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Abstract: The gable wall of the conventional island of a nuclear power plant carries various pipeline
loads connecting the nuclear island and the conventional island. If the gable wall collapses and is
damaged due to the progressive collapse of the main plant structure of the conventional island, it will
directly threaten the safety of the nuclear island. Therefore, it is of great significance to systematically
study the resistance of the gable structure of the nuclear island to progressive collapse for the safe
operation of nuclear power plants. Based on the SAP2000 finite element analysis platform, this paper
established a model of the reinforced concrete frame structure of the first span of the shield building
on the conventional island of a nuclear power plant, including the gable. According to the alternate
path method, the node displacement and bearing capacity responses were used to determine the
critical components in the gable, and single column failures of the top four in importance were
selected as different analysis conditions. Nonlinear static and dynamic methods were used to analyze
the displacement, internal force change, hinge sequence of the gable structure on the side of the
nuclear island, and the ability of the gable to resist progressive collapse. The analysis results showed
that the gable structure of the nuclear island had good resistance to progressive collapse under four
single column failure conditions, whether by nonlinear static or dynamic analysis, and the overall
vertical displacement obtained by the nonlinear static analysis was larger than that obtained by the
dynamic analysis.

Keywords: gable structure; progressive collapse; nonlinear analysis; removal of components method

1. Introduction

As important sources of accidental effects, superdesign reference events are charac-
terized by short duration and large energy [1], causing direct vibrational damage and
secondary natural disasters that greatly test and threaten the safety of structures and facil-
ities in nuclear power plant buildings. For example, the effects of the 9 Mw earthquake
of 11 March 2011 in Japan, in essence caused the Fukushima nuclear leakage accident that
brought incalculable damage to the marine ecology of the world (as shown in Figure 1). On
the other hand, the accidental effects of artificial events, such as explosions and impacts,
can also have serious consequences that cannot be estimated [2]. For example, the terrorist
attack of 11 September 2001 in the United States resulted in the structural progressive
collapse of the twin towers of the World Trade Center within a few hours (as shown in
Figure 2). With the frequent occurrence of accidents, in-depth studies are being conducted
all over the world and technical standards for progressive collapse are being innovated,
and it can be said that these typical cases have provided valuable information for studying
the resistance of structures to progressive collapse [3–6].
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innovated, and it can be said that these typical cases have provided valuable information 
for studying the resistance of structures to progressive collapse [3–6]. 

The Ronan Point Apartment incident triggered by a gas explosion in England first set 
off a wave of research on structural resistance to progressive collapse [7]. John E. Braenc 
[8] obtained two ideas through his collapse experiments: one was to increase the load 
transfer path and the other was to enhance the bearing capacity of components. He advo-
cated to improve the integrity of the structure through the design of ties and linkage. To 
further improve the structure’s resistance to progressive collapse, Ellingwood [9] pro-
posed using event control and indirect and direct methods to design the structure against 
progressive collapse. After the Ronan Point Apartment incident in Britain, the sensational 
“911” incident in the United States promoted research on structural resistance to progres-
sive collapse to reach a climax, with the recognition and exploration of structural re-
sistance to progressive collapse in the engineering community of various countries reach-
ing new heights. 

 
Figure 1. Fukushima nuclear leakage accident in Japan. 

 
Figure 2. 9.11 Collapse of the World Trade Center. 

Due to the limitations of test conditions, most of the studies on progressive collapse 
are based on simple components and model-scale structures. Ma et al. [10] used the com-
ponent removal method to conduct collapse experimental research on the slab and column 
structure at the model scale and found that the film pulling effect of the plate can signifi-
cantly enhance the resistance of the structure to progressive collapse. Stinger et al. [11] 
used pseudo-static pushdown experiments to study the progressive collapse resistance of 

Figure 1. Fukushima nuclear leakage accident in Japan.
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Figure 2. 9.11 Collapse of the World Trade Center.

The Ronan Point Apartment incident triggered by a gas explosion in England first set
off a wave of research on structural resistance to progressive collapse [7]. John E. Braenc [8]
obtained two ideas through his collapse experiments: one was to increase the load transfer
path and the other was to enhance the bearing capacity of components. He advocated to
improve the integrity of the structure through the design of ties and linkage. To further
improve the structure’s resistance to progressive collapse, Ellingwood [9] proposed using
event control and indirect and direct methods to design the structure against progressive
collapse. After the Ronan Point Apartment incident in Britain, the sensational “911” incident
in the United States promoted research on structural resistance to progressive collapse to
reach a climax, with the recognition and exploration of structural resistance to progressive
collapse in the engineering community of various countries reaching new heights.

Due to the limitations of test conditions, most of the studies on progressive collapse are
based on simple components and model-scale structures. Ma et al. [10] used the component
removal method to conduct collapse experimental research on the slab and column structure
at the model scale and found that the film pulling effect of the plate can significantly enhance
the resistance of the structure to progressive collapse. Stinger et al. [11] used pseudo-
static pushdown experiments to study the progressive collapse resistance of beam–column
structures with continuous and non-continuous reinforcements, concluding that continuous
reinforcement can enhance the overall flexural resistance of the structure only at the small
deformation stage. Exploring the nature of structural resistance to progressive collapse
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more precisely, Adam et al. [12] concluded that the progressive collapse resistance of the
structure mainly depends on the flexural and fasting mechanisms of the floor, and the
film pulling effect was not obvious in dynamic experiments in which the full-scale bottom
corner columns were removed from RC plate structures. Lou et al. [13] adopted a prototype
collapse experiment to simulate the progressive collapse resistance of a portal rigid frame
under real fire action and found that the structure would have asymmetric collapse due to
uneven temperature distribution. Li et al. [14] respectively conducted progressive collapse
tests on cast-in-place and assembled monolithic reinforced concrete beam–column structure
specimens under uniform load compared to the dynamic collapse resistance of the two
structures based on the energy principle, concluding that the cumulative energy dissipation
capacity of the structures under the compressive arch mechanism was higher. Most of
the above studies are based on the progressive collapse of components and structures.
In practice, the filled wall is also an important part of the structure, so its resistance to
progressive collapse also needs attention. Qian et al. [15,16] studied the influence of packed
walls on the collapse resistance of structures and came to the conclusion that packed walls
can improve the strength, stiffness, and collapse mode of structures. Baghi et al. [17]
conducted side column failure collapse tests on a completely reinforced concrete frame
structure with sintered porous bricks as filler walls, finding that the installation of filler
walls can improve the bearing capacity of the structure but it reduces the ductility of the
structure. Shan et al. [18] simulated the middle column failure collapse of a fully packed
wall frame specimen and a cavity-packed wall frame specimen, concluding that the strength
and stiffness of the fully packed wall frame specimen was improved but its ductility was
decreased. As different load types lead to different structural responses, Pham et al. [19]
conducted a comparative study of the dynamic progressive collapse of structures under
uniform and concentrated loads with the same load size, concluding that the suspension
effect under a concentrated load has a high degree of development.

However, the harshness of experimental conditions reduces the accuracy of experi-
mental results to some extent, so many scholars use numerical simulations to analyze
buildings with large sizes, complex structures, and extreme experimental conditions.
Griengsak et al. [20] described a new element and used it to study the progressive col-
lapse resistance of beam–column systems. Mohajeri et al. [21] proposed a theoretical model
and verified the anti-progressive collapse performance of RC frame structures with columns
removed through experiments and numerical analysis. The analysis results showed that
the conclusions of the two methods were basically consistent, which further explained the
reliability of the numerical simulation results. Christoph et al. [22] further abstracted a
system of degrees of freedom by taking the p-delta effect into account using the pushover
analysis method and studied the nonlinear collapse performance of multi-layer frame sys-
tems under earthquake action. Nyunn et al. [23] studied the progressive collapse resistance
of packed walls using nonlinear dynamic and static methods, concluding that packed
walls can significantly improve the progressive collapse resistance of reinforced concrete
structures but have little influence on the DFA (dynamic amplification factors) coefficient.
In addition, Praveen et al. [24] established reinforced concrete models of different respective
heights in SAP2000 and studied the structural anti-progressive collapse performance using
nonlinear static and dynamic analysis methods. These researchers came to the conclusion
that the values of DIF (dynamic increase factors) vary with different dynamic demands,
and the nonlinear dynamic analysis method is the most accurate choice to simulate the
progressive collapse of structures. Compared with the number of studies on reinforced con-
crete structures, there are fewer studies analyzing prestressed concrete structures against
progressive collapse. Joshi et al. [25] proposed that more attention should be paid to the
analysis of prestressed concrete structures against progressive collapse. Relevant studies
on structural resistance to progressive collapse have emerged in an endless stream [26,27].
Alsheikh et al. [28] systematically summarized the factors affecting the progressive collapse
resistance of reinforced concrete structures, including specifications, structural types, failure
control factors, etc.
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Most of the above studies on progressive collapse resistance are based on common
building structures, while those on nuclear power plants are rare. The nuclear island on
the main plant side of the conventional island is closely linked to the gable (as shown
in Figure 3), and there is an electrical plant near the gable. If the shield building of the
conventional island progressively collapses, then the gable near the location is also very
likely to collapse, directly causing damage to the nuclear island. Therefore, the collapse
resistance of the gable near the nuclear island should be improved as much as possible, so
as to ensure that the safety margin of the nuclear island can be relatively guaranteed even
if the shield building of the conventional island collapses and is progressively destroyed
under accidental action [29]. Based on this, this paper takes the gable structure of the
nuclear island side of the shield building of the conventional island of a nuclear power
plant as the research object for progressive collapse simulation. The study analyzes the
nonlinear static and dynamic anti-progressive collapse abilities of the gable wall under
four different working conditions, as well as the sequence of the hinge and internal force
distribution, etc., providing a reference for the anti-progressive collapse design of the gable
structure of the nuclear island side of the shield building of the conventional island of
nuclear power plants.
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2. Theory and Methods
2.1. Plastic Hinge Judgment and Equivalent Load Taking

Figure 4 displays the plastic hinge skeleton curve, where the horizontal axis represents
the cross-sectional plastic angle θ (rad). The origin is denoted by point A, while point B
represents the hinge yield point, point C represents the yield strength, point D represents
the residual strength, and point E represents the member damage. The AB section from
point A (unstressed point) to the effective yield point B is the linear elastic stage. In the
BC section, which is considered the elastoplastic stage, the stiffness decreases linearly
from point B (yield point) to point C (ultimate strength point), but the bearing capacity
increases to a certain extent. In the CD section (decline stage), the stiffness of the member
decreases rapidly and the load resistance suddenly decreases to point D (residual strength
point). In the DE section, the load develops accordingly to point E (damage point). Three
marker points are set between points B and C, which are IO (direct use), LS (life safety),
and CP (collapse prevention). In the figure, “a” indicates the corner of the section when the
plastic hinge reaches the maximum flexural load capacity and then suddenly loses the load
capacity, “b” indicates the corner of the beam when the plastic hinge completely loses the
load capacity, and “c” indicates the residual strength ratio.
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Different countries have different regulations for the analysis of structural resistance
to progressive collapse based on load combination, such as GSA2016 [30], DoD2016 [31],
and other regulations. Considering the complexity of structural calculation and analysis,
the influence of wind load on the structure was ignored in this paper. In the analysis of the
anti-progressive collapse performance of the structure, reference is made to the selection
of the load combination in the GSA2016 specification. In the static analysis, Formula (1)
is used for the cross-part and above load combination, and Formula (2) is used for the
load combination of other parts. In the dynamic analysis, Formula (3) is used for the load
combination of each part of the structure.

The load combination in the static analysis of GSA2016 regulation is stipulated as follows:

ΩLD (1.2D + 0.5L) (1)

ΩLF (1.2D + 0.5L) (2)

The load combination in the dynamic analysis of GSA2016 regulation is stipulated
as follows:

1.2D + 0.5L (3)

Formula parameter meanings:
D: Constant load; L: Live load;
ΩLD: Deformation control factor; ΩLF: Force control coefficient
For the specific value of the load, the equivalent amplification factor is not unified.

According to the GSA2016 specification and experience, ΩLD = 1, ΩLF = 2.

2.2. Evaluation Guidelines

In order to evaluate the degree of collapse failure of the residual structure more clearly,
this paper evaluated the damage risk to the gable frame structure according to the limit
value of the support angle after deformation of the corresponding structure, as shown in
Table 1. The literature [32] points out that the failure mechanism and loading time differ
greatly due to accidental load and seismic action, so the rotation limit of the beam end can
be relaxed. In this paper, combined with the GSA2016 specification and considering the
short duration of accidental action, the corresponding evaluation standard was set at 2.5◦.

Table 1. Limit value of turning angle of beam end joint on the floor where the failed column is located.

Reference Materials Liu &Astaneh-Asl A [33] GSA2016 [30] AISC 341-05 [34]

Beam end joint Angle 2.17◦ 2–2.5◦ 2.19◦
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2.3. Design Methodology

There are four main design methods recognized, widely researched, and applied in the
industry for progressive collapse resistance: the conceptual design method, tensile strength
method, alternate path method, and key member method. The first two methods are
mainly used to strengthen the progressive collapse resistance of structures from a holistic
perspective. The alternate path method and key member method, on the other hand, are
direct control methods that are mainly used to study and evaluate the progressive collapse
influencing factors and collapse resistance through tests and numerical simulations [35–37].
Table 2 summarizes the combinations of each design method for different codes.

Table 2. Comparison of degree of emphasis of various progressive collapse design methods in
national codes.

Location Canonical Name Conceptual Design Tensile Strength Removal Method Critical Component

Britain BS8110-1:2005 ——
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As can be seen from Table 2, the component removal method is more widely applied
than the other three methods, and the relevant codes for progressive collapse resistance
in China and the United States have more mature and specific operating procedures and
theoretical guidance for this method [38–40]. Therefore, this paper chose the component
removal method for analysis.

2.4. Numerical Analysis Methods

By reasonable assumption and simplification of the collapse process, the component
removal method can specifically divide the numerical analysis methods of structure re-
sistance to progressive collapse into four categories [41,42]: linear static analysis method,
nonlinear static analysis method, linear dynamic analysis method and nonlinear dynamic
analysis method. In order to obtain a more intuitive understanding of the above four
analysis methods, this paper longitudinally compared the four analysis methods’ operation
difficulty, running speed, application scope, and other attributes. The comparison results
are shown in Table 3.

Table 3. Comparison of analytical methods.

Analytical Method Linear Static Nonlinear Static Linear Dynamic Nonlinear Dynamic

Operation difficulty easy more difficult ordinary difficult
Operating speed fast slower slower slow

Material nonlinearity no yes no yes
Dynamic effect no no yes yes

Scopeof application small big small big
Accuracy low higher ordinary high

As can be seen from Table 3, if the computing capacity allows, nonlinear analysis with a
wider application range can be used to obtain scientific results closer to the actual situation.
On the other hand, relevant specifications [43] also clearly point out that nonlinear methods
are recommended for the progressive collapse analysis of complex, irregular building
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structures or buildings with more than ten floors. Based on this, nonlinear static and
dynamic methods were used to study the progressive collapse resistance of the gable frame
structure on the conventional island of nuclear power plants.

3. Progressive Collapse Performance Study
3.1. Finite Element Modelling

The main plant on the conventional island of a nuclear power plant is mainly com-
posed of a steam engine room, an auxiliary room, and a clean room. The gable on one side
of the nuclear island is equipped with the shear wall anti-dumping structure of the main
steam pipeline, and the underground structure is a semi-basement of first-class seismic
grade, with multiple splintered layers and an irregular layout. According to the analysis
of the general layout of the nuclear island, the main plant on the conventional island, and
the turbine plant, the first span of the main plant on the conventional island is adjacent to
other plant structures on three sides and is completely separated from other parts through
structural joints. Therefore, this paper took the nuclear island side of the gable frame
structure as the starting point and used the SAP2000 finite element analysis platform to
establish the first span of the conventional island main plant as the overall structural model,
as shown in Figure 5. Subsequently, nonlinear static and dynamic analyses were conducted
on the progressive collapse resistance of the the nuclear island side of the gable frame
structure. The longitudinal axes of the frame structure are A, B, and C, respectively. In this
paper, the beam–column members were modelled in SAP2000 using frame units, which
can consider the effects of biaxial bending, axial deformation, torsion and biaxial shear
deformation, etc. Each node of the frame unit had six degrees of freedom, as shown in
Figure 6.

Buildings 2023, 13, x FOR PEER REVIEW 7 of 27 
 

As can be seen from Table 3, if the computing capacity allows, nonlinear analysis 
with a wider application range can be used to obtain scientific results closer to the actual 
situation. On the other hand, relevant specifications [43] also clearly point out that non-
linear methods are recommended for the progressive collapse analysis of complex, irreg-
ular building structures or buildings with more than ten floors. Based on this, nonlinear 
static and dynamic methods were used to study the progressive collapse resistance of the 
gable frame structure on the conventional island of nuclear power plants. 

3. Progressive Collapse Performance Study 
3.1. Finite Element Modelling 

The main plant on the conventional island of a nuclear power plant is mainly com-
posed of a steam engine room, an auxiliary room, and a clean room. The gable on one side 
of the nuclear island is equipped with the shear wall anti-dumping structure of the main 
steam pipeline, and the underground structure is a semi-basement of first-class seismic 
grade, with multiple splintered layers and an irregular layout. According to the analysis 
of the general layout of the nuclear island, the main plant on the conventional island, and 
the turbine plant, the first span of the main plant on the conventional island is adjacent to 
other plant structures on three sides and is completely separated from other parts through 
structural joints. Therefore, this paper took the nuclear island side of the gable frame struc-
ture as the starting point and used the SAP2000 finite element analysis platform to estab-
lish the first span of the conventional island main plant as the overall structural model, as 
shown in Figure 5. Subsequently, nonlinear static and dynamic analyses were conducted 
on the progressive collapse resistance of the the nuclear island side of the gable frame 
structure. The longitudinal axes of the frame structure are A, B, and C, respectively. In this 
paper, the beam–column members were modelled in SAP2000 using frame units, which 
can consider the effects of biaxial bending, axial deformation, torsion and biaxial shear 
deformation, etc. Each node of the frame unit had six degrees of freedom, as shown in 
Figure 6. 

 
Figure 5. Three-dimensional model of integral structure. Figure 5. Three-dimensional model of integral structure.

Buildings 2023, 13, x FOR PEER REVIEW 8 of 27 
 

 
Figure 6. Sketch of frame element. 

3.2. Constitutive Model of Materials 
The main plant of the conventional island is mainly composed of concrete, section 

steel, and rebar. The strength grade of concrete is C45, and the parameters of the constitu-
tive curve are shown in Figure 7. The elastoplastic model considering yield platform and 
linear strengthening was adopted for the reinforcements and steel. The parameters of the 
constitutive curve are shown in Figure 8. 

 
Figure 7. C45 concrete material parameters. 

  
(a) (b) 

Figure 8. Constitutive curves of steel and reinforcements. (a) Q345 steel material parameters. (b) 
HRB400 reinforcement material parameters . 

3.3. Component Importance Analysis and Selection of Failed Components 
In order to accurately judge the degree of influence of each column in the gable on 

the structure’s progressive collapse resistance, each reinforced concrete column in the ga-
ble was removed in turn. It was assumed that only one column was damaged at a time, 

Figure 6. Sketch of frame element.



Buildings 2023, 13, 1257 8 of 26

3.2. Constitutive Model of Materials

The main plant of the conventional island is mainly composed of concrete, section steel,
and rebar. The strength grade of concrete is C45, and the parameters of the constitutive
curve are shown in Figure 7. The elastoplastic model considering yield platform and
linear strengthening was adopted for the reinforcements and steel. The parameters of the
constitutive curve are shown in Figure 8.
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3.3. Component Importance Analysis and Selection of Failed Components

In order to accurately judge the degree of influence of each column in the gable on the
structure’s progressive collapse resistance, each reinforced concrete column in the gable
was removed in turn. It was assumed that only one column was damaged at a time, and
the top four columns in the gable were determined according to the node displacement
and bearing capacity responses so as to determine four analysis conditions. The serial
number of each column component of the gable on the side of the nuclear island is shown
in Figure 9. (Note: A4 and A7 are two columns connected to different floors by beams on
the other side).
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3.3.1. Node Displacement Response

By applying the load combination of 1.2D + 0.5L stipulated in the GSA2016 speci-
fication to the overall structure during dynamic analysis with SAP2000, the sensitivity
analysis of the remaining structure after the removal of 9 members of the gable was carried
out according to Formula (4). The calculation results of the importance coefficients of
each member were obtained, as shown in Table 4. The calculation results of the first four
importance coefficients in the gable were taken as the following four analysis conditions,
namely, columns C3, C6, B2, and A1 were removed.

αi =
n

∑
i=1

|Six|+
∣∣Siy

∣∣+ |Siz|
3n

(4)

ai: the importance coefficient of removing column i;
n: number of the column;
Six, Siy, Siz: the translational displacements of the upper end point in the x, y, and z
directions, respectively, after the column is removed.

Table 4. Calculation results of importance coefficients of reinforced concrete columns in the gable.

Removal Column Number Factor of Importance of Member

A1 7.576
B2 7.597
C3 11.37
A4 5.000
B5 7.549
C6 8.466
A7 6.542
B8 4.231
C9 3.655

3.3.2. Load-Bearing Force Response

One of the main ways to judge whether a structure is prone to instability is to quantify
the importance coefficient of the member. The literature [44] proposes to improve and
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optimize the importance coefficient of members and sort out a concise form, as shown in
Formula (5):

γi = 1− Ri
R0

(5)

γi: the importance coefficient of column i;
R0: initial structural bearing capacity;
Ri: structural bearing capacity after the failure of column i.

In pushover analysis, the structure is pushed to a certain target displacement by
imposing a certain distribution of horizontal and monotonously increasing load, and
whether the structure can withstand the unexpected load in the future is analyzed. In this
paper, based on the theory of anti-progressive collapse, pushover analysis was carried out
on the complete frame structure of the gable and the remaining structure obtained under
the failure conditions of 9 columns. The pushover curves obtained under each working
condition are shown in Figure 10. From Figure 10, it can be seen that the trends of the
pushover analysis curves of the damaged structure were generally in the same direction,
but the ultimate bearing capacity decreased to different degrees compared with that of the
intact structure. The minimum ultimate bearing capacity of the damaged structure was
only 13% of the ultimate bearing capacity of the intact structure.
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Figure 10. Shear degradation curve of each member base.

From Table 4 and Figure 10, it can be seen that the order of importance of each column
of the gable structure obtained by the node displacement and bearing capacity responses
was the same, i.e., C3 > C6 > B2 > A1. From these, the four subsequent analysis conditions
were determined as shown in Table 5.

Table 5. Condition analysis.

Condition Type Initial Failure Position of Structure

Condition 1 Gable bottom side post A1
Condition 2 Gable bottom inner column B2
Condition 3 Gable second-floor side column C3
Condition 4 Gable second-floor inner column C6

3.4. Nonlinear Static Analysis

The specific plastic hinge definitions in SAP2000 software were as follows: the beam
adopted an M3 hinge (bending moment hinge) when set at 0.1 L of the beam (L is the span
of the beam); the column adopted a PMM hinge (axial force moment hinge) when set at
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0.1 H of both ends of the frame column (H is the column height). The load combination of
ΩLD (1.2D + 0.5L) was applied within the span and upper span range of the component to
be failed, and the load combination of ΩLF (1.2D + 0.5L) was applied to other positions of
the structure.

After the failure of a member in the structure, the load will form a new transfer path
and the internal force will be redistributed. For the subsequent analysis of the axial force
trend of each column, the axial force values of the complete structure are listed in Table 6.

Table 6. Complete structure axial diagram.

Column Number Axial Force of
Column Base (kN) Column Number Axial Force of

Column Base (kN) Column Number Axial Force of
Column Base (kN)

1 −2877.32 4 −2212.53 7 −1342.54
2 −3939.08 5 −2369.93 8 −2912.23
3 −3140.78 6 −2315.56 9 −1341.90

3.4.1. Condition 1: Remove Gable Side Column A1

The column numbered A1 was removed from the gable, and then nonlinear static
analysis of the remaining structure was carried out. The vertical displacement of the failed
column A1 is shown in Figure 11, and the corresponding failure point load displacement
curve is shown in Figure 12. The maximum vertical displacement of the failure point
corresponding to the removal of column A1 was 18.499 mm, and the maximum turning
angle value of the beam end above the failed column was 0.016◦. Under this working
condition, a few B-IO plastic hinges appeared in the adjacent span of the failed column,
and no new components continued to fail in the remaining structure of the gable. The
vast majority of the members were in an elastic state. Therefore, it can be determined
that when the bottom edge column A1 of the gable was damaged, the gable structure had
strong resistance to progressive collapse and the probability of progressive collapse was
extremely low.
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After the removal of the bottom side column A1, the axial force changes of each column
in the remaining structure of the gable are shown in Table 7. As can be seen from Table 7,
when column A1 was removed, the axial force borne by the original column A1 was mainly
transferred to the adjacent span B2 column. The axial force at the bottom of the adjacent
span B2 column changed from 3939 to 5054 kN, and the axial force at the upper part of
the failed column A1 changed from pressure to tension. In the remaining structure, the
axial force of each column changed numerically, but because the distance from the failed
column was much greater than that from the column at the span, the axial force change
weas obviously less than that from the column at the span.
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Figure 12. Load-displacement curve at failure point after removal of column A1.

Table 7. The axial force value of each column of the structure after removing column A1.

Column Number Axial Force of
Column Base (kN) Column Number Axial Force of

Column Base (kN) Column Number Axial Force of
Column Base (kN)

1 / 4 673.05 7 1252.07
2 −5054.19 5 −3682.09 8 −2326.70
3 −3848.79 6 −2722.17 9 −1351.10

3.4.2. Condition 2: Inner Pillar B2 of the Gable Is Removed

The column numbered B2 was removed from the gable, and then nonlinear static
analysis of the remaining structure was carried out. The vertical displacement of failed
column B2 is shown in Figure 13, and the corresponding failure point load displacement
curve is shown in Figure 14. The maximum vertical displacement of the failure point
corresponding to the removal of column B2 was 24.852 mm, and the maximum turning
angle value of the beam end above the failed column was 0.013◦. Under this working
condition, a certain number of B-IO plastic hinges appeared near the failed column span,
and no new components continued to fail in the remaining structure. Therefore, it can be
determined that when inner column B2 at the bottom of the gable was damaged, the gable
structure had strong resistance to progressive collapse and the probability of progressive
collapse was very low.
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Figure 13. Node 349 displacement diagram under nonlinear static force.
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Figure 14. Load-displacement curve at failure point after removal of column B2.

The axial force changes of the remaining columns on the gable wall after the removal
of the bottom inner column B2 are shown in Table 8. As can be seen from Table 8, when
the inner column B2 was removed, the axial force borne by the original column B2 was
mainly transferred to the adjacent columns A1 and C3. The axial force of the adjacent span
A1 column of the B2 column changed from the original 2877 kN to 3524 kN, the axial force
of the C3 column changed from the original 3140 kN to 5929 kN, and the axial force of
the upper part of failed column B2 changed from pressure to tension. Since the distance
between the C3 column and failed column B2 was much smaller than that between the
A1 column, the axial force changes were more obvious. In the remaining structure, the
axial force of each column changed numerically, but because the distance from the failed
column was much greater than that from the column at the span, the axial force change
was obviously less than that from the column at the span.

Table 8. The axial force value of each column of the structure after removing column B2.

Column Number Axial Force of
Column Base (kN) Column Number Axial Force of

Column Base (kN) Column Number Axial Force of
Column Base (kN)

1 −3524.16 4 −2654.63 7 −1786.02
2 / 5 1095.83 8 2205.54
3 −5929.65 6 −4263.88 9 −2390.28

3.4.3. Condition 3: Gable Side Column C3 Is Removed

The column numbered C3 was removed from the gable, and the remaining structure
was then subjected to nonlinear static analysis. The vertical displacement of failed column
C3 is shown in Figure 15, and the corresponding failure point load displacement curve is
shown in Figure 16. The maximum vertical displacement of the failure point corresponding
to the removal of column C3 was 95.514 mm, and the maximum turning angle value of the
beam end above the failed column was 0.022◦. Under this working condition, although
there were relatively more IO-LS plastic hinges and relatively fewer S-IO plastic hinges in
the adjacent spans of the C3 column, no new components continued to fail in the remaining
structure. Therefore, it can be determined that when the bottom edge column C3 of the
gable was damaged, the gable structure had strong resistance to progressive collapse and
the probability of progressive collapse was relatively low.
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Figure 15. Node 348 displacement diagram under nonlinear static force.
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Figure 16. Load-displacement curve at failure point after removal of column C3.

After the bottom side column C3 was removed, the axial force changes of the remain-
ing columns on the gable wall are shown in Table 9. It can be seen from Table 9 that when
column C3 was removed, the axial force originally borne by column C3 was mainly trans-
ferred to column B2 of the adjacent span. The axial force of column B2 of the adjacent span
changed from 3939 to 8605 kN, and the axial force of the upper part of column C3 changed
from pressure to tension. The axial force of each column in the remaining structure changed
numerically, but because the distance from the damaged column was much greater than
that from the column of the adjacent span, the axial force change was obviously less than
that of the span column.

Table 9. The axial force value of each column of the structure after removing column C3.

Column Number Axial Force of
Column Base (kN) Column Number Axial Force of

Column Base (kN) Column Number Axial Force of
Column Base (kN)

1 −3102.21 4 −2237.01 7 −1367.57
2 −8605.72 5 −5676.34 8 −4765.29
3 / 6 1125.98 9 2295.81

3.4.4. Condition 4: Remove Gable Side Column C6

The column numbered C6 was removed from the gable, and the remaining structure
was then subjected to nonlinear static analysis. The vertical displacement of failed column
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C6 is shown in Figure 17, and the corresponding failure point load displacement curve is
shown in Figure 18. The maximum vertical displacement of the failure point corresponding
to the removal of column C6 was 54.102 mm, and the maximum turning angle value of
the beam end above the failed column was 0.010◦. Under this working condition, there
were relatively more B-IO plastic hinges and relatively fewer IO-LS plastic hinges in the
adjacent span of the C6 column, but no new components continued to fail in the remaining
structure. Therefore, it can be determined that when the second-floor edge column C6 of
the gable was damaged, the gable structure had strong resistance to progressive collapse
and the probability of progressive collapse was relatively low.
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Buildings 2023, 13, x FOR PEER REVIEW 15 of 27 
 

Table 9. The axial force value of each column of the structure after removing column C3. 

Column Num-
ber 

Axial Force of Column 
Base (kN) 

Column Num-
ber 

Axial Force of Column 
Base (kN) 

Column Num-
ber 

Axial Force of Column 
Base (kN) 

1 −3102.21 4 −2237.01 7 −1367.57 
2 −8605.72 5 −5676.34 8 −4765.29 
3 / 6 1125.98 9 2295.81 

3.4.4. Condition 4: Remove Gable Side Column C6 
The column numbered C6 was removed from the gable, and the remaining structure 

was then subjected to nonlinear static analysis. The vertical displacement of failed column 
C6 is shown in Figure 17, and the corresponding failure point load displacement curve is 
shown in Figure 18. The maximum vertical displacement of the failure point correspond-
ing to the removal of column C6 was 54.102 mm, and the maximum turning angle value 
of the beam end above the failed column was 0.010°. Under this working condition, there 
were relatively more B-IO plastic hinges and relatively fewer IO-LS plastic hinges in the 
adjacent span of the C6 column, but no new components continued to fail in the remaining 
structure. Therefore, it can be determined that when the second-floor edge column C6 of 
the gable was damaged, the gable structure had strong resistance to progressive collapse 
and the probability of progressive collapse was relatively low. 

 
Figure 17. Node 365 displacement diagram under nonlinear static force. 

 
Figure 18. Load-displacement curve at failure point after removal of column C6. 

The axial force changes of each column after the removal of side column C6 are 
shown in Table 10. As can be seen from Table 10, when the two-story side column C6 was 
removed, the axial force borne by the original C6 column was mainly transferred to the 
adjacent span B2 column. The axial force of the adjacent span B2 column in the structure 

-60

-50

-40

-30

-20

-10

0
0 10 20 30 40 50

di
sp

la
ce

m
en

t/m
m

load step

C6 

Figure 18. Load-displacement curve at failure point after removal of column C6.

The axial force changes of each column after the removal of side column C6 are shown
in Table 10. As can be seen from Table 10, when the two-story side column C6 was removed,
the axial force borne by the original C6 column was mainly transferred to the adjacent span
B2 column. The axial force of the adjacent span B2 column in the structure changed from
the original 3939 kN to 7002 kN, and the axial force of the upper part of the C6 column
changed from pressure to tension. In the remaining structure, the axial force of each column
changed numerically, but because the distance from the failed column was much greater
than that from the column at the span, the axial force change was obviously less than that
from the column at the span.
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Table 10. The axial force value of each column of the structure after removing column C6.

Column Number Axial Force of
Column Base (kN) Column Number Axial Force of

Column Base (kN) Column Number Axial Force of
Column Base (kN)

1 −3093.44 4 −2228.28 7 −1358.81
2 −7002.26 5 −5642.02 8 −3726.03
3 −1126.79 6 / 9 1175.99

3.5. Nonlinear Dynamic Analysis

If the structure progressively collapses under the action of an unexpected load, the
composition of the structure will suddenly change and the structure will vibrate, result-
ing in inertia. Therefore, progressive collapse is a non-static process. In this paper, the
instantaneous loading method was used to analyze the nonlinear dynamics of the residual
structures under four different working conditions and consider the development of the
plastic hinge of the residual structures. This process can maximize the ultimate bearing ca-
pacity and ductility index of structural materials. Thus, the instantaneous loading method
not only involves elastoplasticity but it also takes into account the dynamic response of
the structure. This method is closest to the actual collapse state, and its specific steps are
as follows:

(1) The model of the gable frame structure was established to determine the failure
component and obtain the node force of the failure component;

(2) The same model was reconstructed, and a vertical downward node load was added to
the node of the column to be removed, as shown in Figure 19. At this time, the internal
force of the structure was equivalent to the static force of the complete structure, and
the plastic hinge was specified at both ends of the beam and column;

(3) The nonlinear static analysis was designated as the “starting point” of the nonlinear
dynamic analysis, and a specific combination of 1.2D + 0.5L was applied to the
structure to obtain the prerequisite before the nonlinear dynamic analysis. The time
and step sizes of the time-history analysis were set at 10 s and 0.010 s, respectively, as
shown in Figure 20;

(4) According to the analysis results of the different working conditions, the displacement
time-course curves were extracted.
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Rayleigh damping is used in dynamic nonlinear analysis. The advantage of Rayleigh
damping is that more accurate results can be obtained in integrating step size over a long
period of time. The damping coefficients are α1 determined by mass and α2 determined
by stiffness, and the corresponding frequencies areω1 in the first-mode natural vibration
period andω2 in the second-mode natural vibration period.
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3.5.1. Condition 1: Remove Gable Side Column A1

The column numbered A1 was removed from the gable, and the remaining structure
was analyzed with nonlinear dynamics. From the node displacement shown in Figure 21,
the maximum vertical displacement of the failure point corresponding to the removal of
column A1 was 15.660 mm, and the maximum rotation angle of the beam endpoint at
the failed column was 0.013◦. There were fewer plastic hinges in the B-IO section under
this working condition. It can be seen from the time-history displacement of the failed
column, as shown in Figure 22, that the vertical displacement of the failure point first
increased and then decreased, and then it fluctuated back and forth within a certain range
and gradually decreased until it became stable. According to the criterion, when the initial
damage occurred on the gable side column with number A1, the rest of the rods in the
gable frame functioned normally and the overall structure of the gable on the side of the
nuclear island had good resistance to progressive collapse.
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The axial force change in upper column A4 of failed column A1 is shown in Figure 23.
It can be seen that in the case of the failure of the A1 column, the axial force of the A4 column
was reduced from about 1800 kN to near 0 kN and then gradually tended to 0 kN after
the shock. This was because after the failure of the A1 column, the internal force of the
structure was redistributed, and the original force distributed from the A4 column to the
A1 column was shared with its adjacent frame column.
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Figure 22. The time-history displacement diagram after removal of column A1.
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Figure 23. Change in axial force at the upper end of failed column under the working condition.

As can be seen from Figure 24, the bending moment of the upper beam of the failed
column A1 increased sharply from −350 to −1800 kN·m when the failure of column
A1 occurred, indicating that the bending moment of the beam suddenly changed in a short
time, resisted the continuous collapse of the gable structure, and then gradually stabilized
to −1300 kN·m after the shock.
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Figure 24. Change in bending moment of upper end beam of failed column.

3.5.2. Condition 2: Inner Pillar B2 of the Gable Is Removed

The column numbered B2 was removed from the gable, and then the nonlinear
dynamic analysis of the remaining structure was carried out. From the node displacement
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shown in Figure 25, it can be seen that the maximum vertical displacement of the failure
point was 18.543 mm, and the maximum rotation angle of the beam endpoint at the failed
column was 0.009◦. Under this working condition, B-IO plastic hinges appeared in the
adjacent span of the failed column B2, indicating that the structure was in the direct use
stage. It can be seen from the time-history displacement of the failed column, as shown
in Figure 26, that the vertical displacement of the failure point first increased and then
decreased, and then it fluctuated back and forth within a certain range and gradually
decreased until it became stable. According to the criterion, when the initial damage
occurred on inner gable column B2, the remaining rods in the gable frame functioned
normally and the overall structure of the gable on the side of the nuclear island had good
resistance to progressive collapse.
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Figure 25. Node 349 displacement diagram under nonlinear dynamics.
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Figure 26. The time-history displacement diagram after removal of column B2.

As can be seen from the axial force variation of column B5 at the upper end of failed
column B2, as shown in Figure 27, when failure occurred to column B2, the axial force of
column B5 suddenly changed from about 3000 kN to around −200 kN and then gradually
tended to −200 kN after the shock. This was because the internal force of the structure
was redistributed after the failure of the B2 column. The original force transmitted by the
B5 column to the B2 column was transferred to the frame column adjacent to the failed
column. The beam provided the horizontal binding force, that is, the beam formed a
catenary mechanism to resist the damage of progressive collapse.



Buildings 2023, 13, 1257 20 of 26

Buildings 2023, 13, x FOR PEER REVIEW 20 of 27 
 

 
Figure 26. The time-history displacement diagram after removal of column B2. 

As can be seen from the axial force variation of column B5 at the upper end of failed 
column B2, as shown in Figure 27, when failure occurred to column B2, the axial force of 
column B5 suddenly changed from about 3000 kN to around −200 kN and then gradually 
tended to −200 kN after the shock. This was because the internal force of the structure was 
redistributed after the failure of the B2 column. The original force transmitted by the B5 
column to the B2 column was transferred to the frame column adjacent to the failed col-
umn. The beam provided the horizontal binding force, that is, the beam formed a catenary 
mechanism to resist the damage of progressive collapse. 

 
Figure 27. Change in axial force at the upper end of failed column. 

As can be seen from the bending moment of beams on both sides of the upper end of 
failed column B2, as shown in Figure 28, when column B2 failed, the bending moment of 
the beam ends on both sides increased sharply at the beginning, indicating that the beams 
on both sides formed a catenary mechanism to resist the occurrence of progressive col-
lapse within a short time and then gradually stabilized after the shock. 

-30

-25

-20

-15

-10

-5

0
0 2 4 6 8 10

di
sp

la
ce

m
en

t/m
m

time/s

-1000

-500

0

500

1000

1500

2000

2500

3000

3500

0 2 4 6 8 10

ax
ia

l f
or

ce
(K

N
)

time/s

Figure 27. Change in axial force at the upper end of failed column.

As can be seen from the bending moment of beams on both sides of the upper end of
failed column B2, as shown in Figure 28, when column B2 failed, the bending moment of
the beam ends on both sides increased sharply at the beginning, indicating that the beams
on both sides formed a catenary mechanism to resist the occurrence of progressive collapse
within a short time and then gradually stabilized after the shock.
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Figure 28. Variation of bending moment of upper end beam of failed column. (a) right. (b) left.

3.5.3. Condition 3: Gable Side Column C3 Is Removed

The column numbered C3 was removed from the gable, and then nonlinear dynamic
analysis of the remaining structure was carried out. From the node displacement shown
in Figure 29, it can be seen that the maximum vertical displacement of the failure point
corresponding to the removal of column C3 was 84.513 mm, and the maximum rotation
angle of the beam endpoint at the failed column was 0.005◦. Under this working condition,
plastic hinges in the IO-LS section appeared at both ends of the adjacent span beam of the
failed column C3, indicating that the structure was between the direct use stage and the
life safety stage. It can be seen from the time-history displacement of the failed column, as
shown in Figure 30, that the vertical displacement of the failure point first increased and
then decreased, and then it fluctuated back and forth within a certain range and gradually
decreased until it becomes stable. According to the criterion, when the initial damage
occurred on the bottom side column of the gable at number C3, other components of the
gable frame structure functioned normally and the overall gable structure on the side of
the nuclear island had good resistance to progressive collapse.
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Figure 29. Node 348 displacement diagram under nonlinear dynamics.
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Figure 30. The time-history displacement diagram after removal of column C3.

As can be seen from the axial force variation of column C6 at the top of failed column
C3, as shown Figure 31, when the C3 column was damaged, the axial force of column
C6 suddenly changed from around −1500 kN to around 900 kN and then gradually
approached 900 kN after the shock. This was due to the redistribution of internal forces
in the structure after the failure of the C3 column. The force transferred from the original
C6 column to the C3 column was now borne by the frame column adjacent to the C3 column,
and the beam provided horizontal binding resistance against progressive collapse. It can be
seen from the bending moment of the upper beam of the C3 column (Figure 32) that when
the C3 column was damaged, the bending moment of the beam end increased sharply from
−950 to 1650 kN·m and gradually became stable at 850 kN·m after the shock.
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Figure 32. Variation of bending moment of upper end beam of failed column C3.

3.5.4. Condition 4: Remove Gable Side Column C6

The column numbered C6 was removed the gable, and then nonlinear dynamic
analysis of the remaining structure was carried out. From the node displacement shown
in Figure 33, it can be seen that the maximum vertical displacement of the failure point
corresponding to the removal of column C6 was 44.219 mm, and the maximum rotation
angle of the beam endpoint at the failed column was 0.004◦. Under this working condition,
plastic hinges appeared at both ends of the adjacent span and adjacent span beams of the
failed column. The beam components entered the plastic stage and the hinges of each
component in the gable were B-IO segment hinges, indicating that the structure was in the
direct use stage. It can be seen from the time-history displacement of the failed column, as
shown in Figure 34, that the vertical displacement of the failure point first increased and
then decreased, and then it fluctuated back and forth within a certain range and gradually
decreased until it becomes stable. According to the criterion, when the initial damage
occurred on the gable two-story side column C6, other components of the gable frame
structure functioned normally and the overall gable structure on the side of the nuclear
island had good resistance to progressive collapse.
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Figure 34. The time-history displacement diagram after removal of column C6.

As can be seen from the axial force variation of column C9 at the upper end of
failed column C6, as shown in Figure 35, the axial force of column C9 suddenly changed
from around 1150 kN to around −200 kN when the failure occurred and then gradually
tended to −200 kN after the shock. This was because the internal force in the structure
was redistributed after the failure of the C6 column. The force transmitted from the
original C6 column to the C9 column was now borne by the frame column adjacent
to the failed column C6, and the beam provided the horizontal binding force against
progressive collapse.
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Figure 35. Change in axial force at the upper end of failure column C6.

As can be seen from the bending moment of the upper beam of failed column C6,
as shown in Figure 36, the bending moment of the beam end increased sharply from
−960 to 1600 kN·m when failure occurred to column C6 and then gradually became stable
at 800 kN·m after the shock.
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3.6. Comparison of Nonlinear Static and Dynamic Analysis Results

In order to compare the difference between the two methods of elastoplastic static
and dynamic analysis of the gable on the side of the nuclear island of the main plant of
the conventional island, Table 11 shows the Z-direction maximum displacements of failure
points obtained by the nonlinear static and dynamic analysis methods under different
working conditions.

Table 11. Comparison of maximum displacement in Z direction of failure points (mm).

Condition Type Nonlinear Static Analysis Nonlinear Dynamic Analysis

Condition 1 18.499 15.660
Condition 2 24.852 18.543
Condition 3 95.514 84.513
Condition 4 54.102 44.219

As can be seen from Table 11, when the component removal method was used to ana-
lyze the progressive collapse of the gable frame, the results obtained by the nonlinear static
analysis were larger than those obtained by the dynamic analysis, which was consistent
with the results reported in the literature [45]. The reason was that in the nonlinear static
analysis, a dynamic amplification factor of 2 was selected in the specification to approxi-
mately simulate the influence of the hypodynamic effect. This value was conservative, so
there were some differences from the actual situation.

At this stage, the researchers are further determining the specific value of the dynamic
amplification factor. At the same time, as can be seen from Table 4, the results obtained by
the two analysis methods under the four different conditions indicated that the continuous
collapse resistance of the bottom side column C3 was the worst, and the second-floor side
column C6 was slightly stronger than C3, followed by the bottom side column A1 and
bottom inner column B2. This was consistent with the results of the importance analysis of
the gable columns.

4. Conclusions

In this paper, four different analysis conditions were selected, and the component
removal method was selected to carry out nonlinear static and dynamic analyses on the
gable frame structure of the nuclear island side of the main powerhouse of the conventional
island. The main conclusions are as follows:

(1) The important components in the gable structure were determined based on node
displacement and bearing capacity responses. The results showed that the order of
importance of the components in the gable structure obtained by the two methods
was consistent, fully verifying the accuracy of selecting important components in
this paper.

(2) The vertical displacement of the failure point obtained from the nonlinear static
analysis under four different working conditions was greater than that obtained from
the nonlinear dynamic analysis, which was due to the dynamic amplification factor
selected during the nonlinear static analysis.

(3) From the changes in axial force of each column before and after failure, it can be seen
that the axial force of components near the failed column changed significantly, and
plastic hinges occurred close to the failed column. Therefore, it was determined that
the components near the failed column were the key components for internal force
redistribution after structural failure.

(4) Under four different working conditions, whether using nonlinear static or dynamic
analysis, comprehensive judgment was made by determining the position, number,
and stage of plastic hinges. When an important component of the gable structure
failed, the nuclear island side of the gable structure still had good resistance to
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progressive collapse, and the analysis conclusion was consistent with the component
importance analysis results.
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