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A static loading test was carried out on a 1/3-scale concrete-filled square steel tubular column-steel beam frame (CFSTSBF)
specimen with 2 spans to study its progressive collapse behaviors under the middle column failure scenario using the alternate
load path method and to examine the failure mode and load transfer and main resistance mechanisms of the residual structure.
)en, theoretical models of the specimen, involving the whole collapse process, were developed, and the resistance and de-
formation relationships of each model were calculated and validated with test results. )e results indicated that the specimen
collapse process includes the elastoplastic stage, plastic stage, transfer stage, and catenary stage, the beammechanism and catenary
mechanism were the principal mechanisms for the structure against progressive collapse, and catenary action can significantly
strengthen structural resistance. )e modified theoretical models with higher practical accuracy could be used to assess structural
performances against progressive collapse.

1. Introduction

Progressive collapse can be defined as the propagation of the
local initial failure caused by accidents, such as explosion,
impact, and seismic, among the structural members of the
building, eventually resulting in a larger scope of structural
damage and even overall collapse [1–3]. It has two significant
characteristics: the uncertainty of the initial failure location
and disproportion of the final failure compared to the initial
damage.)e collapse of the USWorld Trade Center building
is a typical collapse event in which the final damage is
disproportionate to the initial; it demonstrates that a pro-
gressive collapse would incur serious consequences [4]. )e

uncertainty of the local damage further increases the analysis
difficulty of structural performance against progressive
collapse. To this end, the GSA and DOD guidelines suggest
the structural progressive collapse resistance can be evalu-
ated by analyzing the performance of the remaining
structure formed by the initial damage, utilizing the alternate
path method [5, 6]. )e progressive collapse is an in-
stantaneous dynamic nonlinear process which involves
nonlinearities of materials and geometries and structural
dynamic effects. Hence, the DOD specification [6] proposes
to carry out nonlinear dynamic analysis of the remaining
structure to obtain structurally accurate dynamic perfor-
mance. However, such a method is too complicated and

Hindawi
Shock and Vibration
Volume 2019, Article ID 2354931, 12 pages
https://doi.org/10.1155/2019/2354931

mailto:xuanwei07@hotmail.com
https://orcid.org/0000-0001-5194-267X
https://orcid.org/0000-0002-8458-4909
https://orcid.org/0000-0001-9363-8975
https://orcid.org/0000-0002-9995-7915
https://orcid.org/0000-0003-2764-276X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/2354931


computationally time-consuming to apply in the practical
engineering design.

Guo and Yu [7] established a nonlinear single-degree-of-
freedom model to analyze the dynamic response of pro-
gressive collapse of a single-column failure structure. In-
corporating the impact of the initial failure time, the
outcomes of the model were identical with the test results of
reinforcement concrete and steel structure, but its appli-
cation on progressive collapse resistance of the steel-con-
crete composite structure was not validated. Ferraioli [8]
believed structural behaviors were dominated by the first
vertical bending mode after a column was removed and built
an equivalent inelastic single-degree-of-freedom model to
explore the inelastic response and dynamic amplification of
the structure. Harry and Lu [9] developed a simplified
theoretical model for a generic beam in a column removal
scenario, considering the degradation of strength in the
plastic regions and axial restraint effect, and gained its re-
sistance functions. Zhang et al. [10] investigated load-
bearing capacity of reinforced concrete flat-plate framed
structures with simply supported slabs and fixed supported
slabs.)ey proposed an energy-based model considering the
contributions of internal energy dissipation and yield-line
effect; then, they analyzed the effect of its parameters on
load-bearing capacity, such as reinforcement ratio, slab
thickness and aspect ratio on the stiffness, and yield-line
resistance. Pham and Tan [11] proposed a simplified an-
alytical model of beam-slab subassembly systems taking
into account the contribution of tensile membrane action
in slabs to predict structural responses in internal-column
removal scenarios. )e model had good agreement with the
test results. Lu et al. [12] put forward analytical models for
reinforced concrete beams with and without slabs to cal-
culate their progressive collapse resistance in the middle
column removal scenario. Taking into account the com-
pressive arch action, this model validated with test and
numerical results can be used for practical design of the RC
structure. Flexural and compressive arch are the different
mechanisms against progressive collapse, respectively. A
theoretical method [13], incorporating these mechanisms,
was introduced to value the collapse resistance of rein-
forced concrete frame structures in static progressive
collapse.

Such achievements mentioned above can be used for
estimating the collapse resistance of reinforced concrete and
steel structures, but limited on composite structures. On the
basis of the method that assessed the structural dynamic
response using the nonlinear static analysis approach, de-
veloped by Izzuddin et al. [14], the present paper conducted a
static loading test on concrete-filled square steel tubular
column-steel beam frame (CFSTSBF) specimen to explore its
progressive collapse resistance under the middle column
removal scenario. )e collapse process of the CFSTSBF
specimen can be divided into four stages, by discussing its
deformation shapes, failure patterns, and load transfer and
resistancemechanisms in the test duration.)en, a theoretical
model for each stage was proposed to calculate resistance
functions, i.e., resistance and deformation relationships of the
specimen.

2. Experimental Program

2.1. SpecimenDetails. According to the Chinese steel structure
design code, a single-story 1/3-scale CFSTSBF specimen with
two spans was built and its layer height and span length were
1100mm and 1650mm, as illustrated in Figure 1.

As depicted in Figure 1, the section dimensions of side
columns (column A and column C), inside column (column
B), and steel beams were 200× 200×10, 150×150× 8, and
160× 88× 6, respectively (overall depth (h)× flange width
(b)×web thickness (tw)). )e side columns adopt a larger
section size to ensure the loading process is not interrupted
due to column failure, and to provide the beamwith effective
supports and constrains [15].

)e average cubic compressive strength of concrete was
40.8MPa, and the yield and tensile strengths were
fy � 283.0MPa and fu � 385MPa for the beam flange,
fy � 264.0MPa and fu � 364.0MPa for the beam web,
fy � 282.0MPa and fu � 352.0MPa for the side column,
fy � 273.0MPa and fu � 347.0MPa for the inside column, and
fy � 1030MPa and fu � 1156MPa for the high-strength bolt.

2.2. Loading System. To study the progressive collapse re-
sistance of the CFSTSBF specimen, a downward vertical
constantly increasing load was applied on the top of column B
which represented the initial failure component. As shown in
Figure 2, the specimen was fixed on the ground beam,
through, respectively, anchoring its column A and column C
with 8 high-strength bolts whose diameter and tensile
strength were 35mm and 1200MPa, and loading device
adopted the FCS2201000-500 electrohydraulic servo system
with a stroke of ±250mm and maximum load of 500 kN. )e
preloading was conducted on the specimen before the formal
loading; its value was taken as 10% of the initial yield load
value of the numerical model with same parameters, and its
duration was 10 min [16, 17] to check whether the loading
device and the test instrument were working properly.)en, a
displacement-control load was applied on the top of column
B, whose vertical support was removed before loading. )e
loading rate was 2mm/min before the specimen yielded, and
after that, it was adjusted to 5mm/min; the loading duration
was 4∼6min to ensure the deformation is stable and there is
enough time to observe and record the test phenomenon.
When the load value could not continue to increase and the
specimen showed significant damage, the test terminated.

2.3. Test Results

2.3.1. Test Phenomenon and Failure Patterns. In this test,
before the vertical displacement of column B (wP) reached
20mm, the specimen remained elastic.WhenwP � 40 mm, the
vertical load (P) applied on the top of column B was 190.117kN
and a slight deformation was detected at the bottom flange of
the beam in the hogging moment region (HMR), i.e., the joint
region of column A and column C. When wP � 100 mm, P �

192.531 kN and the buckling was observed at the top flange
of the beam in the sagging moment region (SMR), i.e.,
the joint region of column B, as shown in Figure 3(a).
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Figure 1: Geometric parameters of the CFSTSBF specimen (unit: mm). (a) Elevation drawing. (b) Connection details. (c) Beam and column
sectional geometric dimensions.
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Figure 3: Failure modes of the CFSTSBF. (a) Top flange buckling in the HMR. (b) Bottom flange buckling in the SMR. (c) Top flange
buckling in the HMR. (d) Top flange fracture in the SMR. (e) Bottom flange fracture in the HMR.
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When wP � 150 mm, P � 200.545 kN and the bottom and
top flanges of the beam in the SMR and HMR buckled
severely, as shown in Figures 3(b) and 3(c). When
wP � 310 mm, P � 220.323 kN and a crack was observed at
the bottom flange of the beam in the SMR. When
wP � 320 mm, the top flange of the beam in the HMR
cracked. When wP � 330 mm, the cracks of the top and
bottom flange in the HMR and SMR elongated to the web
(Figure 3(e)) and the vertical load could not be further
increased, and thus, the loading was terminated. Cracks
that extended to the web of the steel beam from the flange
incurred the failure of the CFSTSBF specimen.

2.3.2. Load-Displacement Analysis. Load-displacement re-
lationship of the CFSTSBF specimen, i.e., the resistance
curve, is illustrated in Figure 4. )e elastoplastic stage
(wP < 20mm) is the beginning stage of the loading process,
and the load rose linearly with the displacement increase.
At this stage, the beam mechanism played an important
role against structural collapse; that is, the principal
anticollapse resistance at this stage was bending moment.
)e resistance curve then entered the plastic stage
(20mm <wP < 95mm), and the load grew with the dis-
placement increase, but the increasing rate was lower in
this stage than in the elastoplastic stage. )e behavior of the
specimen was governed by bending moment, and plastic
hinges developed at joints of the SMR and the HMR in turn
at the end of this stage. At the transient stage
(95mm <wP < 190mm), the third stage of the resistance
curve, plastic hinges had already formed and the bending
moment could not increase further. Axial tension de-
veloped to withstand the increasing load, and the perfor-
mance of the specimen was governed by a combination of
bending moment and tensile force. )e catenary stage
(190mm <wP < 330mm) is the last stage of the resistance
curve, and the load decreased to 137 kN from 220.323 kN
with the displacement increase from 310mm to 330mm.
)e main anticollapse resistance was tensile force at this
stage.

3. Theoretical Analysis

3.1. Parameter Analysis and Collapse Stage Divisions

3.1.1. Parameter Analysis. After a vertical member failure,
its former bearing load becomes unbalanced force and exerts
on the remaining structure. )e redistribution ability of the
unbalanced load is influenced by the stiffness of the hori-
zontal member (i.e., the frame beam). As is well known, the
stiffness of the beam is mainly derived from the steel beam,
and it is also affected by the constraint of the beam end [18]
and the plasticity of the steel beam section. )e stiffness of
the steel beamwould decrease, while the plasticity of the steel
beam section extends [19], and its reduction factors are
shown in Table 1.

3.1.2. Collapse Stage Divisions. As described in experimental
analysis, the collapse process of the CFSTSBF specimen

could be divided into four stages, and they were in turn the
elastoplastic stage, plastic stage, transient stage, and catenary
stage, as shown in Figure 5.

At the elastoplastic stage (OA) and plastic stage (AB),
structural behaviors were governed by the beam mecha-
nism, whose carrying capacity was affected by flexural
stiffness and boundary conditions [20]. At the transient
stage (BC), the resistance function was mainly composed of
bending moment and axial tension force, and their re-
lationship should be determined firstly for the purpose of
calculating the resistance function. At the catenary stage
(CD), the steel beam was in the full-section tension state,
and axial tension force played a leading role against
collapse.

3.2. Collapse Models. )e progressive collapse of a structure
is a dynamic development process which can be divided into
several collapse stages. Due to the fact that structural re-
sistance and boundary conditions vary with progressive
collapse development, it is difficult to accurately simulate the
structural response using a unified model. Hence, this re-
search proposed theoretical models of the CFSTSBF spec-
imen which varied with collapse stages, defined their
applicable conditions, and calculated the resistance function
of each model.

3.2.1. Elastoplastic Stage. )e analysis model of the
CFSTSBF specimen in this stage is detailed in Figure 6, and it
should satisfy the following assumptions:

(1) )e constraints at both ends of the steel beam were
ideal fixed-end constraints with sufficient strength
and stiffness

(2) )e sectional deformation conformed to the
Euler–Bernoulli assumption, and the position of the
sectional neutral axis was kept constant in this stage

(3) Because the longitudinal dimension of the beam was
much larger than the lateral dimension in magni-
tude, the stress of σy, σx, an d τxy could be ignored
compared with the others, i.e., σy � σx � τxy � 0

(4) )e steel model adopts the ideal elastoplastic con-
stitutive model, and its stress-strain relationship is
illustrated in Figure 7

(5) Ignoring the displacement caused by the axial force
of the beam, the axial displacement of the beam was
mainly caused by the vertical deformation

According to the aforementioned basic assumptions, the
deflection curve that satisfied the boundary conditions of
this stage is as follows:

w(x) � 􏽘
∞

n�1
an 1 − cos

2nπx

L
􏼒 􏼓. (1)

)e deformation energy (U), potential energy (V), and
total potential energy (Π) of the CFSTSBF specimen are
given by
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U � 􏽚
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2
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(4)

Based on the principle of minimum potential energy, the
minimum requirement against progressive collapse of the
model was obtained:

an � 􏽘
∞

n�1

PL2

16π4n4μEPkE

1 − cos
2nπxP

L
􏼒 􏼓. (5)

)en, the vertical displacement equations of the steel
beam deflection curve and the failure point could be cal-
culated as
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Figure 4: Resistance curve of the CFSTSBF specimen.

Table 1: Flexural stiffness reduction factors (μ).

L/D (span-depth ratio)
10 15 20

μEP 0.085 0.179 0.335
μP 0.033 0.071 0.135
Note: μEP represents the flexural stiffness reduction factor in the elasto-
plastic stage; μP represents the flexural stiffness reduction factor in the
plastic stage.
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w(x) � 􏽘
∞

n�1

PL2

16π4n4μEPkE

· 1 − cos
2nπxP

L
􏼒 􏼓 1 − cos

2nπx

L
􏼒 􏼓,

(6)

wP � 􏽘

∞

n�1
an 1 − cos

2nπxp

L
􏼠 􏼡 �

PL2

384μEPkE

, (7)

where μEP represents the flexural stiffness reduction factor of
the steel beam in this stage, and it could be obtained from
Table 1. kE represents the bending stiffness of steel beams
that could be calculated by the following equation:

kE �
EsbIsb EscIsc + 0.6EcIcc( 􏼁

2EsbIsbHc + EscIsc + 0.6EcIcc( 􏼁L
, (8)

where Esb is the elastic modulus of the steel beam, Isb is the
sectional moment of inertia of the steel beam, Asb is the
sectional area, L is the beam span, Ic is the column sectional
moment of inertia,Hc is the column height, Esc and Ec are the
elastic modulus of the steel tube and concrete, and Isc and Icc
are the sectional moment of inertia of the steel tube and
concrete.

3.2.2. Plastic Stage. )e analysis model of the CFSTSBF
specimen at this stage is shown in Figure 8, and it should
meet the following assumptions:

(1) )e restraining effect of columns and the influence of
plastic extension of the steel beam section should be
taken into account when calculating the flexural
stiffness of the steel beam, while the influence of axial
force was ignored

(2) )e plastic hinges occurred at beam ends first and
then at the midspan of the beam, while the other
parts still remained elastic

Based on the assumptions mentioned above, the de-
flection curve that satisfied the boundary conditions of this
stage is as follows:

Δw(x) � 􏽘
∞

n�1
an sin

nπx

L
. (9)

)e deformation energy (U), potential energy (V), and
total potential energy (Π) of the CFSTSBF specimen are
given by

U � C
v
σεdv �

π4kce,P

4L2 􏽘

∞

n�1
n
4
a
2
n, (10)

V � −
1
2
ΔPBwp � −

1
2
ΔPBan 􏽘

∞

n�1
sin

nπxP

L
, (11)

Π � U + V �
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4L2 􏽘

∞

n�1
n
4
a
2
n −

1
2
ΔPBan 􏽘

∞

n�1
sin

nπxP

L
.

(12)

According to the principle of minimum potential energy,
the minimum requirement against progressive collapse of
the model was obtained:

an �
ΔPBL2

n4π2μPkE

sin
nπxP

L
. (13)

)en, the vertical displacement equations of the steel
beam deflection curve and the failure point could be de-
termined by

Δw(x) � 􏽘
∞

n�1

ΔPBL2

n4π2μPkE

sin
nπxP

L
sin

nπx

L
, (14)

ΔwPB
� 􏽘

∞

n�1

ΔPBL2

n4π2μPkE

sin2
nπ
2

�
ΔPBL2

96μPkE

, (15)

ΔPB �
1
2

P + PA( 􏼁≤
1
L

Mu + My􏼐 􏼑, (16)

My �
fy

6
bh

2
−
1
h

b − tw( 􏼁 h − 2tf􏼐 􏼑
3

􏼔 􏼕, (17)

Mu �
fy

4
4btf h − tf􏼐 􏼑 + tw h − 2tf􏼐 􏼑

2
􏼔 􏼕, (18)

where My and Mu are the sectional yield and ultimate
flexural moment of the steel beam, respectively; b, h, tf, and
tw are the geometric dimensions of the steel beam section, as
illustrated in Figure 1(c); and μP is the flexural stiffness
reduction factor which could be found in Table 1.

)e total displacement of the failure point ranging from
the elastoplastic to the plastic stage could be calculated as

w � wA + ΔwPB
, (19)

where ΔPA is the vertical load increment and PA and PB are
the load values at the start and end points of the plastic stage,
respectively.
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Figure 8: Analysis model in the plastic stage.
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3.2.3. Transient Stage. )e analysis model of the CFSTSBF
specimen in this stage is illustrated in Figure 9, and it should
meet the following assumptions:

(1) )e restraining effect of columns, the influence of
plastic extension of the steel beam section, and the
contribution of axial force should be taken into
account when calculating the flexural stiffness of the
steel beam

(2) )e plastic hinges formed at both ends and midspan
of the beam in turn, while the other parts were still in
the elastic state

Depending on the assumptions mentioned above, the
deflection curve that met the boundary conditions of this
stage is as follows:

Δw(x) � 􏽘
∞

n�1
an sin

nπx

L
. (20)

)e deformation energy (U), potential energy (V), and
total potential energy (Π) of the CFSTSBF specimen are
given by

U � C
v
σεdv �

π4μPkE

4L2 􏽘

∞

n�1
n
4
a
2
n, (21)

V � −
1
2
ΔPCΔwp � −

1
2
ΔPCan 􏽘

∞

n�1
sin

nπxP

L
, (22)

􏽙 � U + V �
Nπ2

4L
􏽘

∞

n�1
n
2
a
2
n +

π4μTkE

4L2 􏽘

∞

n�1
n
4
a
2
n

−
1
2
ΔpC 􏽘

∞

n�1
an sin

nπxP

L
.

(23)

Based on the principle of minimum potential energy, the
minimum requirement against progressive collapse of the
model was obtained:

an �
ΔPCL2

n2π2LN + n4π4μTkE

sin
nπxP

L
. (24)

When the steel beam section was fully yielded [20], its
axial force can be expressed as

N �
r − mr2

1 − mr2
Nu �

r − mr2

1 − mr2
fyAs. (25)

Equation (24) can be described as

an �
ΔPCL2 1 − mr2( 􏼁sin nπxP/L( 􏼁

ψ1 + ψ2
, (26)

where ψ1 � n2π2L(r − mr2)fyAs and ψ2 � n4π4kce,T
(1 − mr2).

)en, the vertical displacement equations of the steel
beam deflection curve and the failure point could be cal-
culated as

Δw(x) � 􏽘
∞

n�1

ΔPCL2 1 − mr2( 􏼁sin nπxP/L( 􏼁sin(nπx/L)

ψ1 + ψ2
,

(27)

ΔwPC
� 􏽘
∞

n�1

ΔPCL2 1 − mr2( 􏼁sin2(nπ/2)

ψ1 + ψ2
. (28)

)e total displacement of the failure point ranging from
the elastoplastic to the transient stage and the resistance
force in this stage could be calculated as

w � wB + ΔwPC
,

PC � PB + ΔPC.
(29)

)e strain value of the compressive flange of the steel
beam section grew to 0, which indicated the progressive
collapse came to the end of this stage, and the axial force was
described as

εN1
� εMu

�
Mu

μpkeL
. (30)

)e displacement of the failure point in this stage was
calculated as

wC �
L

2

����������������
Mhog

kce,PL

Mhog

kce,PL
+ 2􏼠 􏼡

􏽳

. (31)

3.2.4. Catenary Stage. )e catenary stage was the last but the
important stage of the structural collapse process against
progressive collapse. During this stage, the catenary effect
began to work and strengthen structural capacity against
progressive collapse. )e analysis model of the CFSTSBF
specimen in this stage is illustrated in Figure 10, and it
should meet the following assumptions:

(1) )e joint had sufficient strength and rotation ability;
for example, the joint did not fail until the structure
was damaged.

(2) As shown in Figure 11, the axial stress-strain re-
lationship was represented by a double-fold line-
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Figure 9: Analysis model in the transient stage.
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strengthening model considering the material strain-
strengthening effect.

(3) )e strain of the steel beam section, including the
bending strain and the axial strain, conformed to the
Euler–Bernoulli assumption, and its value increased
to 0.02, resulting in the structural damage.

)e strain of the steel beam section at the start and end of
this stage can be expressed as

ε �
εN1

� εMu
,

εN2
� εu − εMu

.

⎧⎨

⎩ (32)

When strain reaches εN2
from εN1

, strain energy per
volume (κ) can be calculated as

κ � 􏽚
εN2

εN1

σdε

�

􏽚
εy

εN1

Esbεdε + 􏽚
εN2

εy

0.01Esbεdε, εN1
< εy,

􏽚
εN2

εN1

0.01Esbεdε, εN1
≥ εy.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(33)

)en, the structural deformation energy can be de-
scribed as
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2

dεdl,

U2 � 􏽚
L/2

0
􏽚
εN2

εy

0.01ktLε
2

dεdl,

U3 � 􏽚
L/2

0
􏽚
εN2

εN1

0.01ktLε
2

dεdl,

kt �
4

H3
c /12 EscIsc + 0.6EcIcc( 􏼁( 􏼁 + L/EsbAsb( 􏼁

,

(34)

where kt is the axial stiffness of the steel beam.
When the strain reached the ultimate strain, depending

on the structural geometry coordination relationship, the
vertical displacement of the failure point can be expressed as

w �

���������

(1 + ε)2 − 1
􏽱

L

2
. (35)

)e work done by external forces at this stage was

W � P − PC( 􏼁 w − wPC
􏼐 􏼑

� P − PC( 􏼁

����������

(1 + ε)2 − 1
􏽱

L

2
− wPC

􏼔 􏼕.

(36)

)us, on the basis of the principle of energy balance, the
force at this stage can be calculated as

P � PC +
2

����������

(1 + ε)2 − 1
􏽱

(L/2) − wPC

U1 + U2 εN1
< εy

U3 εN1
≥ εy

⎧⎪⎨

⎪⎩

(37)

4. Discussion

4.1. Comparisons between Experimental and >eoretical
Results. Table 2 lists the theoretical and experimental values
of the CFSTSBF specimen, and their resistance curves are
shown in Figure 12.

εy

σy

Esb

0.01Esb

σ

σu

εu ε

Figure 11: Stress-strain relationship in the catenary stage.
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z
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Hc

xp

NN
P
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failure

Figure 10: Analysis model in the catenary stage.
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In the elastoplastic stage, the experimental value of initial
rotational stiffness of the specimen, taking the secant stiff-
ness at the initial yield point, was 8728.39N/mm, while the
theoretical value was 9340.69N/mm, and the deviation
between them was as few as 7.02%. )us, the elastoplastic
model in this stage could better simulate the real response of
the structure under the collapse condition case.

In the plastic stage, the deviation between the theoretical
and experimental values started to expand (the latter was
higher than the former).

In the transient stage, when the displacement was
123mm, the deviation reached a maximum of 34.82%, and it
then shrank gradually.

In the catenary stage, the theoretical values matched well
with the test results, and when the vertical displacement
reached 310mm, the test values began to decrease, whereas
the theoretical value continued to increase. )e main reason
for this phenomenon was that firstly, the extensions of the
plasticity status and the crack in the steel beam section were
a slow process for the test duration, but their developments
incurred the structural resistance to reduce; moreover,
adopting the strain criterion as its failure criterion, the
theoretical model would not fail until the strain reached its
ultimate strain, which caused the resistance to increase.

As discussed previously, the analysis models simulated
the whole collapse process of the specimen, and the cal-
culations of the elastoplastic and catenary models could be
well matched with the experimental results, indicating the

two analysis models could better reflect the structural real
response in the corresponding stage.

4.2. Deviations Analysis and >eoretical Formula
Modification. As can be seen in Table 1 and Figure 12, the
major deviation between calculations and experimental
results occurred in plastic and transient stages for the fol-
lowing reasons: the steel material constitutive relation of
theoretical models adopted the ideal elastoplastic model
taking no account of the strain-strengthening effect, and the
plastic model omitted the contribution of axial force. Evi-
dence from the test revealed the plastic strain of the steel
beam was small and its section had not completely yielded
yet at the end of the plastic stage. )us, the theoretical
analysis model in the plastic stage should incorporate the
contribution of axial force.

Owing to that bending moment and axial force varied
with the process of collapse and the steel beam section had
not completely yielded, the relationship between the ulti-
mate bending moment (Mu) and the ultimate axial force
(Nu) of the steel beam section could not be determined in the
plastic stage. As a consequence, it was impossible to develop
the plastic model incorporating axial force and bending
moment. Using the concept of approximation in the nu-
merical analysis method, and assuming the theoretical
model in the plastic stage meeting the basic assumptions
mentioned above and the section deformation satisfying the
deformation coordination condition, the present research
deduced the structural resistance, and the detailed derivation
process is as follows:

(1) Using the plastic stage resistance-deformation cal-
culation formulae (equations (9)∼(19)), the struc-
tural resistance P0 and the displacement w0 of the
failure point were obtained.

(2) Under the deformation coordination condition, the
axial strain of the steel beam was derived at the
moment of the displacement of the failure point w.

Table 2: Comparisons between calculations and experimental
results.

P (kN)
wP (mm)

11 73 123 190 330

Experiment 108.53 179.85 195.88 201.18 137.13
Calculation 99.26 140.59 145.29 198.83 216.62
Deviation (%) 9.33 27.93 34.82 1.18 − 36.7

Experimental curve
Theoretical curve

P 
(k

N
)

0
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Figure 12: Resistance curves of the CFSTSBF specimen.
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Figure 13: Resistance curves of the CFSTSBF specimen.
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(3) By substituting P0 and w into equation (38), the
structural resistance P1 was obtained:

P1 � P0 + μEA

������������

(L/2)2 + w2
0􏽨 􏽩

2
􏽱

L/2
. (38)

(4) )e structural resistances P0 and P1 were compared.
If their deviation met the practical accuracy re-
quirement, the calculation process terminated; but if
not, the responding displacement w1 was calculated
by substituting P1 into equations (14)∼(19), and the
above steps were repeated until the accuracy satisfied
the requirement. )e formula for calculating re-
sistance could be expressed as

Pn � Pn− 1 + μEA

��������������

(L/2)2 + w2
n− 1􏽨 􏽩

2
􏽱

L/2
. (39)

)e modified load-displacement curve of the CFSTSBF
specimen is shown in Figure 13. )e maximum deviation of
the resistance of the structure after one approximation
modification was reduced to 7.33% from 34.82%, which
basically met the practical accuracy requirements.

5. Conclusions

)e present paper conducted the theoretical and experi-
mental investigations on the progressive collapse resistance
of the CFSTSBF specimen, based on the energy principle-
derived resistance-deformation functions, and drew the
main conclusions as follows:

(1) )e theoretical models, comprising 4 staged models,
could better simulate the whole process of structural
collapse, and each model represented the corre-
sponding collapse stage of the CFSTSBF specimen.
Validating against the test results, the resistance-
deformation functions obtained from the theoretical
models were good at reflecting the development
trend of collapse, but weak at calculating accuracy.
And the functions modified with the approximation
method had high precision and well matched with
the test results.

(2) When calculating the equivalent stiffness of steel
beams, the restraining effect of concrete-filled square
steel tubular columns and the influence of the plastic
development of steel beam sections on the bending
stiffness of steel beams should be taken into account.

(3) )e strain criterion used in the theoretical analysis
better simulated the failure characteristics of struc-
tures and components under collapse conditions and
could be used as a criterion for the progressive
collapse of steel beam frames.

Notations

fy: Yield strength
fy: Ultimate tensile strength

h: Sectional height of the steel beam
b: Flange width of the steel beam
tw: Web thickness of the steel beam
tw: Flange thickness of the steel beam
a: Sectional dimension of the steel tube
tc: )ickness of the steel tubular wall
μEP: Flexural stiffness reduction factor in the elastoplastic

stage
μP: Flexural stiffness reduction factor in the plastic stage
U: Deformation energy
V: Potential energy
Π: Total potential energy
Esb: Elastic modulus of the steel beam
Isb: Sectional moment of inertia of the steel beam
Asb: Sectional area
L: Beam span
Ic: Column sectional moment of inertia
Hc: Column height
Esc: Elastic modulus of the steel tube
Ec: Elastic modulus of steel-concrete
Isc: Sectional moment of inertia of the steel tube
Icc: Sectional moment of inertia of concrete
kE: Equivalent bending stiffness of steel beams
kt: Axial stiffness of the steel beam
My: Yield bending moment of the steel beam
Mu: Ultimate bending moment of the steel beam
ΔP: Vertical load increment applied on column B
ΔPB: Vertical load increment in the plastic stage
ΔPC: Vertical load increment in the transient stage
w: Vertical displacement of the failure point
ΔwPB

: Vertical displacement increment of the failure point
in the plastic stage

ΔwPC
: Vertical displacement increment of the failure point
in the transient stage.
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