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In current composite floors, the strength of the deck connections restraining the profiled steel decks to the floor
beams or to the neighboring steel decks are much weaker compared with the sectional strength of the steel deck,
which would limit the load-carrying capacity of the composite floors under progressive collapse scenarios. Given
this, this study proposed two novel types of enhanced deck connections for improving the load-carrying behavior
of the deck-to-beam connection and deck-to-deck connection. Based on a 5-story steel prototype building, the
feasibility of the proposed deck connections in improving the progressive collapse resistance was validated by

comparing with the common practice of the deck connections via a reduced-order (RO) modeling approach. The
structural robustness of the prototype building in the case of sudden column removal was evaluated and dis-
cussed. Compared with the commonly used deck connections, the enhanced deck connections could improve the
structural robustness of the prototype building by 27%.

1. Introduction

In steel construction, frame building structures are widely used in
residential and industrial systems [1-5]. The vital role of the composite
slab in enhancing the progressive collapse resistance of steel frame
structures has been verified by previous studies at the beam-to-column
connection level [6-9] and the floor substructure level [10-18]. In
addition to the flexural resistance of composite slabs [19-21], tensile
membrane actions of composite slabs can be developed to redistribute
the gravity load to the neighboring structure [16,18], which is mainly
attributed to the contribution by rebars and profiled steel decks [22-24].
According to the cross-sectional shape of profiled steel deck, composite
slabs can be classified into four categories [23]: trapezoidal, dovetail,
reentrant, or rebar-truss composite slab (Fig. 1). In China, the profiled
steel decks in these composite slabs are restrained to the floor beams
through welded shear studs, bolted shear connectors, or spot-welding.
For the side laps between the neighboring profiled steel decks, the
trapezoidal, dovetail, and reentrant steel decks are generally fixed with
screws or rivets, while the rebar-truss steel decks are mostly locked
together by mechanically clasping their curled edges together (Fig. 2).
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However, the strength of these deck connections is usually much weaker
than the cross-sectional strength of the profiled steel decks, which would
limit the development of the tensile membrane action in the profiled
steel decks [23,24]. If the steel deck is ideally continuous, the tensile
membrane action of the composite slabs contributed by the composite
action between the concrete and steel [25-29] could be significantly
enhanced, and the progressive collapse resistance of the entire steel
frame building would also be improved [22,23]. Hence, it is beneficial to
develop reliable and feasible deck connections to improve the tensile
membrane action of the profiled steel decks.

Apart from the weak deck connections, the corrugated cross-section
geometry of the trapezoidal, dovetail and reentrant steel decks (Fig. 1)
also limited their tensile membrane force in their transverse directions
(y direction) [24]. On the contrary, if the deck connections’ performance
is improved, the flat shape of the rebar-tuss steel deck (Fig. 1) would be
conducive to the development of the steel decks’ tensile membrane force
in both longitudinal (x) and transverse (y) directions. In light of the
above, enhanced deck connections were developed in this study based
on the rebar-truss steel decks, and the corresponding enhancing meth-
odology is illustrated in Fig. 2.
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By comparing with the commonly used deck connections, the feasi-
bility of the enhanced deck connections in improving the in-plane tensile
performance of the profiled steel decks can be verified at the component
level. However, considering the complexity of the progressive collapse
phenomenon, it would be more reliable and accurate to assess the effect
of the enhanced deck connections at the overall structural level [30,31].
Nevertheless, the full-scale structural system testing [32,33] is overly
expensive, complex and time-consuming; hence, numerical analysis
would be a practicable way to analyze the structural performance of a
steel frame building under progressive collapse scenarios. In addition,
due to the high computational cost of high-fidelity (HF) models, the
reduced-order (RO) models are usually adopted to simulate the pro-
gressive collapse behavior of steel frame buildings [23,34-38], offering
a compelling tool for the current work.

To explore the rationality of the proposed enhanced deck connec-
tions and their influences on the progressive collapse resistance of the
structural system, a prototype 5-story steel frame building was devel-
oped using codified design methods. The influence of the enhanced deck
connections on improving the progressive collapse resistance of this
prototype building was investigated using the RO modeling approach.
The LS-DYNA software [39] was used to perform all the numerical
simulations in this study.

2. Prototype building

According to Chinese codes [40-44], a 5-story steel moment-
resisting frame building was designed (Fig. 3a), and all the analyses in
the following section were performed based on it. There were four equal
spans in both the x and y directions. The span lengths of girders and
beams were both 6 m, while the beam spacing was 3 m. The story height
was 4.5 m. The span length, beam spacing, and story height were all
determined according to common practice in China [28]. This prototype
building was designed by assuming the gravity loading as 5 kN/m? dead
load (DL) and 2 kN/m? live load (LL) according to [34,42]. The design
basic earthquake acceleration was 0.05 times the gravitational acceler-
ation. Both girders and beams were designed to be H-shaped H300 x
150 x 6.5 x 9 steel section. The girder-to-column connections were
welded-flange-bolted-web connections, while the beam-to-girder
connection was designed as typical bolted shear tab connections, as
schematically shown in Fig. 3b. Since the girders in the two perpen-
dicular directions were both rigidly connected to the column, it was
recommended to use the rectangular tube section in this case, as their bi-
directional flexural properties are relatively close. Hence, the steel col-
umn was designed to be 350 x 350 x 10 square tube section. These
connections were fastened by Grade 10.9 M20 high-strength bolts.

Rebar-truss composite slabs [23,44] were used to develop the
flooring system of the prototype building (Fig. 3c). The rebar-truss was
laid in the x direction (girder axis direction), while the center-to-center
spacing was 200 mm. The rebar-trusses were restrained to the steel
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decks’ small ribs through resistance spot welding. The concrete cover of
the slab bars was 15 mm. The steel deck’s thickness was 1.2 mm. The
length and width of each rebar-truss steel deck were 6 m and 0.6 m,
respectively. The steel decks were fixed to the beam top flanges through
bolted shear connectors (Fig. 3b), and the adjacent steel decks were
mechanically locked together by the curled edges (i.e. clasped connec-
tion in Fig. 2). Grade 10.9 M20 bolted shear connectors with a length of
80 mm were used in the prototype building, which could enable the
demounting and recycling of the floor beams and slabs at the end of
service life [45]. In addition, compared with the welded shear studs, the
bolted shear connectors also facilitated fixing the proposed steel deck
connection to the structural beams and applying axial preload, which
will be presented in the next section. Each girder and beam both had 56
shear connectors, and full composite action was achieved. These shear
connectors were arranged in two rows (Fig. 3b).

Q345 Grade steel was used for the steel frames and steel decks. Grade
CRB550 cold-rolled bars [46,47] and Grade C30 concrete [48] were
used for slab reinforcement and slab, respectively. Note that in the
construction process, fillers may be adopted to improve the flowability
[49,50], passing ability [51,52] and at the same time, to reduce the
shear thickening [53-55] of the concrete so that the designed concrete
could pass through the narrow gap of reinforcement and shear con-
nectors, thus deficiency of the composite slabs was not considered in the
current work. The bolted shear connectors and bolts were made of Grade
10.9 steel [40,43]. The steel and concrete material properties are shown
in Fig. 4, which are identical to that used in Ref. [23].

3. Numerical investigation of deck connections
3.1. Steel deck connections

In this study, the commonly used deck-to-beam connection with
bolted shear connectors was named as shear connection, while the
mechanically clasped connection between neighboring profiled steel
decks was named as clasped connections, as shown in Fig. 2. For the
novel deck connections, the deck-to-beam connection was enhanced by
fixing the folded deck edges to the shear connectors on the beam top
flanges via flat shear plates (Fig. 6a), designated as the “folded
connection”. The deck-to-deck connection was strengthened by
fastening the neighboring folded deck edges via steel angles and high-
strength bolts (Fig. 6b), which is labeled as the “angle connection”.
Fig. 5 and Fig. 6 illustrate the detailed dimensions of these deck
connections.

In the folded connection (Fig. 6a), a shear plate was used to transfer
the steel decks’ in-plane tension to shear connectors. The shear plate size
was designed to meet the following requirements: i) bolt hole failure
should be later than the steel deck’s sectional tensile fracture; ii) shear
plate shall have sufficient bending resistance and stiffness to resist the
bending moment caused by the steel deck’s in-plane tension; iii) bolt
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Fig. 1. Typical composite slabs.
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hole’s edge distance shall meet the code’s requirements [40]. In the
angle connection (Fig. 6b), two equal leg angles and Grade 10.9 M16
bolts (200 mm spacing) were used to transfer the steel deck’s in-plane
tension between adjacent decks. The angle size was designed accord-
ing to the following requirements: i) angle should have sufficient
bending resistance and stiffness to resist the bending moment caused by
the steel deck’s in-plane tension; ii) bolt hole failure shall be later than
the bolt’s tensile fracture; iii) bolt hole’s edge distance shall meet the
code’s requirements and the bolt hole should have sufficient installation
space for the bolt wrench [40]; iv) the height of the angle should be
lower than the height of the upper transverse rebar.

To examine the effect of the folded degree of the deck edges, various
folded configurations were designed, as schematically shown in Fig. 6.
According to the folded degree, the three designed folded connections
(Fig. 6a) were coded as “half-fold” connection, “tri-fold-1” connection
and “tri-fold-2” connection, respectively. For the angle connection, four
connections (Fig. 6b) were coded as “half-fold” connection, “tri-fold”
connection, “gate-fold-1” connection and “gate-fold-2” connection,
respectively. Apart from the folded configurations, the preload effect of
the connectors and bolts was also investigated. Note that the recom-
mended preload of Grade 10.9 high-strength bolts is approximately 600
MPa [40]. Hence, three preload degrees, 0, 300 MPa and 600 MPa, were
applied to the shear connectors and bolts to develop the parameter
matrix.

3.2. Numerical models of deck connections

LS-DYNA was used to develop the HF models of the designed deck
connections, as shown in Figs. 5 and 6, which were used to investigate
and compare their structural performance in transferring the tensile
load. The steel decks were modeled by shell elements, while the steel
plates, angles, and shear connectors were modeled by solid elements.
The blue dashed curve in Fig. 4, which was obtained by coupon tests of a
steel plate (Grade Q345 steel with the measured yield strength of 419
MPa), was used to model the steel plates and angles. For these deck
connection models, the fracture simulation of the steel deck was a
critical issue that may greatly affect the accuracy of the simulation re-
sults. Therefore, the fracture model of the steel deck was first calibrated
according to the corresponding coupon test results of steel deck.
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3.2.1. Fracture model of steel deck

As illustrated in Fig. 7, two types of coupon specimens were
designed, including flat plate and hole plate. The test result of flat plate
was firstly used to obtain the nominal stress-strain curve of steel deck,
which was shown in Fig. 4 and Fig. 7a. Then, the true stress-strain curve
of the steel deck could be derived from the nominal stress-strain curve
(Fig. 7a) following the approach described in Ref. [56]. The Rice-Tracey
fracture model (RT model) [57], & = ae'b”, was adopted to simulate the
fracture behavior of the steel. In this model, ef was plastic fracture strain,
n was stress triaxiality, which was found to be a significant coefficient in
simulating fracture [58-60], while “a” and “b” were model parameters
needed to be determined by the coupon test results. Given the symmetry
of the model, the corresponding quarter models were built for both flat
plate and hole plate specimens using shell elements (Fig. 7b). The
element size at the core region was chosen as 0.5 mm, which was
confirmed by a mesh sensitivity analysis [61,62]. According to the
calibration approach described in Ref. [56], the RT model was calibrated
as &r = 1.07e’1%%". As shown in Fig. 7b, the simulation results using the
calibrated RT model well matched the test results of flat plate and hole
plate specimens.

As mentioned above, the fracture model was calibrated using a 0.5
mm mesh size. But it would be time-consuming to use this relatively
small mesh size to simulate the deck connection. To enable the cali-
brated fracture model to be used for the deck connection models with
relatively large mesh sizes, a mesh-size scaling function i(l.) was used to
adjust it. Thus, the calibrated RT model became & = 1.07e'1‘68’7~i(lc). i(lo)
defined the plastic failure strain as a function of the initial element size,
I, which was equal to a shell element’s area divided by its longest side
length. To calibrate i(l.), a notched plate model in Fig. 8 was adopted as
the benchmark model. The notched plate was modeled with different
sizes of shell elements, including 0.5 mm, 1 mm, 2 mm, and 3 mm,
respectively. The 0.5 mm mesh size model was taken as the benchmark,
while the corresponding scaling factor i(l.) for other mesh size models
was calibrated based on the 0.5 mm mesh size model, and the calibrated
i(l.) was shown in Fig. 8. Besides, the flat specimen was also modeled
with varied mesh sizes from 0.5 mm to 3 mm, and all the flat specimen
models fractured at the same displacement (Fig. 8), which validated the
feasibility of the calibrated i(l.).
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3.2.2. Deck connection models

The specific modeling details of each deck connection model are
introduced as follows:

For the shear connection model (Fig. 5), the shear connector was
simply modeled by a short rigid cylinder, which was completely
restrained. The contact between the steel deck and the shear connector
was modeled by the “Eroding-Nodes-to-Surface” contact. To simulate
the constraint provided by the concrete slab, the out-of-plane displace-
ment of the steel decks was fully restrained. For the clasped connection
(Fig. 5), the contact between steel decks was modeled by the “Auto-
matic-Single-Surface” contact.

In the folded connection model (Fig. 6a), i) the contact between deck
and plate, ii) the contact between deck and beam, iii) the contact be-
tween plate and beam, iv) the contact between plate and shear
connector, and v) the contact between beam and shear connector were
all modeled by the “Automatic-Surface-to-Surface” contact, while the
“Eroding-Nodes-to-Surface” contact was used to model the contact be-
tween the deck and the shear connector. For simplicity, only half part of
the beam top flange was modeled (Fig. 6a), which is fully restrained at
the face co-planar with the beam web’s mid-plane. In the angle
connection model (Fig. 6b), i) the contact between decks and angles and
ii) the contact between angles and bolts were modeled by the “Auto-
matic-Surface-to-Surface” contact, while the contact between the deck
and the bolt was modeled by the “Eroding-Nodes-to-Surface” contact.
The friction coefficient of contacting surfaces between these steel com-
ponents was assumed to be 0.5 as per [22].

Symmetric constraints were applied to the symmetry boundaries of
these deck connection models. Lateral tension was applied uniformly to
the end edges of the steel decks (Figs. 5 and 6). It is worth noting that the
modeling techniques mentioned above has been verified in previous
studies conducted by Wang and colleagues [56].

3.3. Simulation results and discussion

The equivalent load-displacement curves of these deck connections
at a width of 300 mm are shown in Figs. 5 and 6. The ultimate resistance,
F,, and the corresponding displacement, &, are summarized in Table 1.
Besides, the ratios between F, and the nominal ultimate resistance of a
300 mm wide steel deck (i.e. Ry), are also listed in Table 1.

For the shear connection and clasped connection, their F,/R, ratios
were 13.5% and 5.2%, respectively. The shear connection achieved its

F,, 18.5KkN, at a displacement of 1.3 mm; then, its resistance remained at
about 15 kN until its completely shear-out failure at a displacement of
29.6 mm (Fig. 5) was triggered. The load-carrying capacity of the clas-
ped connection maintained between 6 kN and 7 kN throughout the
loading process until F,;, was reached at a displacement of 15.6 mm
(Fig. 5), and then this connection failed completely when the two decks
were detached from each other.

For the folded connection without preload, the F,,/R, ratios of “half-
fold” and “tri-fold-1" cases were 72.7% and 74.6%, respectively, which
were greatly improved compared to the shear connection. However, the
F, of “half-fold” and “tri-fold-1” cases were both reached at a small
displacement of 1.8 mm, and then the folded edges were straightened,
resulting in a sudden decrease in the resistance. Compared with “tri-fold-
17 case, the external folded surface of “tri-fold-2” case was longer and
fixed by the shear connector, making it difficult to slide and deform
freely (Fig. 6). Therefore, its load-carrying capacity could steadily in-
crease in a relatively large deformation range until its F,, was achieved
(20.8 mm), and its F,,/R, ratio was 106.3%. After applying 300 MPa and
600 MPa preload in the shear connector, the F,/Ry ratio of the tri-fold-2
case was increased to 116.9% and 119.8%, respectively, while the &,
was also increased to 29.6 mm and 36.0 mm, respectively. The F,/R,
ratio was greater than unity because the symmetrical boundary condi-
tions were applied to the side deck edges in these connection models. In
this context, during the simulation, the steel deck was in a bidirectional
tensile stress state, resulting in F,, greater than Ry,. For the tri-fold-2 with
600 MPa preload case, its F,; and 5, were 8.9 and 20.2 times the shear
connection, respectively.

For the angle connection without preload, the half-fold case did not
fail prematurely like the “half-fold folded connection”, and its F,/Ry
ratio could reach 100.7% at a displacement of 24.8 mm. This was
because when the tensile loads were applied to the deck end edges, the
two upper angle toes would press the steel decks in the middle, making it
difficult to slide. The 6, and F/Ry ratio of the tri-fold case were 36.0 mm
and 110.4%, respectively, which were significantly improved compared
with the half-fold case. While continuing to increase the folded degree to
“gate-fold-1” and “gate-fold-2” cases, neither &, nor F,/R,, was improved
compared with “tri-fold” case. In addition, after applying 300 MPa and
600 MPa bolt preload, 5y and F, of “tri-fold” case did not improve
significantly. This indicates that the proposed tri-fold angle connection
may be sufficient to transfer the in-plane tension of steel decks. Note that
the F, and §, of the tri-fold configuration without preload case 20.3 and
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2.3 times the clasped connection, respectively.

In summary, compared with the commonly used shear connection
and clasped connection, the proposed folded connection and angle
connection could significantly improve the efficiency of transferring the
steel deck’s in-plane tension and enhancing the deck connection’s
deformation capacity. When using the folded connection, it is recom-
mended to use “tri-fold-2” type and apply the designed preload to the
shear connectors. While using the angle connection, it is recommended
to use “tri-fold” type configuration, and the preload applying to the bolts
is not required.

4. RO modeling of prototype building
4.1. Frame

The RO model of the prototype building is illustrated in Fig. 9. The
steel frame and floor slab were modeled by beam elements and shell
elements, respectively. The connections between girders, beams and
columns were modeled by spring elements, whereas properties of welds
[63] were not considered. The contact between slab and steel frame was
modeled by the “Automatic-General” contact. All the column bases were
fully restrained. The blue dashed curve in Fig. 4 was used to model the
material properties of floor beams and columns, while the load-
deformation curve in Fig. 10 was used to model the axial behavior of
connection springs. The connection’s vertical shear load was assumed to

be only resisted by the web bolts. According to [40], each bolt spring’s
shear capacity was calculated as 91 kN. The web bolt springs would be
deleted when the axial fracture displacement (5p) or the vertical shear
capacity was reached. The flange springs would only be removed when
the axial displacement reached §y. The axial spring parameters (Fig. 10)
were calibrated by corresponding HF models (Fig. 11), and the cali-
bration procedure was identical to that discussed in Ref. [34]. In
particular, the web spring parameters were first calibrated based on a HF
model of the bolted web connection, which was extracted from the steel
frame. The flange spring parameters were calibrated based on a HF half-
span beam model (Fig. 11). Table 2 shows the calibrated spring pa-
rameters. Beam elements were used to model the bolted shear connec-
tors, which failure was not modeled as a fully composite connection was
designed between composite slabs and floor beams. Notably, according
to the simulation results in Section 5, the maximum shear load achieved
by the shear connectors was lower than its design shear resistance, so the
simplification here was reasonable. It is worth noting that the corre-
sponding HF modeling approach for the composite floor structures was
validated in a previous study [56], which is reproduced in Appendix A,
which may confirm the rationale of the calibrated RO models.

4.2. Composite slab

4.2.1. HF model
As shown in Fig. 12, an HF rebar-truss composite slab model was
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Table 1
Simulation results of deck connections.
Connection type Preload Ry Su F, Fy /Ry
(MPa) (kN) (mm) (kN)
Shear connection - 136.8 1.3 18.5 13.5%
Clasped connection - 15.6 7.1 5.2%
Folded half- 0 1.8 99.5 72.7%
connection fold Toititizone
Tri- 0 1.8 1021 74.6%
fold-1 Web spring
Tri- 0 20.8 145.4 106.3% K }
fold-2 zZy Flange spring
Tri- 300 29.6 159.9  116.9%
fold-2 X Shear connector .
Tri- 600 36.0 1639  119.8% Girder—7
fold-2 Fig. 9. RO model overview.
Angle half- 0 24.8 137.8 100.7%
connection fold
Tri-fold 0 36.0 151.0  110.4% adopted in this section. In the HF slab model, the concrete slabs, bars and
Tri-fold 300 36.8 1520 111.1% steel decks were modeled by solid, beam and shell elements, respec-
i- O . . .
Er;ﬁf:ld 200 2:'2 i:g'i 182';02 tively. The bars were assumed to be perfectly integrated with the con-
fold-1 ’ ' ’ crete and the relative sliding between them was ignored. The friction
Gate- 0 36.5 1473 107.7% coefficient between steel decks and concrete slabs was taken as 0.5 [56].
fold-2 The MAT100 material was used to model the spot weld between the steel

established based on a square slab (2.4 x 2.4 m) extracted from the
prototype building. The HF model was taken as a benchmark for the
later calibration of the corresponding RO slab model. Note that if it is
assumed that the horizontal constraint from the neighboring structures
was fully restrained under the progressive collapse scenario, the slab
would be loaded in a tensile-bending stress state. Accordingly, this stress
state was taken as the benchmark loading state to calibrate and validate
RO slab models. By applying vertical loads to the slab’s mid-span section
and restraining its two parallel horizontal boundaries, the tensile-
bending loading state could be simulated. For the HF slab model in
Fig. 12, the loading states of bending about either the y-axis or the x-axis
were taken into account.

The HF modeling method used and validated in Ref. [56] was

deck and rebar-truss, which shear capacity was taken as 3 kN. The
clasped connection between adjacent decks was modeled by a separated
row of shell elements (Fig. 12). The MAT152 material was used to model
the clasped connection’s resistance along the y-axis direction, which
equivalent stress-strain curve was shown in Fig. 12 and was derived
from the corresponding simulation result (Fig. 5). The load-carrying
capacity of the “clasped connection” shell element along the x-axis
was ignored. The deformation of the nodes at the longitudinal bound-
aries parallel to the x-axis or y-axis was fully restrained, while the ver-
tical loads were applied to the slab’s mid-section (Fig. 12). As shown in
Fig. 4, the concrete behavior was calibrated by the tests conducted by
Sinha et al. [64] and Gopalaratnam and Shah [65]. The curves of the
applied load versus the vertical displacement of the mid-section for the
HF slab model in the case of bending about the x-axis or y-axis are shown
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in Fig. 12.

4.2.2. Calibration of the RO model

In the RO model of the prototype building (Fig. 9), slabs were
modeled by square shell elements with a side length of 300 mm. The
“MAT _Concrete_EC2” material was used to model the material proper-
ties of steel deck, rebar, and concrete. The nonlinear behavior of con-
crete, rebars, or a combination of them could be simulated with this
material by altering the reinforcement ratio. Meanwhile, these material
properties were applied to the corresponding integration points in the
shell elements.

The RO model of the rebar-truss composite slab had 12 integration
points, including six concrete points, four rebar points, and two steel
deck points (Fig. 13). The ratio between the rebar’s cross-sectional area
and its spacing was used to define the thickness of the corresponding
rebar layer. The web bars of the rebar-trusses were neglected in the RO
model. For the steel deck, it was assumed that its cracking in one di-
rection would not affect its tensile strength in the orthogonal direction.

Inflection point

High-fidelity model

\
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Therefore, to avoid the interaction of the fracture behavior in the lon-
gitudinal and transverse directions, the steel deck behavior in these two
directions was modeled by independent integration points. The steel
deck’s original thickness, 1.2 mm, was taken as the steel deck layer’s
thickness. The joint zone was modeled by four plain concrete layers
(Figs. 9 and 13), which aimed to simulate the support from the column
to the floor slabs under the sagging moment.

A square shell element with a side length of 300 mm was adopted as
the benchmark model to calibrate the material properties of the con-
crete, rebar, and steel deck in the RO model (Fig. 13). The dimension of
this benchmark model was identical to that used in the prototype
building’s RO model (Fig. 9) to maintain consistency. The stress-strain
curves in Fig. 4 were initially adopted to define the material behavior
of the steel deck and CRB550 rebar. Fig. 14 shows the corresponding
simulation results, which were labeled as “scale 1”. The numerical
simulation results show that the simulated fracture displacement of the
steel deck was larger than the test result. This is because the shell
element size in the RO model was overly large to accurately capture the
steel deck’s local necking behavior, which was observed in the corre-
sponding material coupon test. To tackle this issue, the steel deck’s
plastic strain value was reduced by multiplying a scaling factor. The
scaling factor was calculated by dividing the fracture displacement of
“scale 1” by the tested fracture displacement, which was equal to 0.85.
After applying this scaling factor, the steel deck’s simulation result could
be consistent with the test result. The concrete behavior was simulated
by the Mander model, and the confined ratio was 1.05 [66]. Thus, the
concrete softening behavior under tension and compression was cali-
brated by the tests conducted by Gopalaratnam [65] and Sinha [64],
respectively, and the results are shown in Fig. 14.

In accordance with the HF slab model in section 4.2.1, a RO slab
model was also built for the square slab model (2.4 x 2.4 m) using 300
x 300 mm shell elements (Fig. 12). The bending performances of the RO

Displacement (mm)

Table 2
Calibrated connection spring parameters.
&, (mm) t, (kN) &y (mm) t, (kN) 8o (mm)
Flange spring 0.02 571 2 760 2.5
Bolt spring 1 125 13.5 160 16
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Fig. 11. Calibration of the spring parameters.
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Fig. 13. RO modeling of floor slabs.

composite slabs about y-axis and x-axis were simulated using the cali-
brated material properties in Fig. 14. Fig. 12 compares the simulation
results by the HF model and the RO slab model, and the adequacy the RO
techniques for capturing the behavior of the composite slab is seen.

4.3. Deck connection

The RO modeling methods for the deck connections are described in
this section. As shown in Fig. 9, except for the joint zone, the floor slab in
the RO model of the prototype building was classified into two regions:
slab zone and boundary zone. In the x direction, the calibrated steel
deck’s stress-strain relationship in Fig. 14 was applied to the corre-
sponding steel deck integration point in the slab zone. In contrast, the
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steel deck integration point for the x direction in the boundary zone
should be adjusted according to the structural behavior of the deck-to-
beam connections, such as the shear connection and folded connec-
tion. All the steel deck integration point for the y direction in these two
regions were adjusted according to the structural performance of the
deck-to-deck connections, such as the clasped connection and angle
connection. As shown in Fig. 12, the RO models of the deck connections
were also calibrated based on the above-mentioned square shell element
benchmark model, which size was 300 x 300 mm. Apart from the shear
connection and clasped connection (Fig. 5), the “tri-fold-2” configura-
tion with 600 MPa preload folded and the angle connection with “tri-
fold” details without preload (Fig. 6) were also taken into account in this
section.

An equivalent stress-strain curve was used in the RO shear connec-
tion model (Fig. 15). The stress in this equivalent curve was calculated
by dividing the simulated structural resistance of the HF shear connec-
tion model by the steel deck’s cross-sectional area (300 x 1.2 = 360
mm?), while the equivalent strain was equal to the ratio between the
simulated lateral deformation of the shear connection and the length of
the RO model (300 mm). To facilitate the calibration, the equivalent
curve for the shear connection was simplified to a perfectly plastic curve
(Fig. 15) and the plastic value was determined by averaging the local
maximum and local minimum values within the oscillation region.
Similar to the RO calibration for the steel deck (Section 4.2), the simu-
lated fracture displacement of the RO shear connection model using the
unscaled equivalent stress-strain relationship “scale 1” was larger than
the corresponding simulation result of the HF shear connection model.
After applying a scaling factor of 0.93 to the equivalent strain, the
numerically calculated curve of the RO shear connection model could
match that of the HF model. A similar calibration method was also used
for the RO models of the clasped connection, folded connection, and
angle connection. As shown in Fig. 15, similar with the clasped
connection, both the equivalent strain for the folded connection and
angle connection should also be scaled by 0.93.
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4.4. Loading method

Considering the symmetrical structural layout, there were nine
single-column removal scenarios on the ground floor (Fig. 16a), which
were represented by A5, A4, A3, B5, B4, B3, C5, C4, and C3, respec-
tively. For each column removal scenario, the prototype building was
loaded using a two-phase pseudo-static approach, which was proposed
by Bao et al. [67]. In the 1st phase, a service level gravity load, R4, was
applied uniformly to all floor slabs. The R4 for the prototype building
was 7 kN/m?, which was derived from the load combination for
extraordinary events in ASCE/SEI 7-16 [68], 1.2DL + 0.5LL. Then, in
the 2nd phase, an extra monotonically increasing load was applied
uniformly to the removed column’s “directly affected bays” until the
building collapsed. Besides, a rigid wall was built at the column base
level to model the ground, and all the falling structural components
would fall on this rigid wall (Fig. 16b).

For the “directly affected bays” under each column failure scenario,
the floor load intensity, w, could be derived from the reaction forces at
the directly affected columns’ bases. It is worth noting that the reaction
forces at these column bases included the floor loadings of the “directly
affected bays” and the “additional tributary area”. As shown in Fig. 16,
the “additional tributary area” was the floor area within the half-span
girder length area beyond the “directly affected bays”. Given this, Eqgs.
(1) and (2) was used to calculated w.

AF,
nA,’

1" phase

, @
(I =DFc
A 2" phase

P @

In the above equations, F, was the vertical component of the total
reaction force at the directly affected columns’ bases; n was equal to the
5, representing the total number of floors; A, and A represented the area
of the directly affected bays and additional tributary area of each floor,
respectively; F’. was equal to the F. at the dividing point between 1st
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phase and 2nd phase. In Fig. 16, Iy and [ were represented the span
length of beam and girder, respectively. For each column failure sce-
nario, the corresponding A,, A, and A are listed in Table 3.

5. Analysis and discussion
5.1. Load-displacement curves

Using the RO modeling approach, the static curves between the load
intensity and the vertical displacement at the removed column were
obtained (Fig. 17). The static ultimate resistance, Fg,, and corresponding
vertical displacement at the removed column, &g, are summarized in
Table 4, and the corresponding peak load points (6sy, Fsy) are also
marked in Fig. 17. In this section, the prototype building with the shear
connection and the clasped connection was represented by the “Com-
mon practice”, while that with the “tri-fold-2” configuration and 600
MPa preload and the “tri-fold” angle connection without preload was
named as “Enhanced”.

According to Table 4, compared with the “Common practice” case,
the Fs, of the “Enhanced” case under each column removal scenario was
improved. For the interior column removal scenarios (B4, B3, C4, C3),
the improvement percentage of Fy, ranged from 19% ~ 30%, while for
the exterior column removal scenarios (A5, A4, A3, B5, C5), the corre-
sponding percentage range was between 6% ~ 14%. This is because the
improved in-plane tensile membrane action by the enhanced deck
connections was more effective for the interior column removal sce-
narios, as the two-way load-carrying capacity could be fully developed
by the slab reinforcements and steel decks. For the exterior column
removal scenarios of the “Enhanced” case, even though the Fy, was not
significantly improved compared with the interior column removal
scenarios, the structural resistance after the peak load points was also
significantly enhanced owing to the improved in-plane tensile mem-
brane action (Fig. 17). Overall, compared with the “Common practice”
case, the minimum Fg, of the “Enhanced” case was been improved by
17.18%. For the “Common practice” case, the minimum Fg, was ach-
ieved by the B4 scenario; however, as the interior column removal
scenarios’ structural resistance was significantly enhanced, the
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Fig. 15. RO calibration for the deck connections.

minimum F, of the “Enhanced” case was found in the A4 scenario.

As shown in Fig. 17, in the “Enhanced” case, the most profound
improvement of the Fg, was found in the C4 scenario, in which the
improvement percentage was 30%. Although the C3 scenario had the
highest Fg,, its improvement ratio of 26% was lower than that of the C4
scenario. Moreover, as shown in Fig. 17, when the Fy, (44.05 kN/m?)
was achieved, the resistance of the C3 scenario was suddenly dropped to
about 30 kN/m?, while the resistance of the C4 scenario could maintain
the load-carrying capacity at a level similar to the Fy, (42.09 kN/m?)
until the collapse was triggered. This difference could be explained by
the failure modes shown in Fig. 18.

For the C4 scenario, the structural collapse in the “Enhanced” case
was spread to the entire building, while the structural collapse in the
“Common practice” case was only developed within the directly affected
bays. This is because the enhanced deck connections significantly
enhanced the continuity between neighboring slabs, and the falling slabs
in the directly affected bays would pull the neighboring slab down
progressively, resulting in the entire building collapse. In this situation,
as shown in Fig. 18, the horizontal boundary constraint was relatively
weaker than the floor’s in-plane tension, and the neighboring bays in the
x direction were pulled horizontally towards the directly affected bays.
While for the “Common practice” case, the horizontal boundary
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constraint was relatively stronger than the floor’s in-plane tension,
which caused the structural collapse to be limited within the directly
affected bays. As noted by Wang et al. [22], a strong horizontal
constraint would result in the connections and slabs fractured earlier
than that with a relatively weaker horizontal constraint, which would
also limit the development of the load-carrying capacity in the large
deformation state (>0.1[g). As listed in Table 4, the s, of the C4 scenario
in “Enhanced” was 2177 mm, which was about five times that of the
“Common practice”.

For the C3 scenario, attributed to the surrounding frames, the hori-
zontal boundary constraint was much stronger than that of the C4 sce-
nario and was also stronger than the floor’s in-plane tension in both
“Common practice” and “Enhanced” cases. Consequently, for the C3
scenario in the “Enhanced” case, the structural collapse was not spread
to the entire building, and the 5y, were also much smaller than that of the
C4 scenario. Moreover, in the “Enhanced” case, the load-carrying ca-
pacity of the C3 scenario in the large deformation stage was also smaller
than that of the C4 scenario.

5.2. Dynamic effect

The analysis in Section 5.1 was performed in a static approach and
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Table 3
A,, A, and ) of each column failure scenario.
Column loss location A5 A4 A3 B5 B4 B3 C5 Cc4 Cc3
A, Igls 215l 21l 215l 41l 41l 215l 41l 41l
A 5lglp/4 Tlgls/4 5lglp/2 Tlgls/4 9gls/4 Tlgls/2 5lglp/2 Tlgls/2 Slgls
A 4/9 8/15 4/9 8/15 16/25 8/15 4/9 8/15 4/9
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Fig. 17. Static load intensity - displacement curves of prototype building.

would not truly represent the structural behavior of the prototype
building in the dynamic collapse situation. Given this, an energy-based
method was used to transform the nonlinear static response into the
equivalent dynamic response (Fig. 19a), which was proposed by
Izzuddin et al. [69]. After reaching Fy,, the structure would become
unstable and might suddenly collapse [67]. Hence, the static curve after
Fs, was neglected when calculating the equivalent dynamic response
curve. The peak of the equivalent dynamic response curve could be
considered as the dynamic ultimate capacity (Fgy) of the structure
against progressive collapse under this scenario. The minimum Fgy,, in all
column removal scenarios could be considered as the ultimate capacity
of the objective structure. The demand for the progressive collapse
resistance of this structure could be represented by Rq. The structural
robustness index, £, could be expressed as the ratio of “minimum Fg,” to
“Rq”. If Q was >1, the structure would be strong enough to prevent
progressive collapse. If not, the structure should be redesigned until its 2
was >1. The corresponding Fy,, of the static analysis results were shown
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in Fig. 19b and Table 4.

According to Table 4, for the “Common practice” case, the Fg, of
exterior column removal scenarios (26.81-30.01 kN/m?) were all higher
than that of the interior column removal scenarios (21.59-24.55 kN/
m?). This is because, in the interior column removal scenario, the trib-
utary floor area of the girders and beams connected to the removed
column was smaller than that of the exterior column removal scenario,
and this phenomenon was also noted in Ref [23]. Hence, under the
sudden column removal situation, the interior column removal sce-
narios were more vulnerable than the exterior column failure scenarios.
However, after equipping with the enhanced deck connection, attrib-
uted to the enhanced two-way load-carrying capacity of the floor slab,
the Fg, of the interior column failure scenarios was significantly
improved with a percentage range of 22% ~ 64%, which was much
higher than that of the exterior column removal scenarios (6% ~ 10%).
As a result, although the Fg, of the exterior column failure scenarios was
not improved significantly, the 2 of the “Enhanced” case (390%) was
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Table 4

Fy, and Fg, of prototype building.
Column loss location Common practice Retrofitted

ésu Fsu qu 6su Fsu qu

A5 1450 36.01 30.01 1671 38.20 31.12
A4 1357 31.55 26.81 1623 33.38 28.96
A3 1375 33.28 27.39 1035 35.46 28.22
B5 1338 32.41 27.15 3362 35.36 29.74
B4 526 28.49 22.32 989 33.97 27.32
B3 413 29.58 21.59 794 36.08 27.62
C5 831 32.16 26.92 1065 36.66 29.21
C4 422 32.40 22.40 2177 42.09 36.66
C3 478 35.07 24.55 843 44.05 32.13
Min 28.49 21.59 33.38 27.32
Max 36.01 30.01 44.05 36.66
Min Fg, /R4 (2) 308% 390%

* Notes: the unit of Fy, and Fq, in this table is kN/m?, and the unit of &, in this
table is mm.

already 27% higher than that of the “Common practice” case (308%). In
conclusion, for the prototype building with the commonly used deck
connections, the proposed enhanced deck connections could effectively
improve its structural robustness.

As shown in Fig. 19b and Table 4, after using the enhanced deck
connections, the C4 scenario had the highest improvement percentage of
Fqu, 64%, while that of the other interior column failure scenarios fell in
the range of 22% ~ 31%. The significant improvement of Fy, under the
C4 scenario was attributed to the horizontal deformation of the neigh-
boring bays towards the directly affected bays (Fig. 18), postponing the
failure of the connections and slabs. However, this exaggerated
enhancement of the Fg, would be detrimental, as it would trigger the
structural collapse to spread to the entire building. When applying the
enhanced deck connections to large size buildings with a lot of bays, it is
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recommended to horizontally divide the entire buildings into several
zones, and the bays located in these zones’ boundaries would use rela-
tively weaker deck connections. For these boundary bays, their floor’s
in-plane tensile capacity must be designed to be insufficient to spread
the structural collapse to their surrounding bays, and they also need to
be robust enough to resist the incidental loads caused by the column
failure within these bays. By using this method, the local structural
collapse would not likely be spread to the entire building.

5.3. Limitations

Although the numerical models presented in this study were very
detailed, it should be noted that there were several limitations when
compared to the actual building configurations. In addition, the
enhanced deck connections might have an impact on the construction
speed and cost.

1. Even if the angles used in the angle connection were designed to
improve the tensile capacity of the steel decks in the y direction, they
would also contribute to the floor slab’s bending resistance about the
y-axis and tensile strength in the x direction to some extent. Hence,
the reduced-order analysis results in Section 5 might undervalue the
actual progressive collapse resistance of the “Enhanced” prototype
building.

2. In this study, the RO models were calibrated by the corresponding HF
models. The efficiency of the HF modeling approach for the com-
posite floor system was validated in a previous study [56] (Appendix
A). As pointed out in [56], the fracture behavior of steel structures
under the progressive collapse scenarios could be accurately simu-
lated by the steel fracture models that were carefully calibrated by
the detailed coupon test results. As for the steel deck connections
proposed in this study, although the steel deck fracture model used in

Common practice

Enhanced

Fig. 18. Failure modes of the C4 and C3 scenarios.
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the corresponding HF deck connection models was precisely cali-
brated, the simulation results of the HF models were not directly
validated by the experimental test results, which would limit the
efficiency of these HF models. In addition, there is test evidence that
the friction coefficients of steel may vary [22,59,60,70,71,72], and
hence these HF deck connection models would need to be recali-
brated and adjusted when corresponding experimental test results
are available in future. The localized failure such as buckle of steel
tubes or plates [73] was also excluded from the RO model. The re-
sults were obtained based on a typical codified steel frame, and
hence the research findings may not apply to novel systems such as
high strength steel frame structures [74-77] as the behavior of high
strength steel [78-84] is different from normal steels.

3. The enhanced deck connections designed in this paper were based on
the bolted shear connector, which was mainly used to improve the
sustainability and deconstructablity of the structures. Even if this is a
trend to improve the recyclability of the buildings, the welded shear
studs are still widely used in the current construction of steel frame
buildings with composite slabs to expedite the construction speed.
However, when it is necessary to improve the progressive collapse
resistance of a steel frame building by enhancing the deck-to-beam
connection’s strength, the engineer can refer to the design ideas in
this paper and design similar enhanced deck connections for that
using welded shear studs.

4. Although these enhanced deck connections can effectively improve
structural robustness, they could also lead to more material con-
sumption and increase construction complexity, thus increasing
construction costs and slowing down construction speed. Generally,
the typical width of the rebar-truss steel deck was equal to or slightly
<600 mm [44]. When using the enhanced deck connections, this
narrow deck width would lead to a large amount of angle usage.
Therefore, the authors suggest that when using the angle connections
proposed in this paper, it is recommended to use the steel decks with
larger widths as far as possible to increase the spacing of the angle
connection, and thus reduce the amount of angle used. As shown in
Fig. 2, the deck width in the composite floor with enhanced con-
nections was chosen to be 1 m. In addition, compared with the
enhanced deck connections, it might be a more economical and
simpler way to improve the structural robustness of steel frame
buildings by designing more rebars or using rebars with higher
strength and ductility. However, these enhanced deck connections
also provide another way to improve the structural robustness of
steel frame buildings.

5. As noted in section 5.2, the Q of the “common practice” case was
3.08, which was already robust enough to resist progressive collapse
caused by the failure of a single ground floor column. This is because,
according to the Chinese code, the composite action between the
composite slabs and steel beams was not considered in the seismic
elastic-plastic analysis, i.e., the potential contribution of the com-
posite slab in resisting the seismic-induced bending moment was
ignored. Therefore, this simplifying assumption in the current spec-
ification led to this relatively conservative design. This echoes the
findings in [34], where the composite slab more than doubled the
structural robustness of a steel frame building. It also echoes the
existing test results of the composite floor system, when the beam-to-
column connections were rigid joint, the progressive collapse resis-
tance under the single column failure scenarios was very likely to far
exceed the design requirements [11,13,14,18]; while when the
hinged beam-to-column connections were used, the corresponding
progressive collapse resistance of the composite floor might be
insufficient [10]. Given this, applying these enhanced deck connec-
tions to the steel frames with hinged beam-to-column connections
might have a more significant effect on improving the structural
robustness.
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6. Conclusions

To improve the performance of the profiled steel decks under pro-
gressive collapse scenario, this study proposed two novel types of
enhanced deck connections for improving the load-carrying capacity of
the deck-to-beam connection and deck-to-deck connection. First, the
structural performance of the designed deck connections in transferring
steel decks’ in-plane tensile load was numerically investigated and
compared based on HF deck connection models. Then, using carefully
calibrated RO models, the effect of the enhanced deck connections on
improving the progressive collapse resistance of steel frame structures
was investigated based on a five-story prototype building. Based on the
analysis results in this study, the following conclusions were reached:

1. The HF analysis results of the deck connections showed that the ul-
timate resistance of the shear connection and clasped connection
designed for the prototype building only reached 13.5% and 5.2% of
the steel deck’s sectional tensile capacity, respectively, which would
limit the development of the tensile membrane action of the profiled
steel decks under the progressive collapse scenario.

2. The folded connection was designed to replace the shear connection
to improve the deck-to-beam connection’s strength. The “tri-fold-2”
configuration was recommended for the folded connection, which
was realized by folding the steel deck twice and restraining the free
deck edges by the bolts. Its load-carrying capacity increased with
preload applied to the bolted shear connector. After applying with
600 MPa preload, based on the HF analysis results, the ultimate
resistance and corresponding deformation capacity of the “tri-fold-2”
folded connection were 8.9 and 20.2 times the shear connection,
respectively.

3. The tri-fold configuration was recommended for the angle connec-
tion, and its load-carrying capacity was not significantly affected by
the bolt preload. Based on the HF analysis results, the ultimate
resistance and corresponding deformation capacity of the tri-fold
angle connection without preload were 20.3 and 2.3 times the clas-
ped connection, respectively.

4. According to the RO analysis results, the structural robustness of the
prototype building with enhanced deck connections (“tri-fold-2”
folded connection and “tri-fold” angle connection) was 27% higher
than that with the commonly used deck connections.

5. After replacing the commonly used deck connections with the
enhanced deck connections, the dynamic ultimate resistance of the
interior column removal scenarios and exterior column removal
scenarios was improved with a percentage range of 22% ~ 64% and
6% ~ 10%, respectively. Attributed to the enhanced two-way load-
carrying capacity of the floor slab, the dynamic ultimate resistance of
the interior column removal scenarios was improved more signifi-
cantly than that of the exterior column removal scenarios.

CRediT authorship contribution statement

Junjie Wang: Conceptualization, Methodology, Investigation,
Writing — original draft. Ke Ke: Software, Writing — review & editing,
Supervision, Resources, Funding acquisition. Michael C.H. Yam: Su-
pervision, Resources, Funding acquisition, Writing — review & editing.
Minghong Teng: Writing — review & editing. Wei Wang: Resources,
Supervision, Writing — review & editing.

Declaration of Competing Interest

There is no financial/personal interest or belief that could affect our
objectivity. There are no potential conflicts of interest either.

Data availability

Data will be made available on request.



J. Wang et al.

Acknowledgments

The research work in this paper was sponsored by the Natural Sci-
ence Foundation of China (No 52178111 and 51820105013) and

Appendix A. Appendix

Journal of Constructional Steel Research 204 (2023) 107842

Chinese National Engineering Research Centre for Steel Construction,
The Hong Kong Polytechnic University (Project No. BBVW). The funding
support provided by the Fundamental Research Funds for the Central
Universities 2022CDJQY-009 is also acknowledged.

The feasibility of the HF modeling approach to simulate the progressive collapse behavior of steel frame buildings with composite slabs can be

verified using a full-scale test on a composite floor structures, which corresponding HF model is illustrated in Fig. Ala. Fig. A1b shows the comparison
of the vertical resistance versus vertical displacement at the removed column curves between the experimental result and simulated result. The reader
interested in more details about the experimental program and modeling techniques may refer to [56].
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Fig. Al. Validation of HF composite floor model [56].
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