Advanced Steel Construction — Vol. 17 No. 1 (2021) 84-94
DOI:10.18057/1JASC.2021.17.1.10

ENHANCING COLLAPSE-RESISTANCE OF STEEL FRAME JOINTS BASED ON

FOLDED AXILLARY PLATES

Bao Meng 2, Liang-De Li !, Wei-Hui Zhong **, Ji-Ping Hao ! and Zheng Tan ?

School of Civil Engineering, Xi’an University of Architecture & Technology, Xi’an 710055, China

2Key Lab of Structural Engineering and Earthquake Resistance, Ministry of Education (XAUAT), Xi’an 710055, China

* (Corresponding author: E-mail: zhongweihui1980@163.com)

84

ABSTRACT

ARTICLE HISTORY

To address the limited anti-collapse ability of traditional rigid connections under progressive collapse, this study improves
upon the traditional fully welded connection based on folded axillary plates. These folded axillary plates were arranged on
the outer side of the beam-end flanges. The movement mechanisms of the tension and compression folded axillary plates
under progressive collapse were revealed based on theoretical analysis. Using the validated numerical model, the
performance against progressive collapse and key parameters of the improved connection were discussed in detail. No
significant effects were observed on the stress of the structure, given the small deformation, and the ultimate deformation
and resistance of the steel structure could be significantly improved in later stages. Subsequently, the catenary mechanism
in the beam was fully developed, and the beam member was fully utilized. The failure sequence of the substructure with
folded axillary plates first involved the folded axillary plate on the tension side gradually straightening, followed by the two
plastic regions forming at the beam flange. Afterward, either the tension beam flange at the beam root and the folded axillary
plate broke successively or the tension beam flange broke at the point where the plastic hinge moved outward. Additionally,
the anti-progressive collapse design process for the folded axillary plate and the design parameters were suggested following
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1. Introduction

Progressive collapse of structures caused by accidents can often lead to a
painful teaching for structural engineers and is thus widely studied. How to
effectively improve the collapse resistance and ensure the overall stability of the
structure under accidental load has become a research focus in the field of
structural engineering. According to their different understanding of the
progressive collapse of structures, Britain [1], Europe [2], the United States
[3,4], Japan [5], and other countries, proposed their own unique design codes
and standards for the anti-progressive collapse of structures. The structural
design methods for preventing progressive collapse mainly include the
conceptual design, tie force, local resistance, and alternative load path methods.
Among them, the conceptual design method has been sufficiently studied in the
national standards and design guidelines, mainly through a reasonable layout of
the structure, strengthening the connection, and using ductile materials to
enhance the anti-collapse ability of the structure.

At present, considerable progress has been made in research concerning the
enhancement of the anti-collapse ability of frame structures based on the
conceptual design method. There are generally three methods whereby this
enhancement can be achieved. The first method is to enhance the ultimate
resistance of the structure, without significantly changing the ultimate
deformation of the structure. Yu and Tan [6] used special detailed techniques at
little or no additional cost to improve the structural resistance to resist
progressive collapse. Wang and Qin [7] made improvements to the diaphragm
connection, which could enhance the structural resistance. Meng et al. [8]
proposed adding triangular plates at the beam-column connections to increase
the combined action between the upper and lower stories, thereby improving
the structural resistance. The second method is to improve the ultimate
deformation of the structure, without significantly changing the ultimate bearing
capacity. Vasdravellis et al. [9] proposed a seismically designed steel self-
centering moment frame against progressive collapse, which could exhibit
greater ductility upon incorporation and usage of energy dissipation devices.
Wei et al. [10] developed a modified steel frame structure with a corrugated
steel plate to increase its ductility. Qiang et al. [11] improved the ductility of
reinforced concrete (RC) frame structures by adding kinked rebar
configurations. The third method is to simultaneously enhance the ultimate

deformation and bearing capacity of the structure. Qiu et al. [12] proposed a
retrofit way to enhance the anti-collapse ability of RC frame by installing steel
cables between columns. Gao et al. [13] proposed a type of reinforced
composite semi-rigid joint that could increase the ultimate deformation and
bearing capacity of the structure. Lu et al. [14] proposed a seismic and anti-
progressive collapse, composite frame structural system, which had a larger
collapse resistance compared to traditional composite frames. Meng et al. [15]
proposed a novel RBS connection with “V” shape structural plates, which
exhibited good anti-collapse capacity. When the cost of the structure is not
significantly increased, simultaneously increasing the ultimate deformation and
bearing capacity of the structure against progressive collapse is more
economical and efficient to ensure a more robust structure.

According to an experimental study by Lew et al. [16], Li [17], and Meng
et al. [18], it has been shown that the collapse resistance of full welded
connections and welded unreinforced flange-bolted web connections is poor
under the condition of progressive collapse. The brittle fracture of the joint is
caused by the crack of the weld and beam-end flange, as shown in Fig. 1. The
premature fracture of the beam-end flange restrains the development of the
beam axial force and the catenary mechanism of the structure cannot be fully
exerted, resulting in the beam not being fully utilized under large deformations.
Therefore, to meet the large deformation demand of steel frame structures with
traditional rigid connection, it is necessary to improve the traditional rigid joint
under the accidental load.

Regarding the limited anti-collapse ability of traditional rigid connections
under the condition of progressive collapse, this study improves traditional full-
welded connections by adding folded axillary plates at the beam end. The stress
of the structure was not significantly affected for small deformations and the
ultimate deformation and corresponding bearing capacity of the frame structure
could be considerably improved during later stages. Finally, the catenary
mechanism in the beam was fully developed and the beam member was fully
utilized. Based on a theoretical analysis, the movement mechanisms of the
folded axillary plate were revealed. The anti-collapse performance of the
improved connection was analyzed following the verification of the nonlinear
numerical model. Additionally, the anti-progressive collapse design process for
the folded axillary plate and the design parameters were suggested following
theoretical and numerical analyses.
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(a)Lew et al.’s test [16]

85

(b) Li ’s test [17] (c) Meng et al.’s test [18]

Fig. 1 Damage mode of traditional rigid joint

2. Methodology
2.1. Improved rigid connection model

According to the alternate load path method ( ALPM), the double-span
beam-column substructure is often adopted to analyze the ability of the
substructure against progressive collapse, after the failure of a column because
of the relatively simple and clear stress [19-23], as shown in Fig. 2(a). Generally,
the resistance development curve of a substructure includes the flexure stage,
flexure-catenary mixed stage, and catenary stage. The deformation of the joint
will move from elastic to plastic deformation, even for large deformations. The
joint mainly bears the combined action of the axial force and bending moment,
which develop disproportionately until the joint fails. Under an internal column-
removal scenario, the traditional rigid connection (such as full-welded
connections, welded unreinforced flange-bolted web connections, etc.) loses its
deformation and bearing capacity early because of the stress concentration at
the beam root or the weld (as shown in Fig. 2 (b)), which leads to local failure
of the structure. In seismic design, to prevent brittle damage of the full welded
connection, the plastic hinge at the beam root is moved outward via the addition
of an axillary plate at the beam-column connection, which can increase the
ductility of the joint to a certain extent. However, under an internal column-
removal scenario, the rigid connection with axillary plates, subjected to the
combined action of the axial force and bending moment, will cause premature
cracking at the location where the plastic hinge moves out (as shown in Fig. 2
(c)). The catenary mechanism of the structure is not well developed, which
limits the rotational capability of the joint. Hence, it is necessary to improve the
anti-collapse ability of this kind of full-welded connection and a full-welded
connection with axillary plates.
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Fig. 2 Failure modes of traditional joints

In this study, folded axillary plates are added the outer side of the
beam-end flanges in an attempt to overcome the above shortcomings of
traditional rigid connections, as shown in Fig. 3. The long and short legs of the
folded axillary plate are connected to the beam and column flange, respectively,
via slot welding to ensure a reliable connection. The aim of increasing the folded
axillary plates is to enhance the ultimate deformation and bearing capacity of
the structure against progressive collapse; thus avoiding premature brittle
cracking at the beam end.
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Fig. 3 Improved full-welded connection

2.2. Working principle of substructure with folded axillary plates

2.2.1. Collapse-resistance target of substructure with folded axillary plates

Generally, the resistance process of the beam-column substructure with
full-welded connections, following the failure of the internal column, primarily
involved the elastic stage (OA) and the flexure-catenary mixed stage (AB), as
shown in the "TWC" curve in Fig. 4. At point B, the bearing capacity of the
substructure was lost owing to the premature crack of the beam end weld or
beam flange. In this study, folded axillary plates are added the outer side of the
beam-end flanges in an attempt to make the deformation and resistance of the
structure continue to develop on the basis of the original curve, ultimately
resulting in the formation of the collapse resistance improved stage (BC), as
shown in the "IWC" curve in Fig. 4. When the tension beam-end flange breaks,
the substructure will not lose its bearing capacity immediately. At this time, the
internal forces in the beam flange are transmitted by the folded axillary plates
and the resistance of the substructure continues to grow until the folded axillary
plate cracks. It should be noted that the formation of the "IWC" curve is closely
related to the geometric parameters and mechanical properties of the folded
axillary plate, which are analyzed and discussed in detail in Sections 4 and 5 of
this paper.
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2.2.2. Expected failure mode of substructure with folded axillary plates

To achieve the collapse resistance improved target of the "IWC" curve in
Fig. 4, the failure sequence of the substructure with folded axillary plates is
expected to occur as follows. In the initial stage, the axial force of the joint is
small and the folded axillary plate does not participate in the stress of the
substructure. At the end of this stage (point A in Fig. 4), a plastic region appears
in the flange at the beam root and the deformation of the joint is shown in Fig.
5 (a). Then, the substructure enters the flexure-catenary mixed stage and the
axial force of the joint increases rapidly. At this time, the tension and
compression folded axillary plates start to work, forming a certain bending
moment to resist the external load. At the end of this stage (point B in Fig. 4),
the folded axillary plate at the tension side is straightened and two plastic
regions are developed at the beam-end flanges, as shown in Fig. 5 (b). With the
increase in joint deformation, the substructure enters the collapse resistance
improved stage. Two failure modes may occur owing to the different degrees of
plastic development of the beam root and the location where the plastic hinge
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moves out, as shown in Fig. 5 (c). For failure mode I, the tension beam flange
at the beam root cracks and then extends to the beam web. The folded axillary
plate in tension gradually appears in the plastic zone and then begins to shrink
or even break. For failure mode Il, the tension beam flange breaks at the place
where the plastic hinge moves out and then extends to the beam web. The folded
axillary plate in compression is squeezed and its long leg gradually moves closer
to the beam flange, as shown in Fig. 5 (c).
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Fig. 5 Expected failure mode of substructure with folded axillary plates

2.2.3. Working mechanism of folded axillary plate

The deformation of the folded axillary plate in the initial state is shown in
Fig. 6 (a), and its shape is determined by parameters a, b, |, and I,. For the full-
welded connection with axillary plates, to reduce the clearance requirements at
the connection, FEMA-267 recommended parameter a as 1/3 h and parameter
b as 0.5-0.6 h (h is the beam height) [24]. In this study, the parameter a is as-
sumed to be 1/3 h for the connection with the folded axillary plate. Parameter b
will affect the position of the plastic hinge moving out, and the elongation de-
formation of the folded axillary plate, as discussed in Section 5.4. If parameters
a and b are selected and the lengths of I, and I, are determined, the shape of the
folded axillary plate can be determined.

In the case of the beam-column substructure without the folded axillary
plates, when the tension beam flange was broken, the beam-end rotation was
defined as gy in this study, which can be calculated according to Eq. (1). This
could be determined according to existing tests and finite element analysis
(FEA). In reference [17], it was suggested that when the tension beam flange of
the substructure with full welded connections and welded unreinforced flange-
bolted web connections broke, the beam-end rotation ¢, could be assumed to be
0.08-1.10 rad. For the substructure with the folded axillary plates, the beam-
end rotation is ¢, as shown in Fig. 6 (b). To avoid the loss of resistance of the
substructure with the folded axillary plates, owing to the crack of the tension
beam-end flange, ¢ = ¢, is assumed, the folded axillary plate is straightened and
it starts to work in the stress of the developed substructure. The value of ¢ is
critical for determining the lengths of the short and long legs of the folded axil-
lary plate. Therefore, the value of ¢, should be determined before I, and I, are
selected.

@, =arctan % ]

where ¢ is the displacement of the middle column in the substructure without
the axillary plates and L is the beam length.

In the case of the folded axillary plate at the tension side, its short leg moves
around the fixed point M from point A to C , and its long leg moves around the
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fixed point O from point B to D, as shown in Fig. 6 (b). According to the kine-
matic geometry relationship of the folded axillary plate at the tension side, the
relationship equation between the design parameters I, and I, and the given pa-
rameters a, b, and ¢ can be derived. The details are as follows:

The length of MD in triangle OMD can be determined based on the cosine
theorem of triangles, as shown in Eq. (2).

I2,,=a° +b” — 2abcos(¢, +90') =a” + b’ + 2absing, @)

Based on the cosine theorem of triangles, the length of BD in triangle OBD
can be obtained, as shown in Eq. (3).

lop =v/2b,[1 - cosg, ©)

The angle MBD of triangle MBD can be obtained via the cosine theorem
of triangles, following which Egs. (2) and (3) are substituted into Eq. (4).

I:AB + IEst — II\ZIID
/ZMBD =arccos ———————
MB 'IBD )

b —bcosg, —asing,
J24a% +b? J1-cosg,

In triangle ABD, the length of AD can be obtained based on the cosine
theorem of triangles, as shown in Eq. (5).

= arccos

125 =12 +125 = 2lg -5, COS ZABD
=135 + 155 — 2l - lgp COS(ZMBD - 6,)

®)

Similarly, in triangle BMD, the angle BMD can be obtained via the cosine
theorem of triangles, following which Egs. (2) and (3) are substituted into Eq.
(6). In triangle DMA, the length of AD can be obtained via the cosine theorem
of triangles, as shown in Eq. (7).

II\Z/IB + II\Z/ID _ IéD
/BMD = arccos —=——2—=
™MB IMD ®)
a’+absing, +b” cos ¢,
=arccos
JaZ +b? \/az +b? + 2absin g,

2 2 2
lao =lyo +1ya — 2o - s COS DMA

0]
=120 +120 = 25 - lya OS(6, — ZBMD)

By combining Egs. (5) and (7), the functional equation of parameters |, and
I, with respect to a, b, and ¢, can be obtained; that is, the values of parameters
1; and I, satisfy Eq. (8).

F(Illlz) = g(a:b#’o)
=17 —12 +a° —b” + 2absin ¢, + 2b” cos @, ®)

+2:/21,b,/1-cos g, cos ZABD
21, \/a* +b? + 2absin ¢, cos /DMA =0

b —bcosg, —asing,
J2\al +b? fi-cosg,
I +a*+b° -1} ’

21,a? +b*

2 2 2 2
I+a"+b" -1,

21, \/a? +b?
a’+absing, +b’ cos ¢,
Ja? + b2 Jaz +b? + 2absin g,

ZABD=arccos

where,

—arccos

/DMA=arccos

—arccos
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The short leg of the folded axillary plate on the compression side moves
around the fixed point N from point E to G and its long leg moves around the
fixed point O’ from point F to H, as shown in Fig. 6(b). If the values of the
initial design parameters |, and |, are unreasonable, point G will cross O’F and
O’H, which is not in line with the actual situation. To avoid this situation, the
distance from point G to O’F in the initial stage should be greater than 0, so that
Eq. (9) is satisfied. At the same time, when the beam-end rotation is ¢, the
distance DG from point G to O’H should be greater than 0. If the angle O’NG
= B, the coordinates of points G and H are (l;sing, -a+l;cosp) and (bcoseo, -
bsingo), respectively. The distance from point G to O’H is DG, as shown in Eq.
(10). Then, Eg. (11) can be obtained by simplifying Eg. (10).

I, < a
cos(arctan(a/b) - 6,)

©)

|l tan g, sin B —a +1, cos 3| 0
= >

2
J1+tan® g, (10)

a
|, < .
tan ¢, sin B + cos S

dg

1)

£ needs to be solved in Eq. (11), which can be obtained from Eq. (15). The
specific derivation is as follows:

The length of the NH in the triangle FNH is obtained via the cosine theorem
of triangles, as shown in Eq. (12).

I2,=a” +b* — 2abcos(90° - ¢,) =a’ + b’ — 2absing, 12)

Based on the cosine theorem of triangles, the angle O’NH in triangle O’NH
can be obtained, as shown in Eq. (13).

' IS'N + IriH — ICZJ‘H
Z0'NH =arccos
ON "’ INH 13)
a-bsing,

= arccos

\/az +b* - 2absin g,

In the triangular NGH, the length of GH can be obtained via the cosine
theorem of triangles. When the folded axillary plate is compressed, the length I,
of the long leg is equal to the length of GH, as shown in Eq. (14).

12, =125 +12, = 21, ¢ -1 COS ZGNH
=126 +15, =2l -1y C0S(LO'NH - ) =12

(14)

If Egs. (12) and (13) are introduced into Eq. (14), the calculation formula
for angle # can be obtained, as shown in Eg. (15).

a-bsing,
\/az +b? —2absin g,
I —12+a*+b* — 2absin ¢,

—arccos-t
21,\[a® +b? — 2absing,

[ =arccos

(15)

When the beam-column substructure with the folded axillary plates enters
the collapse resistance improved stage, two failure modes may occur because of
the different degrees of plastic development of the beam root and the point where
the plastic hinge moves out. The anti-collapse performance of the substructure in
this stage is also related to the width and thickness of the folded axillary plate,
as discussed in Section 5. When the tension beam flange was broken, the force
in the tension beam flange was mainly transmitted by the folded axillary plate.
In this case, according to the balance relationship between the folded axillary plate
and the tension beam flange, when the thickness of the folded axillary plate was de-
termined, its width could be calculated according to Eq. (16).

W= bbftf fbu (16)

f tya® +b?
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where t; is the thickness of the beam flange, byis the width of the beam flange, i is
the tensile strength of the beam flange, f, is the tensile strength of the folded axillary
plate and t is the thickness of the folded axillary plate.

2 2 2 2
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Fig. 6 Working mechanism of improved full welded connection

2.2.4. Design process of folded axillary plate

Reasonable design of the folded axillary plate is the key to enhance the
ultimate deformation and bearing capacity of the structure with full welded con-
nections with folded axillary plates, at the same time. The design of the folded
axillary plate includes seven parameters: o, a, b, Iy, I, t, and w. ¢, is defined as
the beam-end rotation of the substructure, without the folded axillary plate, when the
tension beam flange breaks at the root of the beam. This can be determined by exist-
ing tests and FEA. In this study, parameter a is recommended to be 1/3 h for the
folded axillary plate. The parameter b affects the position of the plastic hinge
moving outward, and its value is discussed in Section 5.4. If |, is initially se-
lected, I, can be calculated using Eq. (8) and should satisfy Egs. (9) and (11):
The thickness of the folded axillary plate is discussed in Section 5.1. Subsequently,
the width of the folded axillary plate w can be calculated using Eq. (16).

The design process of the folded axillary plate is as follows: (1) first, the
beam-end rotation ¢, of the substructure with full welded connection is deter-
mined; (2) parameters a, b, t,and I, are initially selected; (3) length I, of the short
leg of the folded axillary plate is calculated according to Eq. (8); (4) the value
of I, is checked to determine whether it satisfies the requirements of Egs. (9)
and (11); (5) the width of the folded axillary plate is calculated using Eq. (16)
according to the thickness of the folded axillary plate selected in (2). The spe-
cific design process is shown in Fig. 7.
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Fig. 7 Design process of folded axillary plate

3. Verification of finite element model

To verify the accuracy of the finite element model, the double-full-span
beam-column substructure test conducted by Lew et al. [25] was selected, as
shown in Fig. 8(a). The selected beam-column connection was the welded un-
reinforced flange-bolted web connection. According to the section and geomet-
ric dimensions of the beam and column components in the literature [25], a fi-
nite element model of the test specimen was built, as shown in Fig. 8(b). Based
on the boundary conditions of the substructure in the test, the upper end of the
side column was hinge-restrained, that is, U1 = U2 = U3 = 0 and the lower end
of the side column was restrained, that is, U1 = U2 = U3 =UR 1 = UR2 = UR3
=0. To ensure vertical movement of the failure column, U1 and U2 at the upper
and lower ends of the failure column were constrained. The beam, column, shear
plate, and bolt adopted solid elements (C3D8R). The beam flanges and shear
plate were connected to the column flange using the “tie” command in
ABAQUS. The contact relationship between the bolt and the beam web and
shear plate was set as the general contact. The Coulomb friction contact was
utilized in the tangential direction and the friction coefficient was 0.3. The nor-
mal direction was set as a hard contact. To decrease the effect of mesh sensitiv-
ity on steel fracture, a mesh of 5 mm in size was adopted at the shear plate, bolt,
and beam end in the connection area. A 30 mm grid was adopted for the rest of
the column and beam. The constitutive relation and fracture parameters of steel
are detailed in reference [25]. The displacement-controlled loading method was
adopted at the top of the failure column until the bearing capacity of the speci-
men was lost. The explicit dynamic quasi-static method was used to simulate
the failure process of the substructure. During loading, no significant dynamic
effect was introduced to maintain that the simulation process was static, i.e., the
kinetic energy of the structural system during the simulation loading process
was kept within 10 % of its internal energy [26].

Fig. 9(a) shows a comparison between the numerical simulation data and the test
results for the load-displacement curve of the model specimen designed by Sadek et
al. [25]. The numerical simulation results were in good agreement with the experi-
mental results. Owing to the limited loading range of the test, the test specimen had
to be unloaded when the displacement of the middle column was approximately 475
mm and then loaded again. However, the numerical simulation did not unload but
continued loading the specimen until failure. Fig. 9(b) shows the damage mode of
the numerical simulation of the specimen, which is consistent with the test failure
mode in Fig. 8(a). Both failures were due to the first fracture of the tension beam-end
flange, which resulted in a sudden decrease in the resistance of the specimen. Above
all, the numerical simulation method can accurately simulate the resistance of the
specimen and its damage mode.
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(a) Tested steel frame [25]
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Fig. 9 Results of the numerical model

4. Anti-collapse behavior of the improved connection

4.1. Specimen design

Three model specimens with different connection forms were designed. The
three types of connections were fully welded (FW), fully welded with axillary plates
(FWA), and fully welded with folded axillary plates (FWFA); their details are shown
in Fig. 10. According to the symmetry of the double-full-span beam-column sub-
structure in Fig. 2, 1/4 of the model specimen was selected [27,28], as shown in
Fig. 11(a). H 450 mm =200 mm %9 mm =14 mm and H 500 mm =300 mm x
11 mm =18 mm were selected for the sections of the beam and column, respec-
tively. According to the design process of the folded axillary plate in Fig. (7),
the parameters of the folded axillary plate in the FWFA connection met the re-
quirements of Egs. (8), (9), (11), and (16) in Section 2, as shown in Fig. 10. All

members contained Q235 steel and the constitutive relation of the steel was simpli-
fied, as shown in Fig. 11(b) [29]. The fracture parameters of Q235 steel as per

reference [30] were adopted for the three model specimens. To consider the ax-
ial restraint of the peripheral members of the substructure on the beam end, a
boundary axial spring was considered in the numerical model, as shown in Fig.
11(a), and its elastic stiffness was assumed to be the axial stiffness of the steel
beam. The symmetry plane of the failure column was restrained, that is, Ul =
UR2 = UR3 = 0. The end of the beam was set as hinged, i.e., U2 = U3 = 0. The
grid size of the beam, column, and folded axillary steel plates was approxi-
mately 5 mm. A pushdown load with displacement-controlled was applied
slowly to the top of the middle column. The loading process was terminated
until the model specimen was damaged.

4.2. Performance analysis of subassemblies

Fig. 12(a) presents the vertical load versus the displacement of the middle col-
umn of the three specimens. In the initial stage, the stiffnesses of the three specimens
were essentially the same. As the displacement of the middle column increased,
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the specimens entered the flexure-catenary mixed phase. The load of the FWA,
FWFA, and FW specimens successively decreased. Subsequently, the load of
the specimen FW dropped suddenly owing to the fracture of the beam flange.
This indicated that ¢, was 0.083 rad. However, the loads of the FWA and FWFA
specimens continued to develop owing to the load transfer of the axillary plate.
When compared to the FW specimen, the FWA and FWFA specimens could attain
improved collapse resistance; the maximum resistance and corresponding defor-
mation of the FWA specimen could be increased by 75.7 % and 53.2 %, respectively.
The maximum resistance and corresponding deformation of the FWFA specimen
could be increased by 169.7 % and 129.6 %, respectively. However, compared to the
FWA specimen, the FWFA specimen demonstrated a greater resistance and defor-
mation via the folded axillary plates. Its maximum resistance and corresponding de-
formation could be increased by 53.5 % and 49.9 %, respectively.

Figs. 12 (b) and 12(c) show the moments at Sections SO and S1, respectively,
versus the displacement of the middle column. For the FW specimen, the develop-
ment trends of the bending moments at Sections SO and S1 were similar; these were
halted owing to the crack of the tension beam-end flange. With regard to FWA spec-
imen, the development trends of the bending moments in Sections SO and S1 were
different. This was because the upper and lower axillary plates at Section SO would
also form a bending moment to resist the load; hence, the bending moment of the
FWA specimen was smaller than that of the other two model specimens, as shown
in Fig. 12(b). With regard to FWFA specimen, given that the folded axillary plate
does not participate in the stress of the substructure in the initial phase, the bending
moment of the beam end was the same as that of the FW specimen. With the increase
of the middle column deformation, the folded axillary plate gradually participated in
the stress of the substructure, which caused the bending moment at the beam end to
continue to develop, compared with the FW specimen. Finally, the development of
the bending moments was terminated owing to the fracture of the beam-end flange
and folded axillary plate.

Figs. 12(d) and 12(e) show the curves of the axial force in the beam at Sections
S0 and S1, respectively. Fig. 12(f) shows the curves of the axial force transmitted by
the upper and lower axillary plates. With regard to FW specimen, the axial force of
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each section in the beam was equal. With regard to FWA substructure, the beam axial
force at Section SO was greater than that in Section S1 before the specimen obtained
the maximum bearing capacity. This indicates that the axial compressive force was
transmitted in the upper and lower axillary plates. Subsequently, the total axial force
in the upper and lower axillary plates was transformed from compression to tension.
Finally, the development of the beam axial force was stopped owing to the fracture
of the beam-end flange in Section S1. With regard to the FWFA substructure, the
beam axial force at Section SO was less than that in Section S1, until the substructure
lost its main load. This indicates that part of the axial tensile force was transmitted by
the upper and lower folded axillary plates. Compared to that of the FW and FWA
specimens, the axial force in the beam of the FWFA specimen could attain the yield
value, which indicates that the catenary action can be fully played out under the large
deformations.

Additionally, according to the design principle of the folded axillary plate shown
in Section 2, the folded axillary plate does not significantly affect the stress of the
structure at small deformations and will greatly improve the ultimate defor-
mation and resistance of the structure with FWFA connections at later stages. The
substructure realized the collapse resistance improved stage by the folded axillary
plates. Then, the catenary mechanism is fully played out and the beam perfor-
mance is fully utilized.

Fig. 13 shows final failure states of the three model specimens with different
connections. For the FW specimen, the first mode involved the tension beam flange
at the beam root being broken, followed by the beam web gradually fracturing, as
shown in Fig. 13(a). With regard to the FWA specimen, the plastic hinge at the beam
root first moved outward, following which the beam flange and web at Section S1
broke successively, as shown in Fig. 13(b). With regard to the FWFA specimen, the
folded axillary plate on the tension side was first gradually straightened, following
which the folded axillary plate on the compression side gradually moved closer to
the beam flange. Then, the two plastic regions formed at Sections SO and S1 of the
tension beam flange. With an increase in the connection deformation, the tension
beam flange at the beam root breaks, followed by the folded axillary plate, as shown
in Fig. 13(c), which is consistent with the expected damage mode | in Fig. 5.

Axillary plate

Folded axillary

a =150 mm

a =150 mm
b =450 mm
w =189 mm
t =14 mm

(a) FW connection (b) FWA connection

Fig. 10 Improved full welded connection

I > x Boundary
spring

Beam: H 450 %200 x9 <14 mm U2=U3=0
Column: H 500 %300 <11 <18 mm

U1=UR2=UR3=0
] 3000 mm ]

(a) 1/4 substructure model

Fig. 11 Numerical model for substructure with folded axillary plates

b =450 mm

_ w =189 mm
11=336 MM 14" mm

l2=179 mm

(c) FWFA connection

\J

(b) Stress-strain relationship of steel [29]
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5. Parameter study
5.1. Thickness of folded axillary plate

To investigate the effect of the thickness of the folded axillary plate on anti-col-
lapse behavior of the beam-column substructure with the FWFA connection, five
model specimens were selected and analyzed. The thicknesses of the folded axillary
plates were 6, 10, 14, 18, and 22 mm. Fig. 14(a) depicts the load-displacement curves
of the specimens. Except for the specimen with a 6 mm thick folded axillary plate,
all other specimens achieved collapse resistance improvement by the folded axillary
plate. The maximum resistance and corresponding deformation were close to 1070
and 574 mm, respectively. For the specimen with a 6 mm thick folded axillary plate,
when the tension flange at the beam root was broken, the folded axillary plate broke
immediately due to the thin folded axillary plate, reducing the collapse resistance.
Therefore, the thickness of the folded axillary plate should not be too small. When
the folded axillary plate is too thick, the process appears uneconomical; however,
relatively large initial imperfections may be generated in the process of manual bend-
ing. Therefore, it is suggested to assume 0.75-1.0 t; as the thickness of the folded
axillary plate.

5.2. Width of the folded axillary plate

Five specimens were selected to study the effect of the width of the folded axil-
lary plate on the anti-collapse behavior of the substructure with the FWFA connec-
tion. The widths of the folded axillary plate were 120, 140, 160, 180, and 200 mm.
Fig. 14(b) depicts the load—displacement curves of the five model specimens. With
the increase in the width of the folded axillary plate, the displacement and load of the
specimens gradually increased. The failure mode first involved the tension beam
flange being damaged, followed by the broken folded axillary plate. The failure se-
quence of the substructure with folded axillary plates involved the folded axil-
lary plate on the tension side first gradually straightening, followed by the two
plastic regions forming at the beam flange. Subsequently, either the tension
beam flange at the beam root and the folded axillary plate broke successively or
the tension beam flange broke at the location where the plastic hinge moved
outward. For all specimens, the folded axillary plates improved the collapse re-
sistance. Therefore, when the thickness of the folded axillary plate is determined, its
width should meet the requirement of Eq. (16).

1200 1200

5.3. Ratio of |1/|z

To investigate the influence of the ratio of long to short leg on the collapse re-
sistance of the substructure with the FWFA connection, five specimens were de-
signed according to the design process of the folded axillary plate in Fig. 7. The
lengths of the short and long leg of the five model specimens were selected, as shown
in Table 1, which met the requirements of Egs. (8), (9), (11), and (16). The load—
displacement curves of the five model specimens are shown in Fig. 14(c). The five
specimens can realize the collapse resistance improvement and their final failure
states are similar, as shown in Fig. 13(c). However, when the ratio of I4/l, is larger,
the specimen will obtain a larger bearing capacity and deformation.

Table 1
Model specimens on the ratio of 1,/1,

Specimens  FWFA-R1 ~ FWFA-R2  FWFA-R3  FWFA-R4  FWFA-R5
13 (mm) 179 170 160 150 140
I, (mm) 336 345 355 365 375
1/l 0.533 0.493 0.451 0.411 0.374

5.4. Parameter b

To study the effect of parameter b of the folded axillary plate on the anti-collapse
behavior of the structure with the FWFA connection, five specimens were designed
according to the content in Section 2.2.3, with parameters b of 300, 350, 400, 450,
and 500 mm. When parameter b changes, with I; unchanged, I, will change accord-
ingly. Fig. 15(a) depicts the load-displacement curves of the five model specimens.
Compared to the specimen with a FW connection, the five specimens can achieve a
collapse resistance improvement. With the increase in parameter b, the maximum
load and deformation will increase initially and then decrease. In particular, when
parameter b is greater than 1.0 h, the maximum resistance of the model specimen will
be significantly reduced. Therefore, it is suggested that parameter b is assumed to be
0.7-1.0 h. Additionally, when the value of parameter b is greater than or equal to 1.0
h, damage mode I will occur, as shown in Fig. 15(b). however, when parameter b is
less than 1.0 h, the substructure with the FWFA connection will experience damage
mode 11, as shown in Fig. 15(c). These two damage modes are consistent with the
expected damage modes in Fig. 5.
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5.5. Beam depth-to-span ratio

In this section, the model specimen described in the previous section was
used to discuss the influence of the beam depth-to-span ratio on the anti-collapse
behavior of the structure with the FWFA connection. In the case of maintaining
the height of the steel beam section (h = 450 mm) and the other parameters (¢o
=0.083 rad, a = 150 mm, b = 450 mm, 1, =180 mm, I,= 150 mm, t = 14 mm,
and w = 189 mm) unchanged, only the length of the beam was changed. Six
specimens were selected, and the lengths of the beams were 4500, 5400, 6000,
7500, 9000, 10500, and 11250 mm. The depth-to-span ratios of these model
specimens met the requirements of the standards for the design of steel struc-
tures in China [31].

Fig. 16 and Table 2 show the analysis results of the resistance and internal
forces of the substructures with different beam depth-to-span ratios. In the initial
stage, the load and internal forces of the substructures were different owing to
the different flexural rigidities of the beams. With decreasing beam depth-to-
span ratio, the resistance of the specimen decreased. Afterward, with the in-

crease of the displacement of the middle column, all specimens entered the col-
lapse resistance improved stage and obtained the maximum peak loads. At this
time, with decreasing beam depth-to-span ratio, the maximum resistances and
corresponding axial forces of the specimens first increased and then decreased.
The bending moment at Section S1 decreased gradually; the axial force in the
beams first increased and then remained at the yield value, except for the spec-
imen with the beam depth-to-span ratio of 1/10, as shown in Fig. 16(c). For this
specimen, the development of the beam axial force was insufficient and was
interrupted before the yield value was reached, which led to the specimen to
lose its bearing capacity too early. In addition, with decreasing beam depth-to-
span ratio, the contribution of the flexural mechanism to the total resistance de-
creased gradually, whereas the contribution of the catenary mechanism to the
total resistance increased gradually. This indicates that the continuous growth
of the axial force in beam was key to realizing the collapse resistance improved
stage of the substructure with the FWFA connections. Therefore, when the struc-
ture with the FWFA connections is designed to resist progressive collapse, it is
suggested that the beam depth-to-span ratio of the steel frame structure is 1/12—
1/20.
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Fig. 16 Performance analysis results of subassemblies with FWFA connection
Table 2
Results of model specimens at the maximum peak point
Length of Maximum re- Bending mo-
Specimens Depth-to-span ratio Displacement/mm Rotation/rad Axial force/kN
beam/mm sistance/kN ment/kN m
FWFA-L1 4500 1/10.0 972.9 390.6 0.173 487.4 3011.3
FWFA-L2 5400 1/12.0 1060.2 493.6 0.179 191.7 4390.4
FWFA-L3 6000 1/13.3 1076.8 573.8 0.191 189.1 4384.1
FWFA-L4 7500 1/16.7 1097.7 772.4 0.206 165.9 4366.7
FWFA-L5 9000 1/20.0 1076.5 946.1 0.210 164.7 4350.2
FWFA-L6 10500 1/23.3 1057.1 1112.2 0.212 161.1 4252.3

6. Conclusions

In this study, the traditional full-welded connection is improved based on
the folded axillary plates, which are arranged at the outer side of the beam-end
flanges. On the basic of the theoretical analysis, the movement mechanisms of
the tension- and compression-folded axillary plates are revealed. Through the
validated numerical model, the anti-collapse behavior and key parameters of the

improved connection (FWFA connection) are discussed, following which the
design process of the folded axillary plate is given. The specific conclusions are
as follows:

(1) Based on the theoretical analysis, the motion equation of the short and
long legs of the folded axillary plate under the condition of progressive collapse
is given, as shown in Eq. (8).

(2) When the design of the folded axillary plate is reasonable, the ultimate
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bearing capacity and deformation of the beam-column substructure will be sim-
ultaneously increased. Compared to the specimen with the full welded connec-
tion with the axillary plates, the specimen with the FWFA connection could
obtain greater bearing capacity and deformation by the folded axillary plates.
Its maximum deformation and corresponding bearing capacity could be in-
creased by 49.9 % and 53.5 %, respectively.

(3) The failure sequence of the substructure with folded axillary plates in-
volved the folded axillary plate on the tension side first gradually straightening,
followed by the two plastic regions forming at the beam flange. Subsequently,
either the tension beam flange at the beam root and the folded axillary plate
broke successively or the tension beam flange broke at the location where the
plastic hinge moved outward.

(4) To improve the collapse resistance of the folded axillary plate, it is sug-
gested through numerical parameter analysis that a is 1/3 h; b can be taken as
0.7-1.0 h; t can be taken as 0.75-1.0 t;; and the width of the folded axillary plate
w is calculated according to Eq. (16). The design process for the folded axillary
plate is suggested, as shown in Fig. 7.

(5) When the structure with the FWFA connection is designed to resist pro-
gressive collapse, it is suggested that the beam depth-to-span ratio of the steel
frame structure should be assumed to be 1/12-1/20. When the ratio of the short
to long leg of the folded axillary plate of the substructure with the FWFA connection
is larger, the specimen will obtain a larger bearing capacity and deformation.
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