundary conditions and the
span-depth ratio of concrete slab. Usually, the concrete slab used in
the composite floor system is thinner than that of the reinforced con-
crete floor system, and can not develop obvious compressive membrane
action. Hence, it is reasonable to neglect the contribution of compressive
membrane action. However, if the span-depth ratio of concrete slab is
too small, as the 2 x 3-S-PI specimen mentioned in Section 3, the neglect
of compressive membrane action would be unacceptable. Third, 6, used
in this theoretical method is a empiric value, which needs to be verified
by adequate experimental or numerical results. Despite these limita-
tions, this theoretical method proposed in this paper can conveniently
evaluate the progressive collapse resistance of steel frame buildings by
hand calculation at the design stage, and give a conservative estimate.

6. Maximum tributary area of column

Different from the single-story structure, under the column removal
scenario, the bottom column adjacent to the failed column in the multi-
story or even high-rise steel frame structure will be subjected to signif-
icantly redistributed load, which is likely to cause the instability of the
column. In Section 4.3, the failure of C2 and C3 cases of Building A are
caused by the instability of the column. This phenomenon may be
more serious in high-rise buildings. Bao et al. [28] simulated a 10-
story reinforced concrete frame building, due to the instability of col-
umn under redistributed load, the collapse resistance of this 10-story
building after sudden removal of column is only half that of the
single-story structure. Therefore, the results predicted by the
single-story structure may overestimate the collapse resistance of the
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Fig. 14. Maximum tributary area of each column removal scenario.

multi-story or high-rise structure, and the effect of the redistributed
load to the adjacent column should be considered. Hence, when
conducting progressive collapse design, the vertical bearing capacity
of bottom columns should be sufficient to bear the redistributed gravity
load. For the regular structure shown in Fig. 14(a), the columns can be
classified into four categories: corner column, edge column at girder
side, edge column at beam side, and interior column. In Fig. 14(a), Ig
represents the span of the girder, and Ig represents the span of the
beam. Under the column removal scenarios, the maximum tributary
area of each type column is illustrated as the shaded area in Fig. 14(b).
The maximum tributary area of corner column, edge column at girder
side, edge column at beam side, and interior column is 0.5Iglg, 0.75[;lg,
Igls and 1.5[¢lg, respectively. Therefore, at the structural design stage,
the vertical bearing capacity of these columns must be able to bear the
sum of the vertical loads of each upper floor within the maximum
tributary area.

7. Conclusions

In this paper, an easy-to-use theoretical method is proposed to as-
sess the progressive collapse resistance of steel frame structures with
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composite slab. This method, which is based on the yield line theory
and membrane action theory, can give a reasonable and conservative
prediction of the collapse resistance. With this theoretical method,
most of the single column removal scenarios can be conveniently ana-
lyzed. When the floor system has been horizontally constrained at the
parallel boundaries, the theoretical model is composed of three stages,
i.e., elastic stage, plastic stage, and catenary stage. At the elastic stage
and plastic stage, the load is carried by the flexural resistance of the
beam system and the slab system, while at the catenary stage, the
load is resisted by the catenary action and the tensile membrane action.
When the floor system has been fully constrained at the horizontal
boundary, the theoretical model is only composed of elastic stage and
plastic stage. The model has been compared with the experimental
and simulation results, where it demonstrates good capability to predict
the progressive collapse resistance. Finally, for multi-story and high-rise
buildings, considering the potential instability of columns under exces-
sively redistributed gravity load, the potentially maximum tributary
area of column under the progressive collapse scenario is presented.
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