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This study presented reduced-order modeling methods for evaluating the structural robustness of steel frame
buildings with different composite floor slabs under ground floor column loss scenarios. The adequacy of the
reduced-order modeling technique was justified by relatively high-fidelity models, which were verified by a full-
scale composite floor test and detailed material coupon tests. This reduced-order modeling method was applied
to the progressive collapse simulation of a five-story prototype building. The effect of floor slabs, slab rebars, and
steel decks' longitudinal continuity on its progressive collapse resistance was examined. Composite slabs with
four different profiled steel decks were considered in this study, which are trapezoidal deck, dovetail deck,
reentrant deck, and rebar-truss deck; in addition, reinforced concrete (RC) slab was also considered for
comparative purposes. To account for the possible sudden column failure scenario in practice, an energy-based
approach was used to convert the quasi-static response curves to dynamic response curves. The structural
robustness was evaluated by comparing each column failure case's dynamic ultimate capacities with corre-
sponding design requirements. The structural robustness of prototype buildings under progressive collapse
scenarios was summarized and discussed. The analysis results showed that the structural robustness of the
prototype building with rebar-truss composite slab was higher than that with RC slab or other composite slabs.
The prototype building with floor slabs using HRB400 rebars had higher structural robustness than that using
CRB550 rebars.

1. Introduction

The disproportionate collapse (or progressive collapse) of buildings
caused by local structural component failure attracted great attention in
the civil engineering community after the bombing of the Alfred P.
Murrah Federal Building in 1995 and the terrorist attack on the World
Trade Center in 2001. When disproportionate collapse of buildings oc-
curs, the initial local structural component failure can successively
spread to the surrounding structural components, eventually resulting in
the collapse of an entire structure or a disproportionately large part of it
[1]. The structural resistance against disproportionate collapse, or, to
speak more correctly, the insensitivity of a structure to local failure, can
be expressed by the term “structural robustness” [1,2]. Several current
guidelines [3-5] have emphasized that building structures must have
sufficient structural robustness to reduce the potential risk of the

structural disproportionate collapse. The structural robustness of
buildings can be improved by providing alternative load paths to pre-
vent the spread of the local damage induced by critical structural
element failure [1,6,7]. For the steel frame buildings, the common
mechanisms conducive to the development of alternative load paths
include: i) beam mechanism [8]; ii) catenary action of beams and tensile
membrane action of slabs [6]; ii) Vierendeel mechanism above the
damaged column [8], iv) support provided by infilled walls, braces, and
roof trusses [9-11].

The significant contribution of the floor slabs to the structural
robustness of steel frame structures has been verified by experimental or
numerical studies from different perspectives [11-26], and the studied
floor slabs can be roughly classified into two categories: RC slabs
[16,19,23,24] and composite slabs [11-15,17,18,20-22,25-28]. Com-
posite slabs typically consist of profiled steel decks and concrete slab
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topping. Compared with RC slabs, temporary slab formworks and floor
supports are not needed for the composite slabs, as the profiled steel
decks are usually designed as permanent formworks to resist the wet
concrete weight and the construction loading. Thus, the composite slabs
are widely adopted in modern steel frame buildings to expedite con-
struction speed and save labor costs. To date, for the structural robust-
ness research related to the composite slabs, three widely used types of
composite slabs are studied, including trapezoidal composite slabs
[11-15,18,20,22,25,27,28], dovetail or reentrant composite slabs
[17,21,22,26] (Fig.1). However, most of these studies focus on only one
type of composite slab, and few studies compare the differences between
different composite slabs in improving the structural robustness of steel
frame structures.

To investigate the slab effect on the structural robustness of steel
frame buildings, the full structural level experimental testing would be
more accurate than the substructure level testing [29]. However, limited
by the complexity and extraordinarily high cost of full structural system
testing [30,31], most of the experimental studies on the structural
robustness of steel frame structures with floor slabs fall into the
connection level [16,17,19,22,32] and single-story substructure level
[18,20,21,23,25,26,33-35]. In view of this, numerical analysis is a
relatively feasible approach when analyzing the structural robustness of
an entire steel frame building. In this context, a full three-dimensional
analysis as the most rigorous way to strictly investigate the structural
robustness of a building is generally required since planar analysis may
not always be reliable for the progressive collapse simulation [14].
However, the entire steel frame building analysis based on high-fidelity
models may be time-consuming and can lead to high computational
costs. For this reason, reduced-order models were usually developed to
replace high-fidelity models to maintain computational effectiveness
[11,14,15,27,36-39]. Nevertheless, in a reduced-order model, it is
challenging to reflect the influence of the local stress state fully (e.g.,
stress triaxiality and Lode angle) on the steel fracture at the connection
region, which is critical from the perspective of an accurate progressive
collapse simulation of steel structures [11,40].

To fill the aforementioned research gaps, a 5-story steel frame pro-
totype building was designed, and the structural robustness of the pro-
totype building with different floor slabs was evaluated and compared
using a finely calibrated reduced-order modeling approach. Fig. 2 out-
lines the modeling methodology of the reduced-order modeling
approach. Based on the test results of a full-scale single-floor composite
floor substructure test and corresponding material coupon tests, high-
fidelity models were established and validated [40]. Then, the
reduced-order models of the connections and floor slabs in the prototype
building were calibrated by the corresponding high-fidelity models.

(a) Trapezoidal
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Afterward, the influences of different floor slabs, different slab rebars,
and the steel decks' longitudinal continuity on the structural robustness
of the prototype building were investigated using the calibrated
reduced-order models. All the numerical models and simulations in this
study were performed using the LS-DYNA program.

2. Prototype building

As shown in Fig. 3a, a five-story, 5 x 5-bay prototype steel moment-
resisting frame building was designed according to Chinese codes
[41-45]. The design basic earthquake acceleration was 0.05 g (gravi-
tational acceleration). The design dead load (DL) and live load (LL) were
5 kN/m? and 2 kN/m?, respectively. The story height of the prototype
building was 4.5 m, with the span length of the girder and beam being 9
m and 6 m, respectively. As shown in Fig. 3b, the girder-to-column
connection and beam-to-column connection were welded flange-
bolted web connections, while the beam-to-girder connection was bol-
ted shear tab connection. H-shaped steel sections H500 x 200 x 10 x 16
and H300 x 150 x 6.5 x 9 were used for girders and beams, respec-
tively. Square steel tube (400 x 400 x 12 was used for columns. Grade
10.9 M24 high strength bolts were used in the girder-to-column
connection, whereas Grade 10.9 M20 high strength bolts were used in
the beam-to-column connection and beam-to-girder connection. High-
strength bolts were used to avoid the shear failure of the bolt shanks,
which is a brittle failure mode compared to the bolt hole failure. The
detailed information about the connections is given in Fig. 3b.

A total of five types of floor slabs were considered for the prototype
building, including RC slab and four types of composite slabs, as shown
in Fig. 3c. Except for the above-mentioned trapezoidal, dovetail, and
reentrant composite slabs, a relatively new type of composite slab,
rebar-truss composite slab [46,47], was also considered. As illustrated in
Fig. 1d, the rebar-truss steel deck has two parts: rebar-trusses and pro-
filed steel decks. Each rebar-truss has three parts: one top chord, two
bottom chords, and two curled web bars. The factory-welded rebar-
trusses greatly reduce the on-site rebar tying work and effectively ensure
the construction quality of the concrete cover thickness and the rebar
spacing. The rebar-trusses are welded to the ribs of the profiled steel
decks in the factory. Since the freshly casted concrete has no strength
initially, the RC slabs should be temporarily supported by the shoring
system during construction. Hence, the construction loading was not
considered in the design of the RC slabs. For the construction of the
composite slabs, the slab shoring system should be avoided whenever
possible because it reduces the construction speed, affects the con-
struction sequence, and increase labor and cost [48]. Hence, the con-
struction loading was considered in the design of the composite slabs.

7/ AN

(c) Reentrant

/

Transverse support bar
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(d) Rebar-truss [47]

Fig. 1. Typical geometric shapes of profiled steel decks.
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Fig. 2. Flowchart of the reduced-order modeling approach.

The profiled steel decks were designed to support the construction loads
and the weight of the wet concrete, and the allowable unshored clear
spans of the profiled steel decks were designed to exceed the beam
spacing (i.e., 3 m).

The details of the designed floor slabs are shown in Fig. 3¢, and these
slabs all had a cross-sectional height of 100 mm. For the trapezoidal,
dovetail, and reentrant composite slabs, and RC slab, welded rebar
meshes with ® 8 ribbed bars were selected, and bar spacing was 200 mm
in both directions. For the rebar-truss composite slab, the top chords,
bottom chords, and web bars were ® 10 ribbed bars, ® 8 ribbed bars,
and ® 4.5 round bars, respectively, while the transverse bars were ® 8
ribbed bars with a spacing of 200 mm. The rebar-truss spacing was 200
mm. The concrete cover for these slabs was 15 mm thick. The thickness
of all the steel decks was 1.2 mm. The longitudinal direction of profiled
steel decks was parallel to the girder axis. The length of each profiled
steel deck was 9 m. As shown in Fig. 3d, at the longitudinal ends of the
profiled steel decks, they were restrained to the beam top flanges by the
shear studs. In the transverse direction, these decks were mechanically
clasped by the curled edges. 19 mm diameter shear studs were used to
restrain the floor slabs to the top flanges of the girders and beams. To
obtain full shear connections, the shear stud quantities installed on each
girder and beam were 85 and 38, respectively.

The structural steel used for all columns, girders, beams, and steel
decks was Q345 steel. Note that rebars used in the floor slabs generally
included cold-rolled ribbed bars (CRB) and hot-rolled ribbed bars (HRB).

Hence, both types of bars were used in the prototype building to
examine their effects on the structural performance, and the selected bar
grades were CRB550 and HRB400, respectively. The shear studs were
selected according to the code GB/T 10433 [49], and the lower limits of
their yield strength, tensile strength, and elongation were 320 MPa, 400
MPa, and 0.14, respectively. The strength grade of concrete was C30.

3. High-fidelity models of composite slabs and verifications
3.1. Modeling methods

As mentioned in Section 1 (Fig. 2), the high-fidelity models of floor
slabs are developed in this section, which will be used as the benchmark
to calibrate the reduced-order slab models later. An overview of high-
fidelity models of various composite slabs is given in Fig. 4, and five
types of floor slabs were built based on a 2.4 x 2.4 m square slab
extracted from the prototype building described above.

As shown in Fig. 4, the high-fidelity slab models were simulated
under the tensile-bending loading state. According to the available
experimental studies [16-23,25,26,32,33], under the column removal
scenarios, the floor slabs in the steel frame structures are mainly failed
by the combined force of bending and in-plane tension, while no sig-
nificant contribution from the out-of-plane shear (punching shear) and
in-plane shear failure modes have been observed. Hence, the tensile-
bending loading state was adopted as the benchmark loading state for
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calibrating the slab models. As shown in Fig. 4, to facilitate the cali-
bration of the reduced-order models in Section 4, the tensile-bending
loading state was achieved by fully restraining the slab's two parallel
horizontal boundaries and applying vertical loads at its mid-span
section.

For the floor slabs illustrated in Fig. 4, there were two tensile-
bending loading states: bending about the x-axis and bending about
the y-axis. However, only the “bending about the y-axis” scenario was
simulated with the high-fidelity slab models. This is because, for the
trapezoidal, dovetail, and reentrant composite slabs, their bending
resistance about the steel decks' longitudinal direction (x-axis in Fig. 4)
could be neglected, which caused by two reasons. First, limited by the
weak clip connections between curled sheet edges and the corrugated
cross-section geometry, the tensile forces of the profiled steel decks
along their transverse direction (y-axis in Fig. 4) could be ignored [50].
Secondly, due to the corrugated cross-section geometry, the composite
slabs did not have bottom transverse bars. Hence, the designed trape-
zoidal, dovetail, and reentrant composite slabs could only develop
bending resistance about their y-axis. For the RC slab and rebar-truss
composite slab, they could develop bending resistance about both the
x-axis and y-axis, as they had two layers of rebars in both directions. For
the RC slab, its flexural behavior about the x-axis and y-axis was similar.
While for the rebar-truss composite slab, its flexural behavior about the
x-axis could be seen as similar to that of the RC slab, since they both had
two layers of ® 8 transverse bars with a spacing of 200 mm and the steel
decks cannot develop tensile force along the y-axis. In view of the above,
only the “bending about y-axis” scenario was simulated for these floor
slabs with the high-fidelity models.

The concrete, steel decks, and bars were modeled by solid elements,
shell elements, and beam elements, respectively. The element size of
these elements was 25 mm. The bars were perfectly bonded to sur-
rounding concrete, and the relative slips between them were neglected.
A friction coefficient of 0.5 was adopted in the surface-to-surface contact
between steel decks and concrete [40]. For the rebar-truss composite
slab model, the spot welding between rebar-trusses and steel decks was
modeled by a spotweld material (MAT100) in LS-DYNA. According to
the GB50018-2016 code [51], the shear capacity of each spot welding
was 3 kN. As mentioned above, to achieve the tensile-bending loading
state, all the degrees of freedom of the element nodes at the longitudinal
boundaries parallel to the y-axis were fully restrained, while vertical
displacement loading was applied to the middle section of the slab
models (Fig. 4).

It is worth mentioning that the high-fidelity modeling method used
in this section was validated by Wang et al. [40] based on a composite
floor test [25], and more detailed information about the modeling
techniques and validation basis can be seen in Reference [40]. The
material properties shown in Fig. 5 were used for the high-fidelity slab
models. The material properties of profiled steel decks and bars were
obtained by standard coupon tests, and the test responses are shown in
Fig. 5a. The cylindrical compressive strength of the concrete was 26
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MPa. The plastic and softening behavior of concrete were calibrated
based on the experiments conducted by Sinha et al. [52] and Gopalar-
atnam et al. [53], and the calibrated response curve of the concrete is
given in Fig. 5b.

3.2. Simulation results and discussion

The applied load versus mid-section vertical displacement curves of
these high-fidelity slab models are shown in Fig. 4. The ultimate resis-
tance (Fy_crb, Fu hrb) along with the corresponding vertical displacement
(8u_crb» Su hrb) and the steel deck fracture displacement (64f) are listed in
Table 1. The flattened sheet length of the profiled steel decks and rebar
area within one-meter width of the floor slab are also listed in Table 1.
Due to the corrugated geometry cross section, the sheet lengths of the
trapezoidal, dovetail, and reentrant profiled steel decks were all larger
than one meter. In contrast, the sheet length of the rebar-truss profiled
steel deck was equal to one meter.

3.2.1. Effect of rebar type

According to the response curves in Fig. 4, the effects of rebar types
on the structural behavior are pronounced. As shown by the Fy pnr /
Fy b ratio, except for the trapezoidal composite slabs, all the slab
resistance was improved at least by 51% by replacing the CRB550 with
HRB400. For the trapezoidal composite slabs with CRB550 or HRB400,
all the longitudinal rebars were fractured before the ultimate resistance
was reached. After the cross-sectional failure of the longitudinal rebars
(displacement = 450 mm), the slab resistance was merely provided by
the steel decks, and the load-displacement curves became similar.
Consequently, the ultimate resistance of these two trapezoidal com-
posite slabs was approximately equal. The highest F,, 11, / Fy o ratio was
seen in the RC slabs, which was 211%. This was attributed to the fact
that a more evident tensile membrane action was developed for the case
with HRB400 compared with that with CRB550. In particular, all the
longitudinal CRB550 rebars of the RC slab were fractured prior to the
displacement reaching 200 mm, whereas this displacement was up to
450 mm for the case with HRB400, ensuring sufficient tensile action of
the slab. For the rebar-truss composite slabs, the CRB550 bottom chords
fractured at a displacement of 80 mm; in contrast, the fracture of the
HRB400 rebar-trusses occurred when the displacement reached 429
mm. This resulted in the slab resistance of the rebar-truss composite slab
with HRB400 being significantly higher than that with CRB550 in the
range of displacements between 80 mm and 429 mm. When the
displacement was greater than 429 mm, the load-displacement curves of
these two rebar-truss composite slab models behaved similarly because
the slab resistance was mainly provided by the profiled steel decks at
this stage. Due to the similar cross-sectional geometry, the structural
performance of dovetail and reentrant composite slabs was almost the
same, and the Fy nrb, / Fy o ratios of these two slabs were also approx-
imately equal.

Stress (MPa)
S

'

3]

(=}
1

&
=]

-0.006  -0.003
Strain

-0.009 0.000 0.003

(b) Concrete

Fig. 5. Material properties.



J. Wang et al. Journal of Constructional Steel Research 196 (2022) 107371
Table 1
Simulation results of high-fidelity slab models.
Slab type sheet length rebar area CRB550 HRB400 Funrb / Fuerb
(mm/m) (mm?/m)
Su_erb Saf Fyeb Su_hrb Saf Fu b
(mm) (mm) (kN) (mm) (mm) (kN)
Trapezoidal 1133 251 613 613 1166 573 573 1225 105%
Dovetail 1610 251 332 332 1055 446 446 1599 151%
Reentrant 1660 251 298 298 1026 406 406 1559 152%
Rebar-Truss 1000 895 592 592 1312 429 658 2159 165%
RC - 502 20 - 324 452 - 686 211%

3.2.2. Effect of different profiled steel decks

In addition to the rebar types, the cross-sectional geometry of the
profiled steel decks could also greatly influence the structural behavior
of these slab models.

The steel decks' cross-sectional geometry could significantly affect
the 4. As shown in Table 1, the &4 of the dovetail and reentrant com-
posite slabs were smaller than that of the trapezoidal and rebar-truss
composite slabs. The relatively early fracture of the dovetail and reen-
trant profiled steel decks was due to the plastic strain concentration
developed at the cross-section where longitudinal rebars fractured, and
this strain concentration was caused by the relatively high level of
composite action between steel decks and overlaying concrete in these
two types of composite slabs. For the dovetail and reentrant steel decks,
attributed to the significant gripping forces developed between the
concrete and the inverted triangular ribs of the steel decks, the relative
sliding between them was effectively prevented. While for the trape-
zoidal and rebar-truss composite slabs, the friction between the concrete
and the steel decks was not as pronounced as that of the dovetail and
reentrant composite slabs. This can be explained by Fig.6, which shows
the steel decks' plastic strain contours of the composite slabs with
CRB550 at a displacement of 320 mm. Since the longitudinal CRB550
rebars were all fractured before the displacement reached 200 mm, the
slab resistance was mainly provided by the steel decks in the loading
condition shown in Fig. 6. The relatively strong composite action
developed in the dovetail and reentrant composite slabs resulted in a
plastic strain concentration of the steel decks at the cross sections where
rebar fractured (Fig. 6), which eventually led to the premature fracture
of the steel decks at these locations. Although the dovetail and reentrant
composite slabs exhibited similar structural behavior, the relatively
stronger gripping force between the closed inverted triangles of reen-
trant steel decks and concrete made the §4¢ of the reentrant composite
slab slightly smaller than that of the dovetail composite slab. On the
contrary, relatively low strain concentrations within steel decks were
observed in the trapezoidal and rebar-truss composite slabs (Fig. 6),
which made these steel decks fractured at relatively large displacements.
However, due to the corrugated cross-sectional shape and the tension-
bending loading state, a certain degree of strain concentration was

Trapezoidal Rebar-truss

Side
view

Top
view

still developed at the trapezoidal steel decks' upper surfaces adjacent to
the restrained horizontal boundaries (Fig. 6), which led to the slightly
earlier fracture of the steel decks at these locations and also limited the
development of the tensile membrane forces. Similar behavior was also
observed for the composite slabs with HRB400. Due to the relatively late
fracture of the HRB400 rebars, the steel decks' fracture caused by the
strain concentration at the rebar failure location was also postponed in
the dovetail and reentrant composite slabs.

The steel decks' cross-sectional geometry could also affect the
development of the composite slabs' ultimate resistance. The magnitude
of the vertical resistance provided by the tensile membrane action was
not only related to the in-plane tension (i.e., related to the unit sheet
length of the steel decks and the unit rebar area of the longitudinal re-
bars), but also related to the angle between the in-plane tension and the
vertical direction (i.e., related to the vertical displacement). As
mentioned above, due to the early fracture of CRB550 rebars, the ulti-
mate resistance of composite slabs with CRB550 was primarily provided
by the tensile membrane action of the steel decks. As shown in Table 1,
even though the unit sheet lengths of trapezoidal and rebar-truss steel
decks were much lower than that of the dovetail and reentrant steel
decks, the F, ¢, of the trapezoidal and rebar-truss composite slabs were
all higher than that of the dovetail and reentrant composite slabs, which
was benefited from the relatively larger §q4¢ of the trapezoidal and rebar-
truss steel decks. However, for the composite slabs with HRB400, as the
steel decks' fracture in the dovetail and reentrant composite slabs was
postponed, the vertical resistance provided by the tensile membrane
action of these two steel decks was significantly increased. This resulted
in both the Fy o, of the dovetail and reentrant composite slabs with
HRB400 being larger than that of the trapezoidal composite slabs with
HRB400. Regardless of whether CRB550 or HRB400 was used, the rebar-
truss composite slab had the highest ultimate resistance among all the
floor slabs, while the RC slab had the lowest ultimate resistance.

Reentrant

Dovetail

Fig. 6. Steel deck plastic strain development of slabs with CRB550 at a displacement of 320 mm.
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4. Reduced-order models of prototype buildings
4.1. Overview and steel frames

An overview of the reduced-order model of a steel frame building is
shown in Fig. 7. In particular, the columns, girders, and beams were
modeled by the Hughes-Liu beam elements with sectional integration
[54], which integration rule used in this study is illustrated in Fig. 7. The
material properties used for the columns, girders, and beams are shown
as the “Section steel” in Fig. 5, which is the same as that used in the
girder flanges of the test specimen conducted by Wang et al. [40]. The
welded flanges and web bolts at the connections between floor beams
and columns were modeled by discrete beam elements, which load-
deformation behavior was simulated with a nonlinear spring (i.e., No.
119 material in LS-DYNA [54]). The axial load-deformation curves used
for these spring elements are illustrated in Fig. 8. These springs were
assumed to deteriorate after the deformation increased beyond the
defined threshold under tension, whereas elastic-plastic behavior
without deterioration was assumed under compressive actions. The
parameters of the connection springs were calibrated by Wang et al. [11]
based on the corresponding high-fidelity models and are listed in
Table 2. The vertical shear load at the connection was assumed to be
carried by the shear tab only, which vertical shear capacity was calcu-
lated according to the GB 50017-2017 [41]. The shear capacity of each
bolt spring of the girder-to-column connection and the beam-to-column
connection was 235 kN and 91 kN, respectively. The web springs would
be deleted when either the axial fracture displacement (59, Table 2) or
the vertical shear force was reached, while the flange springs would be
deleted when the axial fracture displacement (§p) was reached. The
deformations of the connection springs along the other directions were
fully restrained. Shear studs were modeled by Hughes-Liu beam ele-
ments, which material properties were described in Section 2. As the
connection between slabs and floor beams was designed as fully com-
posite, the failure of the shear stud was not simulated. The shear studs
were connected to the floor beams through rigid bars.

4.2. Floor slabs

The floor slabs were discretized by 300 x 300 mm shell elements.
The detailed reduced-order modeling schemes for the floor slabs used in
the prototype buildings are illustrated in Fig. 9. The concrete, rebars,
and steel decks were represented by different integration points in the
shell element, and these materials were all simulated by the “MAT -
Concrete_EC2” material in LS-DYNA [54], which could simulate plain
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Fig. 8. Axial load-deformation relationship for the connection springs.

Table 2
Calibrated connection spring parameters.
Connection Spring 8y ty Su ty o (mm)
(mm)  (kN) (mm)  (kN)
Flange
sorin 0.02 1354 2.05 1818 2.55
Girder-to-column BI())lt s
. 1.5 280 20 340 39
spring
Flaflge 0.02 571 2 760 2.5
Beam-to-column & spring
Beam-to-girder BolF 1 125 135 160 16
spring

concrete, rebars, and reinforced concrete by altering the reinforcement
ratio. The Belytschko-Wong-Chiang element formulation incorporated
with Flanagan-Belytschko stiffness form hourglass property was used for
the slab shell element [54].

4.2.1. RC slab

For the RC slab shell elements, as shown in Fig. 9a, ten integration
points were used (i.e., six for concrete and 4 for rebars). Note that the
longitudinal and transverse rebars were modeled by separated integra-
tion points, which could prevent the fracture of rebars in one direction
from causing premature fracture of rebars in the other direction. The
thickness of each rebar layer was calculated by dividing the cross-
sectional area of single rebar by the rebar spacing.

4.2.2. Trapezoidal composite slab
To simulate the variation of the cross-sectional height of the

Delr S
., e

Rigid bar i
Girder web spring

Rigid bar /

/7

Girder flange spring

integration rule of
beam elements

Vo7
T

Girder

Fig. 7. Modeling details of the connection region.
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Fig. 9. Reduced-order modeling of floor slabs.

trapezoidal composite slab, two different thickness shell elements (i.e.,
strong strip and weak strip) were used to model the slab ribs and slab
flanges, respectively. As shown in Fig. 9b, the thicknesses of the strong
strip and weak strip were 100 and 50 mm, respectively. Each shell

element was composed of four concrete integration points, two rebar
integration points, and one steel deck integration element. In the steel
deck integration point, the steel decks' resistance along the y-axis di-
rection was neglected, and only its resistance along the x-axis direction



J. Wang et al.

was considered. Due to the corrugated cross-sectional geometry of the
trapezoidal composite slabs, within the unit width of the floor slab, the
flattened transverse length of the trapezoidal steel decks should be
larger than the slab width. In view of this, the corresponding thickness of
the steel deck integration point was set as its equivalent thickness, which
was calculated as follows: the steel deck thickness (1.2 mm) multiplied
by the ratio of the unit sheet length (1133 mm, Table 1) to the unit slab

width (1000 mm). The value of this equivalent steel deck thickness was
1.36 mm.

4.2.3. Dovetail and reentrant composite slabs

For the dovetail and reentrant composite slabs, as shown in Fig. 9¢
and d, a total of ten integration points were used to model the shell el-
ements for these slabs. Since the bottom surfaces of these slabs were flat,
the thickness of the steel deck layer was set at the original deck thick-
ness, i.e., 1.2 mm. Due to the significant gripping forces between the
inverted triangular deck ribs and concrete, these deck ribs were seen as
the rebars embedded in the concrete. The top surface of deck ribs was
modeled by a separate steel deck layer, which thickness was calculated
by multiplying the original deck thickness (1.2 mm) by the ratio of the
deck rib width to the deck rib spacing, and this thickness for the dovetail
and reentrant steel decks was 0.216 and 0.18 mm, respectively. The
vertical parts of the deck ribs were modeled as smeared rebars in the
concrete, and the equivalent reinforcement ratios are marked in Fig. 9c

Benchmark model for calibration
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and d.

4.2.4. Rebar-truss composite slabs
As shown in Fig. 9e, the shell elements for the rebar-truss composite
slab were modeled by 11 integration points (i.e., six for the concrete,

four for rebars, and one for the steel deck). The web rebars were not
considered in the shell element.

4.2.5. Material calibration

As shown in Fig. 10, the material properties for the rebar, the steel
deck, and the concrete were calibrated based on a 300 x 300 mm square
shell element benchmark model, which dimension was identical to that
used in the reduced-order models of the prototype building. First, the
material properties in Fig. 5a were used to define the stress-strain
behavior of the rebars and steel decks, and the corresponding simula-
tion results were shown in Fig.10 and named “MAT172 (scale 1)”. As
shown by the “MAT172 (scale 1)” in Fig. 10, except for the CRB550, the
numerically calculated fracture displacements of HRB400 and steel deck
were all larger than their corresponding test curves. This is because the
deformation capacity of HRB400 and steel deck was much higher than
that of CRB550, and significant local necking behavior was observed in
the coupon test of HRB400 and steel deck before fracture. However, the
large size shell element (300 mm) used here could not accurately
simulate the local necking behavior because the local deformation had

800
~600 1 |
[}
Qé, |
|
400 1 CRB550 |
g |
%200 4 !
= ==« Test |
= MAT 172 (scale 1) ”
0 T T T
0.00 0.01 0.02 0.03
Strain
400
300 A

Deck

= === Test
MAT 172 (scale 1)
seeeee MAT 172 (scale 0.9)

Stress (MPa)
g 4
8

S

.
e cocsscvscscssscscscroces

T—— MAT 172 (scale 0.85)
—— MAT 172 (scale 0.8)
0 T | L) T
0.0 0.1 0.2 03 04 0.5
Strain
’ 77/
T
= 1S ‘1747
SRR t 711
s b 17
/ 1/ 41
g ,,] Concrete Y 1,
n compression vV
——- Sinhatest <d 4
— MAT 172
_30 T T T
-6000 -4500 -3000 -1500 0
Strain (10°0)

Fig. 10. Material calibrations for the slab shell elements.
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been averaged within the element range. To achieve consistency be-
tween the test curves and numerical simulations, the corresponding
plastic strain values of HRB400 and steel deck were adjusted. As shown
in Fig. 10, for HRB400, when the plastic strain was multiplied by a scale
factor of 0.9, the numerical result matched its experimental result. For
the steel deck, the optimized scale factor was 0.85, and the corre-
sponding fracture strain & was 0.33. For the concrete, the Mander
concrete model [55] with a confined ratio of 1.05 was adopted to model
the concrete behavior. The tests performed by Sinha et al. [52] and
Gopalaratnam et al. [53] were used to calibrate the softening properties
of concrete under tension and compression. The sufficiency of the cali-
bration can be seen by comparing the test curve and numerical predic-
tion, as shown in Fig. 10.

4.2.6. Calibration of the reduced-order slab models

Based on the modeling detail mentioned above, a reduced-order slab
model with a mesh size of 300 mm was built for the 2.4 x 2.4 m square
slab model mentioned in Section 3, and an overview of the model is
shown in Fig. 11. Using the calibrated material properties, the bending
behavior of different composite slabs about the y-axis was simulated
with the reduced-order slab model, and corresponding prediction results
were shown in Fig. 4. As shown in Fig. 4, the predictions by the reduced-
order models were consistent with that by the corresponding high-
fidelity models, except for the dovetail and reentrant composite slabs.
While for the dovetail and reentrant composite slabs, the final fracture
displacements of the reduced-order models were much larger than that
of the corresponding high-fidelity models since the strain concentration
phenomenon (Section 3.2.2) of the steel decks was not considered.
Therefore, the calibrated steel deck fracture strain was further reduced
to consider the effect of the strain concentration in these cases. As shown
in Fig. 4, when the steel deck fracture strain was reduced to 0.05, the
results of the reduced-order models of the dovetail and reentrant com-
posite slabs matched with that of the corresponding high-fidelity
models.

4.3. Deck-to-stud connection

As shown in Fig. 3d, the steel deck edges were connected to the beam
top flanges by the shear stud with through-deck welding. Limited by this
deck-to-stud connection, the tensile resistance of the steel deck adjacent
to this connection cannot be fully developed. Hence, the material
properties of the steel deck layer in the shell elements in this region,
named as “boundary zone” in Fig. 7, should be modified based on the
structural performance of the deck-to-stud connection.

4.3.1. Fracture simulation of profiled steel deck

To characterize the failure of the deck-to-stud connection, the frac-
ture behavior of steel decks needed to be reproduced. As shown in
Fig. 12, two types of coupon specimens, flat plate specimen and hole
plate specimen, were tested for the steel deck. First, the true stress-strain
curve of the steel deck was converted from the corresponding nominal
stress-strain curve, and the post-necking relationship of the true stress-
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strain curve was determined using the method described by Wang
et al. [40]. Then, both flat plate specimen and hole plate specimen were
modeled with corresponding quarter models, in which shell element
sizes in the core region were 0.5 mm. Based on the test results, the Rice-
Tracey fracture model [56] was calibrated as & = 1.07e'1'68’7, where 5
was stress triaxiality and equal to mean stress divided by von Mises
stress. The calibration process can be found in Reference [40]. As shown
in Fig. 12b and c, the numerical results of coupon models using the
calibrated fracture model matched well with the corresponding experi-
mental results.

4.3.2. Reduced-order modeling approach

As described in Section 2, 38 shear studs were arranged on each
beam top flange. Therefore, for the steel decks on each side of the beam,
there were 19 shear studs with a spacing of 300 mm, which were labeled
as “1 stud”. In addition, the quantity of the shear studs was doubled to
investigate the effect of the number of shear studs on the structural
robustness, and this case was labeled as “2 studs”. According to the
Eurocode [57], the stud spacing parallel to the beam axis should be not
less than five times the diameter of the stud, so the stud spacing for the
“2 studs” case was chosen as 100 mm. As shown in Fig. 13, two high-
fidelity deck-to-stud connection models were modeled with the 0.5
mm size shell elements. The shear studs were completely restrained,
while the out-of-plane displacements of the steel decks were fully
restrained to simulate the constraint provided by the concrete slab.
Lateral tension was uniformly applied to the end edges of the steel decks.
As shown in Fig. 13, the strengths of the “1 stud” and “2 studs” cases
were about 10 kN and 20 kN, respectively.

As shown in Fig. 14a, a perfectly plastic curve was used to simulate
the steel decks at the boundary zone, and the plastic stress of this curve
was chosen as the ultimate stress of the steel deck, which was 380 MPa.
According to the strength of the deck-to-stud connection mentioned
above, the equivalent thicknesses of the bottom steel deck layer (t.) at
the boundary zone were calculated, which were 0.0877 and 0.1754 mm
for the “1 stud” and “2 studs” cases, respectively. For the dovetail and
reentrant composite slabs, the deck ribs were not considered in the
reduced-order models at the boundary zone. The reduced-order
modeling scheme for the composite slabs at the boundary zone is illus-
trated in Fig. 14. Based on the load-displacement curves obtained by the
high-fidelity models in Fig. 13, the damage initiation strain and fracture
strain of the steel decks at the boundary zone were calibrated, which
were 0.09 and 0.10, respectively.

4.4. Constraint, contact, and loading method

Except for the removed column, all column bases were fully
restrained. The contact behavior between the slabs and floor beams was
modeled by the “Contact_Automatic_Genderal” algorithm in LS-DYNA.
To obtain a more realistic simulation result, the ground was modeled
by a rigid wall at the column base level, as illustrated in Fig. 15a. During
the simulation, all falling structural parts would fall on the ground
simulated by the “rigid wall”.

Reduced-order model

Fig. 11. Calibration of the reduced-order slab model.
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The loading process of the prototype buildings was divided into two
phases. At the 1st phase, a service level gravity load Rq was uniformly
applied to all floor slabs of the prototype building. Then, at the 2nd
phase, an additional incrementally increasing load was uniformly
applied to the affected bays of the removed column until collapse was
triggered. The load combination for extraordinary events, 1.2DL +
0.5LL, in ASCE/SEI 7-16 [58] was chosen as Rq, which was 7 kN/m? for
the prototype building. All the loading was applied in a pseudo-static
manner. As shown in Fig. 3a, given the symmetrical layout of the pro-
totype building, the single-column failure scenarios on the ground floor
could be categorized into nine separate cases, coded as follows, Al, A2,
A3, B1, B2, B3, C1, C2, and C3. To obtain the relationship between floor
load intensity and the vertical displacement of the removed column, the
total vertical reaction at the bases of the directly affected columns was
exported. However, as shown in Fig. 15a and b, except for the floor areas

12

of the directly affected bays of the removed column, the directly affected
columns also needed to support the floor loadings of the additional
tributary area. Considering this issue, the load intensity of the directly
affected bays (w) was calculated by the following equations:

AF,

i 1*phase
"V E a-aF W
L S, Y
nA, nAg phase
A
A=——F 2
Ay + A @

where F. denoted the total vertical reaction at the bases of the directly
affected columns and F'. referred to the F, at the dividing point between
1st and 2nd phase. n was the total floor number (= 5). A, stood for the
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Fig. 14. Reduced-order modeling of the boundary zone.

floor area of the directly affected bays on each floor, while A; repre-
sented the additional tributary area of the directly affected columns on
each floor. A,, A, and A of each column failure scenario are illustrated in

Fig.15b.
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(a) Analysis of the prototype building under C1 column failure scenario.
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Fig. 15. Analysis method for the prototype building under different column failure scenarios.

5. Robustness evaluation of prototype building and discussion

5.1. Analysis of prototype building

With the reduced-order modeling method, the relationship between
the load intensity and the vertical displacement at the removed column
can be obtained, and the investigated parameters include column failure

14

location, rebar type, shear stud, steel decks' longitudinal continuity, and
floor slab type. The corresponding simulation results are shown in
Fig. 16. As mentioned in Section 2, the profiled steel decks' length was 9
m, and they were restrained to the beam top flanges by the shear studs at
their longitudinal ends. Thus, in the prototype building described in
Section 2, the profiled steel decks were “discontinuous” along their
longitudinal direction. In this instance, the shear stud quantity on the
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Fig. 16. (continued).
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Fig. 16. (continued).
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beam top flange would affect the development of the steel decks' in-
plane tensile membrane force along its longitudinal direction. Given
this, the cases with shear stud quantity on each beam top flange of 38
and 76 were analyzed, and for consistency with Section 4.3, these two
cases were named as “1 stud” and “2 studs”, respectively. In addition, to
further investigate the effect of the longitudinal continuity of the pro-
filed steel decks, the steel decks were ideally assumed to be “continuous”
over the entire longitudinal range of the floor slab, as this is the case
where the longitudinal continuity was strongest. For this “continuous”
case, the shear stud quantity on each beam top flange was 38, identical
to the “1 stud” case mentioned above. For comparison purposes, the
prototype building with RC floor slabs was also analyzed, and the shear
stud quantity was unchanged and consistent with Section 2.

According to the static response curves in Fig.16, in each simulation
scenario, the load-carrying capacity of Al, B1l, and Cl cases were
significantly higher than the other six cases. This is because, in these
three cases, the floor area of the “directly affected bays” needed to be
supported by each girder was only half of that of the other six cases [11].
For the prototype building using CRB550 rebars, the load-carrying ca-
pacity of the prototype building showed a downward trend after its peak
value was reached (Fig. 16a). However, when the CRB550 was replaced
by HRB400, the load-carrying capacity of the prototype building would
remain at a relatively stable plateau after reaching the peak value
(Fig. 16b), which benefitted from the relatively large deformation ca-
pacity of HRB400.

When other conditions were the same, the load-carrying capacity of
the prototype building with rebar-truss composite slab was higher than
that with the other four types of floor slabs (Fig. 16c). This was because
the reinforcement ratio of the rebar-truss composite slab was signifi-
cantly higher than that of the other four types of floor slabs. The rebar-
truss composite slab not only had more longitudinal rebars, but also two
layers of transverse rebars, while other composite slabs had only one
layer of transverse rebars. Hence, like the RC slab, the rebar-truss
composite slab could develop flexural resistance about its both strong
and weak axes. For the other three types of composite slabs, they could
only develop the flexural resistance about their strong axes, while in
their weak axis direction, they could only develop the tensile membrane
force by the single layer transverse rebars. Besides, as noted in Section
3.2.2, owing to the flat bottom surface, the rebar-truss steel decks had
the slightest strain concentration among all the composite slabs, which
also enabled the steel decks to develop more tensile membrane action to
enhance the overall building's load-carrying capacity.

In the cases of “discontinuous” and using CRB550 (Fig. 16a and c),
the load-carrying capacity of the prototype building with RC slab was
comparable to those with the trapezoidal, dovetail, or reentrant com-
posite slabs. However, while CRB550 was replaced by HRB400 (Fig. 16b
and d), the load-carrying capacity of the prototype building with RC slab
became stronger than those with these three composite slabs, and only
weaker than that with rebar-truss composite slab. This was because the
RC slab had two layers of longitudinal and transverse rebars, and it could
develop flexural resistance about its both strong and weak axes. When
HRB400 was used, the bi-directional load-carrying mechanism of the RC
slab was further enhanced. While for the trapezoidal, dovetail, and
reentrant composite slabs, they only had one layer of rebars in these two
directions. Moreover, due to the weak resistance of the deck-to-stud
connection, the steel decks could not fully develop tensile membrane
force, which further limited the development of the overall load-
carrying capacity.

Comparing “discontinuous-1stud-CRB550 (Fig. 16a)” and ‘“contin-
uous-1stud-CRB550 (Fig. 16e)”, the load-carrying capacity of the pro-
totype building with trapezoidal or rebar-truss composite slabs was
significantly improved under the “continuous” condition, on the con-
trary, no significant improvement was observed for the prototype
buildings with the dovetail and reentrant composite slabs. This was
because the premature fracture of CRB550 caused the premature frac-
ture of the dovetail and reentrant steel decks (Section 3.2.2).
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After replacing CRB550 with HRB400, i.e., “continuous-1stud-
HRB400 (Fig. 16f)”, the fracture of the dovetail and reentrant steel decks
were postponed attributed to the relatively late fracture of HRB400;
thus, the load-carrying capacity of prototype buildings with these two
steel decks was significantly enhanced and was comparable to that with
trapezoidal steel decks.

5.2. Robustness evaluation method

Note that the above-mentioned analysis was conducted in a static
manner, which could not fully represent the actual performance of the
prototype building under dynamic conditions. Therefore, based on the
energy-based method proposed by Izzuddin et al. [59], the nonlinear
static response can be converted into an equivalent dynamic response.
As shown in Fig. 17, this energy-based method assumes the external
work done by gravity loads is all converted into the internal energy of
the structure. At a certain displacement, the dynamic resistance is equal
to the static curve's integrated area divided by this displacement. After
reaching the static ultimate capacity (Fs,), the load-carrying capacity of
the structure will become unstable, which may suddenly break down
[60,61]. In this context, the displacement corresponding to Fg, is
regarded as the termination point of the equivalent dynamic response
curve. Prior to this termination point, the dynamic ultimate capacity
(F4u) achieved by the equivalent dynamic response curve can be regar-
ded as the structure's ultimate capacity against progressive collapse. The
minimum Fgy, of all column loss scenarios is regarded as the ultimate
capacity of the objective structure. The progressive collapse resistance
demand of this structure is chosen as the load combination for
extraordinary events Rq, which is specified in ASCE/SEI 7-16 [58]. The
ratio of “minimum Fq,” to “Rq” is regarded as the structural robustness
index Q. If Q is larger than 1, this structure is considered to be robust
enough to avoid progressive collapse. Otherwise, it is necessary to select
an appropriate structural robustness enhancement method to redesign
and re-evaluate the objective structure until its ultimate capacity is
higher than its progressive collapse resistance demand.

5.3. Robustness evaluation and discussion

Using the energy-based method depicted in Fig. 17, the dynamic
ultimate capacity of the above-mentioned nonlinear static pushdown
analyses is obtained, which is listed in Table 3. As shown in Table 3, the
lowest £ occurred in the cases of “discontinuous-1stud-CRB550” with
dovetail and reentrant composite slab, which value was 232%. This
indicated that all the prototype buildings simulated in this study had
sufficient structural robustness in preventing disproportionate collapse
induced by single ground floor column failure. The greatest (2 value was
342%, which was observed in the case of “discontinuous-2stud-
HRB400” with the rebar-truss composite slab.
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Table 3
Dynamic ultimate resistance Fy, of prototype building.
Rebar Column Loss Location Discontinuous Continuous RC
1 stud 2 studs 1 stud
Trapezoidal Devotail Reentrant RebarTruss Trapezoidal Devotail Reentrant RebarTruss Trapezoidal Devotail Reentrant RebarTruss
Al 25.4 25.4 26.4 29.2 25.6 26.0 25.9 29.2 25.8 27.4 27.6 30.1 24.9
A2 21.4 21.2 20.0 19.9 19.1 20.1 20.0 19.5 19.9 20.3 20.2 23.4 21.5
A3 20.8 21.1 21.1 22.0 20.5 21.4 20.2 22.1 20.4 21.5 21.5 21.4 19.9
Bl 25.2 20.9 21.0 28.3 24.8 24.4 21.1 27.0 27.3 28.3 28.4 29.6 26.4
CRB550 B2 19.4 16.3 16.3 20.0 20.1 17.5 17.7 21.8 19.8 17.5 17.5 20.0 19.6
B3 18.9 18.6 189 22.0 18.6 18.8 19.2 20.3 22.6 21.3 21.1 22.9 19.5
Cl 23.1 23.1 22.8 24.2 27.0 22.9 22.9 24.2 28.6 27.3 24.1 30.9 27.0
c2 20.3 18.3 18.3 20.9 20.5 17.9 18.2 22.4 23.5 17.9 17.8 25.8 20.1
C3 21.5 19.4 19.3 23.8 21.3 19.4 19.5 24.0 23.1 21.7 19.8 27.3 19.1
Min 18.9 16.3 16.3 19.9 18.6 17.5 17.7 19.5 19.8 17.5 17.5 20.0 19.1
Max 25.4 25.4 26.4 29.2 27.0 26.0 25.9 29.2 28.6 28.3 28.4 30.9 27.0
Min / R4 (£2) 270% 232% 232% 284% 266% 250% 252% 279% 283% 251% 249% 286% 272%
Max / Rq 363% 364% 377% 418% 386% 371% 371% 417% 408% 404% 406% 442% 385%
Al 28.5 29.0 28.8 30.5 28.1 28.7 29.0 30.6 29.4 29.9 30.0 31.1 29.1
A2 21.9 21.8 21.8 24.4 21.6 22.1 21.8 25.3 23.1 22.2 22.0 23.7 23.1
A3 21.9 21.7 22.0 23.9 21.9 22.1 22.0 26.0 22.1 24.0 23.9 25.1 24.3
Bl 28.5 28.0 27.9 29.6 27.1 28.4 28.2 29.6 30.0 28.8 28.9 31.8 27.7
HRB400 B2 19.5 20.0 19.9 26.6 19.7 20.1 20.2 23.9 24.3 24.4 24.3 28.5 25.6
B3 23.3 21.9 22.0 26.6 22.7 22.1 21.9 26.6 24.6 25.6 25.4 29.7 25.2
Cl 27.7 28.6 28.8 31.0 28.0 28.8 28.8 31.1 31.5 31.0 31.2 33.7 28.3
Cc2 20.2 20.1 20.2 26.9 20.1 20.7 20.2 26.9 25.0 26.0 26.0 29.9 25.2
C3 22.9 24.0 21.8 27.5 22.9 24.0 21.6 28.0 23.3 27.1 27.2 32.3 26.1
Min 19.5 20.0 19.9 239 19.7 20.1 20.2 23.9 22.1 22.2 22.0 23.7 23.1
Max 28.5 29.0 28.8 31.0 28.1 28.8 29.0 31.1 31.5 31.0 31.2 33.7 29.1
Min / Rq (£2) 279% 286% 284% 341% 282% 288% 288% 342% 316% 317% 314% 338% 330%
Max / Rq 408% 414% 412% 443% 402% 412% 414% 444% 449% 442% 446% 481% 415%

*Notes: the unit of the Fg, in this table is kN/m?.
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5.3.1. Effect of rebar type

According to the analysis results in Table 3, after replacing CRB550
with HRB400, the @ for all cases was improved. However, the Q for the
prototype buildings with trapezoidal composite slabs had the least
improvement, and the corresponding improvement ratios in “discon-
tinuous-1stud”, “discontinuous-2stud”, and “continuous-1stud” cases
were 3%, 6%, and 11%, respectively. While for the prototype buildings
with dovetail, reentrant, rebar-truss, and RC slabs, 2 was considerably
improved with HRB400. The insensitivity of the prototype building with
the trapezoidal composite slab to the rebar type's alteration could be
explained by Fig. 4 and Table 1. As noted in Section 3, regardless of
whether CRB550 or HRB400 was used, the ultimate resistance of the
trapezoidal composite slab was achieved after the fracture of the lon-
gitudinal rebars, and was approximately equal, as it was primarily
provided by the trapezoidal steel decks. While for the RC slab, its load-
carrying capacity was mainly dependent on rebars. Similarly, due to the
high reinforcement ratio, the resistance of rebar-truss composite slab
would also be highly affected by the rebars. Since the steel decks' frac-
ture behavior in the dovetail and reentrant composite slab was seriously
affected by the rebars' deformability, the prototype buildings with these
two slabs would be greatly influenced by the rebar type.

5.3.2. Effect of the continuity of profiled steel decks

By comparing the Q of “discontinuous-1stud” and “discontinuous-
2stud” cases, it can be seen that increasing the shear stud quantity on the
beam flange had a neglected effect on improving the structural robust-
ness. This was because the capacity of the deck-to-stud connection was
low compared to the tensile capacity of the steel deck net section, so
increasing its quantity did not have a considerable effect on the overall
load-carrying capacity. While comparing the Q2 of “discontinuous-1stud”
and “continuous-1stud” cases, for the prototype buildings with trape-
zoidal, dovetail, or reentrant composite slabs and using CRB550, the
structural robustness could be improved at least by 5% after increasing
the steel decks' longitudinal continuity; for those using HRB400, this
enhanced percentage would be at least 11%. However, for the prototype
buildings with rebar-truss composite slabs, the structural robustness had
not been improved after using “continuous” steel decks. As shown in
Table 3, the minimum Fy, in the “continuous-1stud” with rebar-truss
composite slab cases was achieved by the B2 and A2 column loss sce-
narios for the prototype buildings using CRB550 and HRB400, respec-
tively. In these two column loss scenarios, the floor slab failure was
primarily governed by the failure of the rebars in the transverse direc-
tion; hence, increasing the longitudinal continuity of the steel decks had
a negligible effect on the structural robustness of the prototype buildings
with the rebar-truss composite slab. It would be concluded that merely
improving the steel decks' longitudinal continuity had a limited effect on
the structural robustness, and if the steel decks' transverse continuity
could be improved simultaneously, it might have a more noticeable
improvement on the structural robustness.

5.3.3. Effect of different profiled steel decks

For the “discontinuous-1stud-CRB550” cases, the lowest £2 was ob-
tained from the prototype buildings with dovetail and reentrant com-
posite slabs, which was 232%, and was 86%, 82%, and 85% of those
with trapezoidal, rebar-truss and RC slabs, respectively. As mentioned
above, when using CRB550, due to the strain concentration, dovetail
and reentrant steel decks were fractured much earlier than the trape-
zoidal and rebar-truss steel decks. This made the prototype buildings
with these two slabs had a relatively lower structural robustness value.
After replacing CRB550 with HRB400, i.e., “discontinuous-1stud-
HRB400”, attributed to the good deformation capacity of HRB400, the
steel deck fracture of the dovetail and reentrant composite slabs was
significantly delayed; thus, the 2 of the prototype buildings with these
two slabs was effectively improved; and the lowest (2 was obtained from
the prototype building with the trapezoidal composite slab. For the
prototype building designed in Section 2, regardless of whether CRB550
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and HRB400 were used, the highest © was achieved when the rebar-
truss composite slab was used, followed by the RC slab. This benefited
from the bi-directional load-carrying mechanism in these two slabs. In
contrast, the trapezoidal, dovetail, and reentrant composite slabs
behaved as one-way slabs, which limited their structural robustness.
Hence, when using the trapezoidal, dovetail, and reentrant steel decks, it
would be necessary to enhance their transverse continuity to improve
their bi-directional load-carrying mechanism.

6. Conclusions

This study presented a novel reduced-order modeling method to
analyze the structural performance of steel frame buildings with
different floor slabs under column loss scenarios. This modeling method
was verified by the relatively high-fidelity models, which were verified
by the full-scale composite floor test and detailed material coupon tests.
This reduced-order modeling method was applied to the progressive
collapse simulation of a five-story prototype building. Based on this
building, the effect of different floor slabs and different slab rebars on its
structural robustness was investigated. Finally, based on the simulation
results, the following conclusions are reached:

1. For the prototype building with floor slabs using CRB550, the
minimum dynamic ultimate capacity was at least 132% higher than the
corresponding Ry. While for the prototype building with floor slabs
using HRB400, this improvement ratio was 179%.

2. Attributed to the steel decks and additional bottom layer rebars,
the minimum dynamic ultimate capacity of the prototype building with
rebar-truss composite slab was higher than that with the RC slab or other
composite slabs.

3. The structural robustness of the prototype building with RC slab
was better than that with trapezoidal, dovetail, and reentrant composite
slabs because they lacked bottom transverse slab rebars.

4. Owing to the similar cross-sectional configuration, the structural
behavior of the dovetail and reentrant composite slabs was almost
identical, and the structural robustness of the prototype buildings with
these two composite slabs was also similar.

5. After increasing the steel decks' longitudinal continuity, the min-
imum dynamic ultimate capacity of the prototype buildings with trap-
ezoidal, dovetail, and reentrant composite slabs was all improved.
However, for the prototype building with the rebar-truss composite slab,
the improvement of the steel decks' longitudinal continuity had a
negligible effect on its minimum dynamic ultimate capacity.
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