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Abstract: In this paper, the system response, stress redistribution, failure mode, and catenary effect
of steel frames with circular tube columns and cast steel stiffener (CSS) joints under a sudden column
removal scenario were revealed. Based on this force transfer mechanism analysis, a practical and
computationally efficient component-based model considering catenary effects and CSS joint details
with a series of springs was established and validated by a detailed solid-element method. By using
this component-based model, the proper dynamic response increase factor of the CSS joint frames
was investigated. The results show that the great overall stiffness and strength of the CSS limit the
deformation of the column front shell. Therefore, the CSS joint frames have superior performance for
progressive collapse prevention than the frames using welded joints without stiffeners. In addition,
the component-based model is validated to be effective and the dynamic response increase factor of
the frames with circular tube columns and CSS joints is smaller than 2.0.

Keywords: component-based model; circular-tube-column frame; dynamic increase factor; column
removal scenario; cast steel stiffener

1. Introduction

Progressive collapse is a complex dynamic process in which initial localized damage
extends from one element to another, eventually leading to a disproportionately large
portion of collapse of a structure, or even complete collapse [1]. The progressive collapse
incident of the Ronan Point apartment that occurred in 1968 [2] in the UK was a wake-up
call for the world. After that, researchers conducted a series of studies [3–31] to develop
structural design for the prevention of such failures in the future.

Beam-column joints, which serve as force transmission hubs, are key components
for progressive collapse prevention. For circular-tube-column frames, the construction of
beam-column joints is quite different from that of H-shaped steel columns. In recent years,
researchers have conducted a great deal of work on the H-shaped beam to circular-tube-
column joints [32–38]. A cast steel stiffener (CSS) joint which is suitable for circular tube
columns was investigated by Liu et al. [38] using numerical analysis and experimental study
under cyclic loading. This CSS joint can reduce the welding quantity at the intersection
of the components and rationalize the stress distribution by a reasonable cross-sectional
shape, and was verified to have high rigidity and good seismic performance. However,
there is still a lack of research on the performance of circular-tube-column frames with such
CSS joints to resist progressive collapse.

On the other hand, the model for simulating the CSS joint frame under a column
removal scenario can be a detailed solid-element model considering joint details and
progressive collapse issues. However, the detailed solid-element model is computationally
expensive. A beam model with ideal rigid joints is a reasonably efficient model, but the
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detailed characteristics of the CSS joint frame are hard to be represented adequately with
such a model. Therefore, a computationally efficient model considering catenary effects
and CSS joint details was needed for practical analysis.

Several researchers have applied component-based models in some progressive col-
lapse analyses for different structures. The component-based model is a kind of model
that consists of a series of discrete spring elements, rigid elements, and beam elements.
The component-based model has the features of saving computation time, analyzing the
overall response of the structure, as well as highlighting the primary details of a struc-
ture [39]. For example, Lee et al. [40] proposed a parallel axial–flexural point plastic
hinge model to consider the catenary effect of a two-span steel frame with H-shaped
beams and columns under a sudden column removal scenario in an efficient way. Yu and
Tan [41] proposed a component-based joint model with a series of springs to simulate
the structural responses of specimens with severe geometric and material nonlinearity for
reinforced concrete structures in progressive collapse analysis. Bao et al. [42] proposed
a component-based model of a beam-column joint to represent the critical and essential
actions in beams and the transfer of the actions through joints to vertical components.
This simplified simulation model was evaluated by high-fidelity finite element analysis.
Fu et al. [43] proposed a component-based model of steel joints to study the performance
of two-dimensional bolted-angle steel frames subject to a sudden column failure by the
alternative load path method. Zhao et al. [44] established a simplified joint model to inves-
tigate the progressive collapse behavior of post-tensioned energy-dissipating joints in steel
frames. Liu et al. [45] developed a component-based model to investigate the dynamic
performance of bolted-angle joints in progressive collapse. Stylianidis and Nethercot [46]
also described the behavior of steel joints in progressive collapse by developing a mechan-
ical approach. These studies verified that different kinds of beam-column joints can be
effectively simulated by appropriate component-based models. However, the research on
a suitable component-based model for steel frames with circular tube columns and cast
steel stiffeners is still imited.

In this paper, an in-depth analysis was conducted to investigate the initial stiffness
and stiffness degradation rule of CSS joints, as well as the bending moment–axial force
interactive relationship at beam ends, for frames with circular tube columns and CSS joints
under a column removal scenario. The CSS joint was creatively assembled and represented
by a series of springs and beam elements. A computationally efficient component-based
model for the CSS steel frame with circular tube columns was then proposed and used
to investigate the dynamic response increase factor for the design in practice to resist
progressive collapse.

2. Prototype Frame for Progressive Collapse Analysis

In accordance with Chinese design codes [47,48], a prototype two-story steel moment
frame was designed to investigate the performance of CSS frames to resist progressive
collapse. The plan view and elevation view of this two-story steel frame are shown in
Figure 1. In the frame, the dimensions of H-shaped beams are 194 × 150 × 6 × 9 mm, in
which the numbers are the depth, flange width, web thickness, and flange thickness of
the H-shaped beam, respectively. The circular steel tube column has an outer diameter of
203 mm and a wall thickness of 12 mm. The frame spans in the x and y axes are 4000 mm
and 3800 mm, respectively. The height of each floor is 3000 mm.

The prototype two-story frame was designed to have welded joints and CSS joints.
G20Mn5 steel was used for the cast steel stiffeners, and HRB235 steel was used for the
columns and beams.
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Figure 1. Two-story circular-tube-column frame (unit: mm). (a) Plan view; (b) Elevation view.

3. Detailed Solid-Element Model and the Force Transfer Mechanism of CSS Joint
Frame in Progressive Collapse
3.1. Detailed Solid-Element Model for Collapse

Detailed solid-element model Ac and model Bc were established by ABAQUS software
to simulate the boxed area of the prototype two-story frame in Figure 1a, as shown in
Figure 2. Model Ac is a circular-tube-column frame with welded joints, and model Bc is
a circular-tube-column frame with CSS joints. These plane frame models are commonly used
models for in-depth analysis of structural performance against progressive collapse [1,49].

Figure 2. Detailed models of circular-tube-column frames with different joints: (a) Model Ac;
(b) Model Bc.

The dimensions of the CSS for circular tube columns are shown in Figure 3. The CSS
consists of a ring plate provided with prefabricated welding grooves, flanges, and stiffening
ribs. The reinforcing ribs are rounded to reduce the stress concentration in the CSS.

Figure 3. CSS for circular-tube-column frame (unit: mm): (a) Three-dimensional diagram; (b) Three or-
thographic views.
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In model Bc (shown in Figure 2b), the ring plate and the circular tube column are
connected by non-penetration butt welds applied along the pre-formed welding grooves.
Beam webs are connected to column webs by two-side fillet welds. Moreover, beam flanges
are connected to CSS flanges by butt welds. The flat surface of the upper CSS has the same
height as the upper surface of the beam flange.

C3D8R elements were used in all the components with an approximate mesh size
of 0.01 m (shown in Figure 2); bilinear material models were used for all components
and the material parameters of the bilinear models of all components were obtained
through material performance tests conducted in reference [38]; all degrees of freedom at
column bottoms were constrained before the sudden column removal process. For dynamic
alternative load path method (APM) analysis, 1.2 DL + 0.5 LL transformed into mass was
applied to the frame according to DOD 2010 [1], where DL and LL are dead load and live
load, respectively. The gravity loads were slowly ramped up over a 10 s period. After
the 10 s period, the loads have been held constant for an additional 3 s to damp out the
dynamic effects. In the next step, the sudden failure of the column was simulated by freeing
the vertical support restraint at the interior column bottom within 0.001 s. At last, the
simulation continued for 2 more seconds. A 5% mass proportional damping was adopted
in this simulation.

The accuracy of this detailed solid-element modeling method has been validated by
a test of a CSS joint frame under a sudden interior column removal scenario in reference [50]
conducted by the author of this paper. By using this method, a comparison of different
detailed solid-element models (i.e., three-dimensional (3D) frame with slabs, 3D frame
without slabs, and plane frame) to simulate the test frame in reference [50] is conducted
further in this paper, the displacement–time curves of different detailed solid-element
models are demonstrated in Figure 4.

Figure 4. Displacement–time curves of different detailed solid-element models simulating the test.

Figure 4 shows that the result of the 3D frame with slabs is in good agreement with
the test result. The other two models will overestimate the displacement of the interior
column in progressive collapse. This displacement result indicates that the out-of-plane
pulling actions from orthogonal beams and the rigidity of slabs on the progressive collapse
performance of steel moment frames are significant, which helps the structure to resist
progressive collapse. Therefore, the plane frame model used in this paper is relatively
conservative in comparison to 3D models.

3.2. System Response under Different Load Cases

A series of increasing loads were applied on plane frame models of model Ac and
model Bc to simulate the system responses to sudden column loss under different scenarios.
To demonstrate and compare the different performances of model Ac and model Bc under
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the same load, four typical load cases (shown in Table 1) were selected. According to the
load code for the design of building structures in China [48], load case (i) represents the load
of a light non-accessible slab/roof; load case (ii) represents the load of a normal accessible
slab/roof; load case (iii) represents the load of a heavy accessible slab/roof with large live
load, such as the load of crowded cabinets in the libraries; and load case (iv) represents the
load of a heavy accessible slab/roof with extremely large live load, such as fire vehicle load.

Table 1. Load cases.

Load Dead Load (kN·m−2) Live Load (kN·m−2)

i 1.0 0.5
ii 3.2 2.0
iii 5.1 12.0
iv 5.1 20.0

Under the loads in Table 1, displacement–time history curves of the interior column
bottoms of model Ac and model Bc are shown in Figure 5, and the maximum and final
values of each displacement curve are listed in Table 2. Table 3 lists the time when the
plastic strain occurred in model Ac and model Bc under different load levels.

Figure 5. Displacement–time history curves of the interior column bottoms in models Ac and Bc:
(a) Load (i); (b) Load (ii); (c) Load (iii); (d) Load (iv).
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Table 2. Displacements of the interior column bottoms in models Ac and Bc.

Load Maximum Displacement (mm) Final Displacement (mm)

Model Ac Model Bc Model Ac Model Bc

i −8.65 −7.49 −5.47 −4.80
ii −44.61 −38.02 −25.96 −22.34
iii −202.04 −115.99 −202.04 −105.97
iv −1016.92 −451.97 −1016.92 −451.97

Table 3. The time when the plastic strain occurred in model Ac and model Bc.

Load The Time When Plastic Strain Occurred (s)

Model Ac Model Bc

i - -
ii 13.059 13.071
iii 13.052 13.054
iv 13.052 13.054

Figure 5, Tables 2 and 3 show that in the column removal analysis, model Ac and
model Bc are elastic under load (i). Under load (i), compared with welded joints, beam-
column joints with CSS reduce the maximum and final vertical displacement values of the
bottom of the interior column by 13.41% and 12.24%, respectively.

Under load (ii), compared with welded joints, beam-column joints with CSS delay
the occurrence of the plastic deformation of structures and reduce the maximum and
final vertical displacement values of the bottom of the interior column by 14.77% and
13.94%, respectively.

Under load (iii), these two models undergo plastic deformation at approximately the
same time. Compared with welded joints, beam-column joints with CSS reduce the final
vertical displacement value of the bottom of the interior column by 47.55%.

Under load (iv), these two models undergo plastic deformation at approximately the
same time. The vertical displacements of the interior column bottoms of model Ac and
model Bc initially increased rapidly and then increased slowly because of the catenary
effect. Compared with welded joints, beam-column joints with CSS reduce the final vertical
displacement value of the bottom of the interior column by 55.56%.

In summary, the performance of steel frames with beam-column joints using CSS is bet-
ter than that of steel frames with welded joints for progressive collapse prevention, whether
the frame is elastic, plastic, or collapsed after the sudden failure of the interior column.

3.3. Force Transfer Mechanism
3.3.1. Stress Redistribution

In order to further illustrate the differences in equivalent plastic strain redistribution
and stress redistribution between steel frames with welded joints and CSS joints, models
Ac and Bc under load (iii) were demonstrated as examples.

The corresponding equivalent plastic strain redistribution and stress redistribution of
model Ac at 15 s are shown in Figures 6 and 7, respectively. Figures 6 and 7 show that the
stress concentration region is located at the corner where the flange of the beam end and
the column are connected. Due to the tensile force of the beam flange, the column bears
a large axial force, which results in an obvious buckling. The maximum equivalent plastic
strain of model Ac is 0.0636. The deformation of the joints and beam ends of the frame
presents a “V”-shaped curve after the sudden failure of the interior column.
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Figure 6. Equivalent plastic strain cloud diagram of model Ac at 15 s under load (iii).

Figure 7. Mises stress cloud diagram of model Ac at 15 s under load (iii).

The corresponding equivalent plastic strain redistribution and stress redistribution
of model Bc when the maximum displacement occurred are shown in Figures 8 and 9,
respectively. The result shows that the stress concentration region occurs mainly at the
CSS. This is due to the fact that the CSS has relatively high strength and rigidity and bears
a large portion of the tension load transmitted from the beam end, so the tension load borne
by the column front shell is reduced, avoiding large strains in the column front shell. The
maximum equivalent plastic strain of model Bc is 0.0232, and the obvious deformation is
mainly concentrated at the beam end rather than the column. Due to the large rigidity of
the beam-column joint with CSS, which restricts the joint deformation, the deformation of
the frame presents a relatively smooth “U”-shaped curve after the sudden failure of the
interior column.
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Figure 8. Equivalent plastic strain of model Bc when the vertical displacement of the interior column
reached its maximum value under load (iii).

Figure 9. Mises stress of model Bc when the vertical displacement of the interior column reached its
maximum value under load (iii).

3.3.2. Failure Mode

To illustrate the different failure modes of model Ac and model Bc in progressive
collapse, the time history curves of the maximum equivalent plastic strains at the buckled
regions and the interior column displacements of the two frames under load (iv) are
presented in Figure 10. In Figure 10a, significant local buckling develops with the increase
of the interior column displacement; in Figure 10b, only slight local buckling develops after
the sudden column removal. The different failure modes of these two models result in
a larger increase in displacement for model Ac than for model Bc.
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Figure 10. Time history curves of the displacements of the interior columns and the maximum
equivalent plastic strains at the buckled regions under load (iv): (a) Model Ac; (b) Model Bc.

3.3.3. Axial Tension–Bending Moment Interaction at Beam Ends

Figure 10b shows that the final damage of model Bc is caused by the plastic hinge
occurring at the beam ends connected to the outer side of the CSS flange. In order to study
the axial force–bending moment interaction at beam ends, model S (shown in Figure 11a),
a subassembly two-span frame, was extracted from model Bc. A vertical loading method
was applied to the top section of the interior column with a load rate of 2 mm/min until
the final vertical downward displacement reached 2 m. The rotations and displacements of
the bottom and top sections of the corner columns were restricted. The column was set as
a rigid body to prevent joint damage from occurring earlier than the damage to the beam.
Figure 11b shows the distribution of the equivalent plastic strain for model S.

Figure 11. Subassembly two-span frame extracted from model Bc (model S): (a) Boundary conditions;
(b) Equivalent plastic strain distribution.

In Figure 11b, plastic hinges develop at both ends of the beams. The axial tension (T)
and bending moment (M) at beam ends are normalized by the plastic bending moment (Mp)
and the tensile yield strength (Ty) of the beam, respectively. The (T/Ty) and (M/Mp) on the
ordinate axis are shown in Figure 12. In Figure 12, steel beams are gradually transformed
from bending members into tension–bending members with the increase of the column
displacement. Finally, the subassembly frame relies on the internal axial tension of the
beams to resist progressive collapse. This is a typical catenary effect process [51].



Buildings 2022, 12, 1049 10 of 21

Figure 12. Axial tension–bending moment interaction at beam ends of model S.

To sum up, the greater overall stiffness and strength of the CSS limit the deformation
of the column front shell, which results in a very different stress redistribution and defor-
mation pattern in CSS joints compared with welded joints. In the CSS joint frame, plastic
hinges at beam ends appear at locations farther away from columns, thus changing the
deformation pattern of the whole frame after the sudden failure of the interior column.
Moreover, the bending moment–axial tension interaction relationship of the plastic hinge
region indicates that the frame still exhibits the catenary effect even if the plastic hinge
region is moved outward.

4. Component-Based Model for Frames with Circular Tube Columns and CSS Joints

In practice, detailed solid-element models are time-consuming and complicated, even
for the detailed solid-element model of a plane frame. Therefore, establishing a practical
and efficient component-based model that fully considers the force transfer mechanism
and the special construction of the CSS joint for progressive collapse analysis is necessary.

In the circular-tube-column joint, the load (M) applied to the joint is mainly born by
the CSS due to its large stiffness, and only negligible load is borne by the web. Therefore,
the load (M) can be simplified as hb multiplied by F, where hb is the distance between the
centers of the lower and upper flanges of the beam and F is the compression/tension force
on the CSS (shown in Figure 13).

Figure 13. Schematic diagram of the simplified process of the load.

Based on this simplified principle, the component-based model can be constructed.
First, four rigid rods should be hinged together to simulate the panel zone of the column to
meet the corresponding deformation requirements; a diagonal spring should be used to
connect two diagonal points of the panel zone to simulate its deformation; and a rotation
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spring should exist to represent the deformation of the CSS ring and column front shell.
Second, a plastic deformation region with rotational springs and tension–compression
springs should exist to represent the shearing and bending resistance of the beam end.
Third, a rigid member should be arranged between the panel zone and the plastic de-
formation region of the beam to represent the relatively high rigidity of the CSS fringe.
In addition, other regions of the beams and columns in the frames can be simulated by
beam elements. Based on this analysis, the frame studied in Section 3 can be simplified to
a component-based model shown in Figure 14.

Figure 14. Component-based model of the frame with circular tube columns and CSS joints.

4.1. Plastic Deformation Region Properties at Beam End

In order to consider the catenary effect, the plastic deformation region of a beam in the
component-based model is combined with a plastic hinge model with a tension–bending
spring [40], which was proposed by Lee et al. The model assumes that the column and the
joint section are rigid, so all inelastic deformations occur at beam ends. The applicability of
this model to simulate the catenary effect of any H-shaped beam without considering the
details of the joints was validated in reference [40].

4.2. Force–Displacement Interaction Relationship of Joint Springs
4.2.1. Initial Stiffness of Joint Springs

a. Rotational spring

The relative deformation of the lower and upper CSS on one side of the joint will cause
the section to rotate, which can be simulated by a rotational spring. The initial rotational
stiffness of the spring simulating the deformation of CSS can be deduced as detailed below.

The displacement of the CSS (∆lc
1) is shown schematically in Figure 15. The exper-

imental and numerical analyses in reference [38] revealed that for the H-shaped beam
to circular-tube-column joints with CSS, the external tension/compression force on the
CSS is borne by the CSS and the column front shell, and the deformations of them are
coordinated, so the load can be distributed according to the tensile stiffness ratio of the ring
plate of CSS to the column front shell. According to the analysis and deduction from the
literature [38], the relationship between the force Fs distributed to the CSS and the total
force F is expressed as

Fs =
F

1 + Ls
2Es As

· D
XcLL1

(1)

Xc =
∞

∑
m=1,3,5···

∞

∑
n=1,3,5···

4[(mπ
L )2 + ( nπ

L1
)2]

2
sin2 mπ

2 sin2 nπ
2

(LL1)
2[(mπ

L )2 + ( nπ
L1
)2]

4
+ Ect

R2D (mπ)4( L1
L )

2 (2)

where Es is the elastic modulus of the CSS; and Ls/As is the ratio of the length to the
cross-sectional area of the ring plate of the CSS in the force direction. Due to the complex
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shape of the CSS for the circular-tube-column joint, it needs to be calculated by integration;
D is the unit bending stiffness of the cylindrical front shell of the circular tube column; Xc
is a dimensionless parameter; L is the bus length of the cylindrical front shell; L1 is the arc
length of the cylindrical front shell; R is the radius of the middle surface of the cylindrical
front shell; t is the thickness of the cylindrical front shell; and Ec is the elastic modulus of
the column.

Figure 15. Schematic diagram of ∆lc
1.

Based on Equation (2), the displacement of the CSS (∆lc
1) is given as

∆lc
1 =

Fs

EsAs
Ls =

F
1 + Ls

2Es As
· D

XcLL1

· Ls

EsAs
(3)

Based on Equation (3), the calculation equation for the initial rotational stiffness of the
joint rotation spring (kc

s) is given as:

kc
s =

M
θCSS

=
Fhb
2∆lc

1
hb

=
h2

bEsAs

2Ls
+

h2
bD

4XcLL1
(4)

where M is the bending moment on one side of the joint; θCSS is the rotation angle on one
side of the joint; and hb is the distance between the centers of the lower and upper flanges
of the H-shaped beam.

b. Panel zone spring

In order to obtain the deformation of the panel zone spring, the horizontal displace-
ment of the column at the position of the CSS (∆l2) should be analyzed first. ∆l2 is shown in
Figure 16. The displacement of the column at the position of CSS is composed of two parts,
namely, the deformations caused by the bending moment and shearing force of the steel
tube column. Therefore, the deformation ∆l2 is given as

∆l2 =
Fhb

2
(

l13 + (l2 − hb)
3
)

6Ec Ic(l1 + l2)(l1 + l2 − hb)
+

Fkchb(l1 + l2 − hb)

2Gc Ac(l1 + l2)
(5)

where Ac is the cross-sectional area of the column; kc is the shear correction coefficient; Gc
is the shear modulus; Ic is the inertia moment of the column section; l1 is the distance from
the midpoint of the upper layer to the center of the upper beam flange; and l2 is the distance
from the midpoint of the layer in which the beam is included (if this layer is the ground
layer, then to one-third of the height of this layer) to the center of the upper beam flange.
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Figure 16. Schematic diagram of ∆lc
2.

The deformation schematic diagram of the panel zone spring is shown in Figure 17,
where θi is the interior angle of the horizontal rigid member to the diagonal panel zone
spring, which is given as

1
cos2 θi

=
(B− t)2 + hb

2

(B− t)2 (6)

Figure 17. Deformation schematic diagram of the panel zone spring.

Then, the calculation equation of the initial rotational stiffness of the spring simulating
the deformation of the panel zone (ks

pz) is given as

ks
pz = F

2∆l2
× 1

cos2 θi

= 1
hb

2(l1
3+(l2−hb)

3)
3Ec Ic(l1+l2)(l1+l2−hb)

+
kchb(l1+l2−hb)

Gc Ac(l1+l2)

× 1
cos2 θi

(7)

In order to validate the applicability of the joint springs in the component-based model,
the joint test results of the specimens with column thicknesses of 8 mm, 10 mm, and 12 mm
in the literature [38] are taken as examples. The specimens are cross joints with circular
tube columns, H-shaped beams, and CSS joints. The detailed solid-element model and
the component-based model established in this paper for simulating these specimens are
shown in Figure 18a,b, respectively. The initial rotational stiffness of test specimens, the
detailed solid-element models, and the component-based models are listed in Table 4.

Table 4. Initial rotational stiffness of the test specimens, the detailed solid-element models, and the
component-based models.

Specimen
Column

Thickness
t (mm)

Test Results
K1 (kN·m·rad−1)

Detailed Solid-Element
Model Results

K2 (kN·m·rad−1)

Component-Based
Model Results

K3 (kN·m·rad−1)
K2/K1 K3/K1

1 8 15,467 13,794 14,021 0.892 0.907
2 10 16,022 16,011 16,132 0.999 1.007
3 12 19,893 18,068 18,763 0.908 0.943
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Figure 18. Different models of the CSS joint with circular tube columns to simulate the test specimen
in reference [38]: (a) Detailed solid-element model; (b) Component-based model.

In Table 4, the initial rotational stiffness results of the test specimens, detailed solid-
element models, and the component-based models are consistent with each other, which
proves the applicability of the joint springs in the component-based model to simulate the
H-shaped beam to circular-tube-column joints with CSS.

Based on the validation above, parameterized analysis of the initial rotational stiffness
obtained from the component-based model was further conducted by varying the parame-
ters in Equations (1)–(7). Compared with the numerical simulation results of the detailed
solid-element models, the parameterized results are listed in Table 5. The results indicate
that the initial rotational stiffness results of detailed solid-element models are consistent
with those of the component-based models, which further verifies the applicability of the
component-based model for the H-shaped beam to circular-tube-column joint with CSS.

Table 5. Parameterized analysis results of the initial rotational stiffness.

Specimen hb
(mm)

B
(mm)

t
(mm)

hr
(mm)

l1
(mm)

l2
(mm)

Detailed
Solid-Element

Model
K2 (kN·m·rad−1)

Component-
Based Model

K3 (kN·m·rad−1)
K3/K2

1 185
203 8 35 1407.5 1592.5

13,800 13,016 0.943
2 210 15,034 13,893 0.924
3 235 16,150 15,932 0.987

1
185

153
10 35 1407.5 1592.5

8926 9123 1.022
4 178 13,003 13,976 1.075
5 203 16,035 16,923 1.055

1
185 203

8
35 1407.5 1592.5

13,794 14,021 1.016
6 10 16,011 16,132 1.008
7 12 18,068 18,763 1.038

1
185 203 8

35
1407.5 1592.5

13,800 13,016 0.943
8 40 14,069 13,475 0.958
9 45 14,296 13,972 0.977

1
185 203 8 35 1407.5

1592.5 13,800 13,016 0.943
10 1842.5 11,917 10,334 0.867
11 2092.5 10,048 9452 0.941
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4.2.2. The Stiffness of the Joint Springs after Yielding

(1) Bearing capacity

a. Rotational spring

According to reference [38], the calculation equation of the resultant tensile bearing
capacity of the CSS and the column front shell (Fc

p) is given as:

Fc
p = fy,css As,min +

fy,ct2lw
Xp

+ 2(Xp + hs)
fy,ct√

(1 + 2 cos2 θc)
(8)

Xp =

√
lwt
√
(1 + 2 cos2 θc)

2
(9)

where f y,css is the yield strength of the CSS; As,min is the minimum cross-sectional area of
the CSS perpendicular to the force direction; f y,c is the yield strength of the column; lw is
the weld length; θc is half of the central angle corresponding to the arc length of the weld;
and hs is the height of the CSS.

The calculation equation for the bending bearing capacity Mc
p,s of the joint rotational

spring is given as

Mc
p,s = ( fy,css As,min +

fy,ct2lw
Xp

+ 2(Xp + hs)
fy,ct√

(1 + 2 cos2 θc)
)hb (10)

Combined with Equation (4), the rotation angle θc
p,s corresponding to the bending

bearing capacity Mc
p,s can be calculated as:

θc
p,s =

Mc
p,s

kc
s

=
fy,cssAs,min +

fy,ct2lw
Xp

+ 2(Xp + hs)
fy,ct√

(1+2 cos2 θc)

hbEs As
2ls

+ hbD
4XcLL1

(11)

b. Panel zone spring

According to the Eurocode 3 [52] about the shear capacity of panel zones (Vp,pz), the
tensile bearing capacity of the spring simulating the deformation of the panel zone (Fs

p,pz)
can be deduced as

Fs
p,pz =

Vp,pz

cos θi
=

fv,pz Av

cos θi
(12)

where f v,pz is the shear strength of the panel zone; and Av is the shear area of the panel
zone. For the circular tube column, the shear area of the panel zone (Av) can be deduced as

Av = 2Ac/π (13)

where Ac is the cross-sectional area of the steel tube column when the thickness of the
column is uniform.

Combined with Equation (7), the deformation ∆ls
p,pz corresponding to the tensile

bearing capacity Fs
p,pz can be calculated as:

∆ls
p,pz =

Fs
p,pz

ks
pz

=
2 fv,pz Ac cos θi

π
× (

hb
2(l13 + (l2 − hb)

3)

3Ec Ic(l1 + l2)(l1 + l2 − hb)
+

kchb(l1 + l2 − hb)

Gc Ac(l1 + l2)
) (14)

(2) Post-yield stiffness

Based on the test results of the specimens in reference [38], the post-yield stiffness is
only 0.090 to 0.103 of the initial stiffness of the CSS joint. Therefore, the post-yield stiffness
of the joint springs in the component-based model can be safely defined as zero, which
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means the simulation of the component-based model for CSS frames in progressive collapse
is conservative.

4.3. Component-Based Model Response under a Sudden Column Removal Scenario

To validate the applicability of the component-based model for the frames with CSS
joints in the dynamic nonlinear analysis under a column removal scenario, the detailed
solid-element model of the CSS joint frame in Section 3 was remodeled by the component-
based model method (shown in Figure 19). Under various loads in Table 1, the vertical
displacements of the bottoms of the interior columns in the component-based model and
the detailed solid-element model were compared. The comparison results are shown in
Figure 20.

Figure 19. The component-based model (model M) remodeled from the detailed solid-element model
Bc in Section 3.

Figure 20. The vertical displacements of the bottoms of the interior columns in the component-based
model (model M) and the detailed solid-element model (model Bc).

Figure 20 shows that in the dynamic nonlinear numerical analysis, the results of the
component-based model are consistent with those of the detailed solid-element model,
which proves the applicability of the component-based model in the dynamic nonlinear
column removal analysis.
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5. Dynamic Response Increase Factor

To further simplify the analysis process of CSS joint frames for progressive collapse
prevention, the dynamic response of the structure can be equivalently analyzed by a static
analysis method based on the recommendations in the DoD2010 guidelines [1]. Specifically,
when the structure is designed to resist progressive collapse, the alternative load path
method combined with a load combination of 1.2 DL + 0.5 LL can be used for dynamic
analysis, while ΩDIF (1.2 DL + 0.5 LL) can be used for static analysis. ΩDIF is the dynamic
increase factor (DIF) used in the nonlinear static analysis to consider the dynamic effect, DL
is dead load, and LL is live load. The ΩDIF of steel structures can be defined by the formula
ΩDIF = 1.08 + 0.76/(θpra/θy + 0.83), where θpra/θy is the ratio of the allowable plastic
rotation θpra to the yield rotation θy. Generally, ΩDIF can be conservatively selected as 2.0.

The formula proposed by the DoD 2010 [1] provides a usable method for calculating
ΩDIF, but the effect of the joint type is not taken into account in the formula. In order to
obtain the ΩDIF applicable to the CSS joint frames, the component-based model established
in this paper can be used for efficient computation.

Under different levels of load, a series of nonlinear static and dynamic analyses were
carried out using the component-based model. The ratio of the ultimate load of the static
analysis to the ultimate load of the dynamic analysis is the dynamic response increase
factor. For the convenience of description, different magnitudes of load can be represented
by β (1.2 DL + 0.5 LL), where DL and LL are the dead load and the live load of the structure,
respectively, and different load levels are obtained by varying β from 0.9 to the value
corresponding to the case when the interior column displacement begins to increase.

Taking DL = 3.2 kN·m−2 and LL = 2 kN·m−2 as examples, the vertical displacements of
the interior column in static and dynamic analyses under the gradually increasing load are
shown in Figure 21. The relationships between the maximum vertical displacement and β in
the dynamic and static analyses of the circular-tube-column frame are shown in Figure 22.
Note that the β (1.2 DL + 0.5 LL) is a representation of the total load. If other loading
cases with different live and dead loads are chosen, the same outcomes of the ultimate
resistance load of static analysis and dynamic analysis of this frame can be obtained with
the increase of β, and then the same dynamic increase factor of this component-based
model can be obtained.

Figure 21. Displacements of the bottom of the interior column in dynamic and static analyses under
gradually increasing loads (β = 0.9–2.6): (a) when β = 0.9–1.7; (b) when β = 1.8–2.6.
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Figure 22. Maximum vertical displacement versus β in the dynamic and static analyses.

The calculation results show that for the circular-tube-column frame with CSS joints,
when β ≤ 1, the frame is elastic. In dynamic analysis, when β = 1.1, plastic deformation
occurs; when β = 2.6, the vertical displacement of the bottom of the interior column
increases rapidly at first, then slowly, and the displacement reaches 159 mm at 15 s. In the
static analysis, when β = 1.9, plastic deformation occurs; when β = 2.6, the displacement
of the interior column is merely 122 mm. Before the plastic deformation of the frame
occurred, the ultimate load of static analysis is 1.9 (1.2 DL + 0.5 LL) and the ultimate load
of dynamic analysis is 1.1 (1.2 DL + 0.5 LL). Therefore, the dynamic response increase
factor (ΩDIF) of 1.7, which is the ratio of 1.9 (1.2 DL + 0.5 LL) to 1.1 (1.2 DL + 0.5 LL), is
suitable for a CSS joint frame with circular tube columns. This ΩDIF is smaller than the
2.0 recommended in DoD 2010 [1] because the CSS joints reduce the maximum deformation
of the frame during the progressive collapse.

6. Conclusions

In this paper, the force transfer mechanism of cast steel stiffener (CSS) frames un-
der a column removal scenario was revealed by detailed solid-element models. Based
on the mechanism analysis and the simplification principle that conforms to the frame
characteristics, a practical component-based model suitable for the progressive collapse
analysis of CSS frames was established and validated, and then the dynamic response
increase factor for circular-tube-column frames with CSS joints was investigated by using
this component-based model. The main conclusions are as follows:

(1) The performance of the CSS joint frame for progressive collapse prevention is better
than that of the fully welded joint frame. The CSS can delay the occurrence of plastic
deformation of the CSS structures; the maximum and final values of the vertical
displacement of the interior column in the CSS joint frame can be reduced, whether
the frame is elastic, plastic, or collapsed after the sudden failure of the interior column.

(2) In the case of sudden column removal, the stress distribution and the deformation
mode of the CSS frame are revealed. Due to the relatively high rigidity and strength,
the CSS can effectively bear the tensile loads from the flanges at beam ends and
reduce the tensile loads borne by the front shell of the column, so the large strain
of the column front shell is avoided. At the same time, due to the large strength
and thickness of the cast steel stiffeners, the strain of the cast steel stiffeners is small.
Therefore, the overall strain of the CSS joint is small and the stress distribution is
relatively uniform. Moreover, plastic hinges at beam ends appear at locations farther
away from columns in CSS joint frames, so the joints and the beam ends present
relatively smooth-shaped curves after the sudden failure of the interior column.
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(3) Based on the stress distribution and the deformation mode of the circular-tube-column
frames with CSS joints, a component-based model is proposed for the progressive
collapse analysis. This efficient component-based model can simulate both the cate-
nary effect and the construction details of the CSS joints for an overall steel frame
under a column removal scenario. The equations of all the parameters of the springs
in the component-based model are deduced based on the mechanical properties of the
CSS joint frame, and the availability of the component-based model to simulate the
dynamic nonlinear response of the CSS joint frame under a sudden column removal
scenario is validated.

(4) In order to further simplify the analysis process, dynamic effects can be incorporated
into static analysis by using a dynamic increase factor for CSS joint frames. After
plenty of static and dynamic analyses are conducted by using the component-based
model, a dynamic increase factor of 1.7 suitable for the circular-tube-column frame
with CSS is proposed. This dynamic increase factor is smaller than the 2.0 suggested
in the DOD guidelines because the CSS joints reduce the maximum deformation of
the frame during the progressive collapse.

To sum up, the advantages of CSS joints in resisting progressive collapse were fully
demonstrated through force transfer mechanism analysis in this paper, and a simplified
component-based model and a suitable dynamic response amplification factor were pro-
posed to guide the design for progressive collapse prevention.
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