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The seismic performance analysis of research reactor plants is crucial for ensuring the safety of the entire reactor system. This paper
analyzes the plant structure seismic performance of the 2WMt Thorium Molten Salt Reactor-Liquid Fuel 1 (TMSR-LF1) at the
Shanghai Institute of Applied Physics, Chinese Academy of Sciences under the action of frequent earthquakes, fortification
earthquakes, and rare earthquakes was analyzed by finite element software PKPM based on the seismic design method of civil
code +1°. On this basis, a comparison was made between the seismic responses of structural pushover analysis and elastoplastic
time history analysis under the action of rare earthquakes, and the conservatism of these two commonly used methods for
elastoplastic analysis was systematically analyzed. The results indicate that the TMSR-LF1 plant structure exhibits well bearing
and deformation capacity. It meets the seismic design goal of “no damage under small earthquakes,” “no unrepairable damage
under medium earthquakes,” and “no collapse under large earthquakes (using static pushover analysis),” and the critical regions
are entirely within the elastic range. Furthermore, the analysis reveals that the elastoplastic time history analysis method produced
a significantly higher seismic response than the pushover analysis method, which indicates the conservativeness of the time history
method. Therefore, it is recommended to use the elastoplastic time history analysis method to evaluate the seismic performance of
research reactor plants under rare earthquake actions. The research in this paper provides important references for the seismic
performance analysis of other Class II research reactor plants.

1. Introduction

The research reactor plant plays a crucial role in exploring
advanced nuclear power technologies and contributes signif-
icantly to the achievement of sustainable development goals.
Compared with nuclear power reactors, research reactors are
characterized by lower power output and a reduced risk of
radioactive product release. According to the National Nuclear
Safety Administration (NNSA), research reactors are classified
into three categories based on the potential risks they pose:
Class I, Class II, and Class III [1, 2]. The 2WMt Thorium
Molten Salt Reactor-Liquid Fuel 1 (TMSR-LF1), currently
under construction in Gansu Province, China, belongs to
the Class II research reactor as classified by the NNSA [3–6].

The seismic performance analysis of nuclear reactor
plants is crucial for ensuring the entire system’s safety. The
primary focus is on solving nonlinear equations in seismic

analysis. Numerous scholars have extensively researched the
solution of nonlinear equations in vibration analysis, explor-
ing both analytical and numerical methods. While the ana-
lytical method offers high computational accuracy, it often
involves complex calculations, which makes it impractical
for complex physical systems [7–9]. On the other hand, the
numerical method relies on numerical computation to obtain
simulation results for complex systems without the need for
complicated mathematical formulas. Therefore, it is better
suited for engineering applications. Current research on the
seismic performance of nuclear power plants mainly revolves
around utilizing two primary numerical analysis methods: the
pushover analysis (static elastoplastic analysis) and the elas-
toplastic time history analysis (dynamic elastoplastic analysis)
method. The pushover analysis is an efficient method that can
provide a structure’s seismic performance quickly, as seen in
the study conducted by Xue et al. [10] on the containment
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structure of a nuclear power plant, while Qi andWan [11] and
Zhao et al. [12] also utilized this method to investigate the
seismic performance of nuclear power plant buildings under
different earthquake conditions. Pan et al. [13] utilized the
pushover analysis to examine the seismic performance char-
acteristics of safety-related structures in typical nuclear power
plants during the excess design basis earthquake, while Zhao
and Zhang [14] applied it to a nuclear power plant’s radioac-
tive solid waste plant to evaluate the component damage of
the structure under different levels of seismic activity. The
time history analysis method was once less commonly used
due to its time-consuming nature, but recent developments in
computer technology have increased its accuracy and effi-
ciency, leading to an increase in its utilization. Wang et al.
[15, 16] used both the pushover analysis and the elastoplastic
time history analysis methods to study the seismic perfor-
mance of nuclear power plant containment. Their study
focused on the stiffness and seismic response of the structure
under ultimate safety earthquake (SL-2). Farmanbordar et al.
[17] also employed two elastoplastic analysis methods to
investigate the seismic performance of a base-isolated nuclear
power plant and the impact of different seismic isolation
bearing types.

Despite extensive research on the seismic performance of
nuclear reactor plants, some limitations still exist. Most stud-
ies have concentrated on nuclear power reactor plants, with
relatively fewer investigations conducted on research reactor
plants. Furthermore, several researchers have utilized differ-
ent seismic analysis methods, yet there is a lack of studies

that systematically compare the conservativeness of the
pushover analysis and the elastoplastic time history analysis.
In this paper, the seismic design method of civil code +1°
[18–20] was utilized with the finite element software PKPM
[21] to analyze the seismic performance of the TMSR-LF1
plant structure. The study evaluated the seismic behavior of
the plant structure by systematically investigating its elastic
and elastoplastic response under frequent earthquakes (50-
year exceedance probability of 63% ground motions, i.e.,
small earthquakes), fortification earthquakes (50-year exceed-
ance probability of 10% ground motions, i.e., medium earth-
quakes), and rare earthquakes (50-year exceedance probability
of 2%–3% ground motions, i.e., large earthquakes). On this
basis, the structural response results of the pushover analysis
and the elastoplastic time history analysis were compared, and
the conservativeness of the two analysis methods was compre-
hensively analyzed. These research results could provide a
valuable reference for seismic performance analysis of the
Class II research reactor building in the future.

2. Computation Model

2.1. Structural Model. The overall structure of the TMSR-LF1
nuclear plant is sketched in Figure 1, and its horizontal and
vertical direction are described by L (76.1m), W (43.2m),
and H (34.0m). The length, width, and height of the model
correspond to the X, Y, and Z directions in Figure 1, respec-
tively. The plant could be divided into aboveground and
underground parts (bounded by +0m elevation), with the
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FIGURE 1: The sketch and zoning of TMSR-LF1 structure: (a) elevation view; (b) +0m floor plan; (c) −14m floor plan.
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aboveground part having the same dimensions as the over-
all structure, except for the height H1 (20.0m). The under-
ground part has smaller dimensions with length, width, and
height indicated by L1 (44.1m),W1 (31.2m), andH2 (14.0m),
respectively. The plant consists of eight floors, five of which are
aboveground and three are underground. The height and ele-
vation of each floor slab are shown in Table 1.

The TMSR-LF1 plant is a typical reinforced concrete frame-
shear wall structure that comprises beams, columns, shear walls,
infill walls, and floor slabs. The beams, columns, shear walls,
and floor slabs are made of reinforced concrete casting, which
mainly plays the role of side force resistance and load bearing.
While the infill walls are constructed of concrete bricks, and
the main difference with the above is that it does not contain
reinforcing materials, and only plays the role of enclosure and
separation. The 3D solid model of the TMSR-LF1 plant is
shown in Figure 2.

The TMSR-LF1 can also be divided into three parts, denoted
A, B, and C, according to the significance of the systems and
equipment (as shown in Figure 1). The details of floor dis-
tribution, components, and dimensions of each part are
provided in Table 2. Part A comprises the whole under-
ground area (1F–3F), which is the core area of the plant,
including the reactor system, the reactor surround system,

and the related auxiliary equipment rooms. This section com-
prises thick shear walls (thickness of 800–1,200mm) and floor
slabs (maximum thickness of 1,800mm). Part B is in the
southeastern part of the plant (4F–6F) and encompasses the
main reaction room for salt additionmixing, the control room
for salt addition mixing, and the fuel pretreatment room for
salt additionmixing tail gas treatment. This section consists of
floor slabs, beams, columns, and medium-thick shear walls
(240mm thick). Part C is situated in the remaining above-
ground part of the plant (four to eight floors), including work-
ing rooms such as stacking halls, distribution rooms, and
maintenance rooms. The main difference between Part B is
that its wall elements are made up of infill walls with a thick-
ness of 240mm and a small number of thicker but larger span
(maximum span is 28.6m) shear walls. Based on the afore-
mentioned information, it is evident that the structural stiff-
ness of Part A for the TMSR-LF1 plant is the largest, followed
by Part B, and Part C has the lowest structural stiffness.

2.2. Finite Element Model. The finite element modeling of the
TMSR-LF1 plant was modeled using the 3D finite element
software PKPM developed by the China Academy of Building
Research. Due to the complex configuration and distribution
of the TMSR-LF1 plant, it is necessary to simplify the treatment

TABLE 1: The height and floor elevation of each floor of TMSR-LF1.

Floor Floor height (m) Base plate elevation (m) Top plate elevation (m)

8 5 +15 +20
7 3 +12 +15
6 2 +10 +12
5 5 +5 +10
4 5 +0 +5
3 2 −2 +0
2 6 −8 −2
1 6 −14 −8
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+0 m
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Y

FIGURE 2: The 3D model of TMSR-LF1.

TABLE 2: The floor distribution and component information of TMSR-LF1.

Part Floor
Thickness and section dimensions (mm)

Shear wall Floor slab Beam Column Infill wall

A 1–3 800–1,200 200–1,800 — — —

B 4–6 240 150–200 400× (600–700) 600× 600 —

C 4–8 200–1,000 150–200 400× (450–900) 600× 600 240
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during calculation. First, infill walls were converted into regular
mass loads as the system equipment and applied to the corre-
sponding beams and floor slabs. Since this simplification results
in losing some structural stiffness, the period reduction factor
was set to 0.8 to supplement the structural stiffness [22]. The
beams and columnswere simplified to 1D linear beam elements,
and the shear walls and floor slabs were simplified to 2D shell
elements. Additionally, the lateral restraint effect of the consid-
ered foundation soil on the plant basement was simplified using
the additional stiffness [23], which was calculated as shown in
Equation (1). The sketch of the simplified 3D finite element
model of TMSR-LF1 is shown in Figure 3.

K ¼ 1; 000 ×m ×H ; ð1Þ

where K is the additional stiffness;m is the scale factor of the
horizontal resistance coefficient of the foundation soil, which
is taken as 6.0 in this paper; H is the burial depth.

The structural finite element model includes concrete
and reinforcing steel materials, while their constitutive rela-
tionship curves are shown in Figure 4. Concrete material
with a strength grade of C30 is modeled using SAENZ curves
[24] for the ascending segment of its constitutive relation-
ship, while straight lines are used for the other segments
(Figure 4(a)); HRB400 and HPB300 are used for the steel

bar, and its constitutive relationship is characterized by a
bilinear model with a slope ratio of 0.01 (Figure 4(b)).

2.3. Analysis Method. The structural seismic analysis methods
used in this paper include response spectrum analysis, push-
over analysis, and elastoplastic time history analysis methods.

2.3.1. Response Spectrum Analysis Method. The response spec-
trum analysis [25] is a seismic analysis method based on the
vibration decomposition reaction spectrum theory, which is
mainly characterized by high computational efficiency and
accurate calculation results. Characterized by high computa-
tional efficiency and accurate results, it was used in this study
for the elastic calculation of TMSR-LF1 subjected to frequent
earthquakes and fortification earthquakes. The calculation for-
mula for multidegrees of freedom is shown in Equation (2).

Fji ¼ Giαjγjφji

À Á
 ; ð2Þ

where Fji is the horizontal seismic force of mass i at the jth
vibration mode; Gi is the weight of mass i, αj is the jth
vibration type seismic influence coefficient calculated by
the jth order period of the system, γj is the vibration type
participation coefficient, φji is the value of the jth vibration
type at the ith mass.
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FIGURE 3: The finite element model of TMSR-LF1.
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FIGURE 4: Constitutive relations of the materials: (a) constitutive relation of C30; (b) constitutive relation of HRB400 and HPB300.
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2.3.2. Pushover Analysis Method. The pushover analysis [26]
is an efficient and convenient elastoplastic analysis method
based on structural statics and elastoplastic theory. Hence, it
was adopted for the elastoplastic calculation of TMSR-LF1
under rare earthquakes in this paper. The main calculation
equations are as follows:

Sa1 ¼ V=Gð Þ=α1
Sd1 ¼ ΔT1=γ1∅1;T

(
 ; ð3Þ

Sd2 ¼ T2
2Sa2g=4π2 ; ð4Þ

where Sa1 and Sa2 are the acceleration values of the capability
spectrum and demand spectrum, respectively; Sd1 and Sd2 are
the displacement values of capability spectrum and demand
spectrum, respectively; T1 and T2 are the period values of
capability spectrum and demand spectrum, respectively; γ1,
α1, and ∅1;T are the first vibration type participation coeffi-
cient, mass participation coefficient and vertex amplitude,
respectively; V is the base shear value; G is the representative
value of total load effect; g is the gravitational acceleration.

2.3.3. Elastoplastic Time History Analysis Method. The elas-
toplastic time analysis [27] is an accurate elastoplastic analy-
sis method based on structural dynamics and elastoplastic
theory. This method is notable for its high computational
accuracy and ability to provide a more realistic seismic
response to complex structures. Considering the complex
structure of the TMSR-LF1 plant, this method was also
used to calculate the elastoplastic response of the structure
under rare earthquakes. The kinetic expressions are shown in
Equation (5).

M ü þ Cu̇ þ Ku¼ −M üg ; ð5Þ

where M, C, and K are the matrices of mass, damping, and
stiffness of the vibration system, respectively; ü, u̇, and u are
the acceleration, velocity, and displacement of the nodes,
respectively; and üg is the ground motion acceleration.

2.4. Seismic Analysis Parameters. The method of civil code
+1° was employed in the seismic design of the TMSR-LF1
plant. According to the investigation and measurement on
the site of TMSR-LF1 by the China Earthquake Administra-
tion [28], the seismic fortification intensity of the site is 7°;

thus, the seismic fortification intensity was set to 8° in the
seismic analysis. The peak ground acceleration (PGA), as a
widely utilized ground motion intensity [29–31], is adopted
as the intensity index in this paper. The maximum value of
the horizontal earthquake impact coefficient can be deter-
mined from the PGA with the following formula:

αmax ¼ Amaxβmax=1; 000 ; ð6Þ

where αmax is the maximum value of horizontal earthquake
effect coefficient; Amax is the PGA; and βmax is the platform
value of amplification factor response spectrum.

According to the measured data in the report [28], the
ground motion input parameters (the PGA and the maxi-
mum value of horizontal earthquake effect coefficient) of the
TMSR-LF1 plant structure under frequent earthquakes, for-
tification earthquakes, and rare earthquakes are shown in
Table 3. Additionally, the structural story drift ratio was chosen
as the engineering demand parameter (EDP) for evaluating
the seismic performance of the structure [32, 33]. The corre-
sponding parameter values for different ground motion levels
are shown in Table 4.

3. Seismic Analysis under Frequent and
Fortification Earthquakes

The response spectrum analysis method was employed to
carry out the elastic seismic analysis of the TMSR-LF1 plant
structure under frequent earthquakes and fortification earth-
quakes. The seismic input spectrum, shown in Figure 5, was
based on the code spectrum [18]. The horizontal seismic effects
in the two main directions and the torsional effects in both
directions are considered in the calculation. In this section,
the modal vibration patterns of the structure were analyzed,
and the seismic performance of the structure under frequent
earthquakes and fortification earthquakes was investigated.

3.1. Vibration Modal Analysis. The main (the first three orders)
vibration models of the TMSR-LF1 plant structure model are
shown in Figure 6. It can be observed that the first two order
vibration modes of the structure are dominated by the transla-
tion in theX and Y directions, respectively, while the third order
is dominated by the torsion, and the corresponding natural
periods are basically in the range of 0.070–0.100 s. Besides, the
places with large deformation are mainly concentrated in the
aboveground part of the structure.

TABLE 3: The parameters of the input ground motion of TMSR-LF1.

Parameters Frequent earthquakes Fortification earthquakes Rare earthquakes

PGA (g) 0.09 0.27 0.46
Horizontal earthquake effect coefficient 0.23 0.70 1.35

TABLE 4: The values of the EDP of TMSR-LF1.

EDP Frequent earthquakes Fortification earthquakes Rare earthquakes

Story drift ratio (×10−3 rad) 1.25 2.50 10.00

Advances in Civil Engineering 5



The number of vibration modes involved in the calcula-
tion has a large influence on the effective mass coefficient
(the ratio of the mass involved in the calculated vibration
modes to the total mass); in order to ensure the validity of the
calculation results, eight different numbers of vibration
modes (15, 20, 30, 40, 50, 60, 70, and 80) were calculated,

and the corresponding variation curves of the effective mass
coefficient are shown in Figure 7. It can be seen that the
effective mass coefficient has exceeded 90% when the num-
ber of involved calculated vibration modes is greater than 60
[18], and the change rate is less than 0.2% after the number
of calculated vibration modes continues to increase to 70.
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FIGURE 6: The main vibration modes of TMSR-LF1 structure: (a) the first order (0.093 s); (b) the second order (0.088 s); (c) the third order
(0.072 s).

Sp
ec

tr
al

 ac
ce

le
ra

tio
n 

(g
)

0

0.5

1

1.5

2

0 1 2 4
Period (s)

5 63

Code spectrum

FIGURE 5: The seismic input spectrum.

6 Advances in Civil Engineering



Considering the calculation time and accuracy, the number
of involved vibration modes was chosen to be 60 for the
response spectrum analysis of the structural model.

3.2. Seismic Analysis under Frequent Earthquakes. The param-
eters for seismic performance evaluation obtained from the
response spectrum analysis under frequent earthquakes are
presented in Table 5 and Figure 8, which include the maxi-
mum displacement ratio, the minimum shear capacity ratio,
and themaximum story drift ratio. It can be seen from Figure 8
and Table 5: (1) the maximum displacement ratio of the
structure in the X and Y directions are 1.15 and 1.33, respec-
tively, both less than 1.50, indicating that the structure plan
arrangement is reasonable. Additionally, the minimum shear
capacity ratio of the structure in the X and Y directions is 0.96,
which is greater than 0.80, signifying that the vertical arrange-
ment of the structure is also reasonable; (2) the maximum
story drift ratio of the underground part of the structure is
0.061× 10−3 rad, significantly smaller than the above-ground
part of 0.449× 10−3 rad, which indicates the better seismic
performance of the underground part; (3) the maximum story
drift ratio of the structure in X and Y directions are 0.125×
10−3 rad and 0.449× 10−3 rad, respectively, which are much
smaller than the elastic limit of 1.25× 10−3 rad. Overall, the
above analysis results show that the structural system, struc-
tural arrangement, and component size of TMSR-LF1 are
basically reasonable, and the TMSR-LF1 structure meets the
fortification goal of “no damage under small earthquakes.”

3.3. Seismic Analysis under Fortification Earthquakes.The results
of the story drift ratio obtained from the response spectrum
analysis under the fortification earthquakes are also shown in
Table 5 and Figure 8. As evidenced in Table 5 and Figure 8,
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TABLE 5: The results of the response spectrum analysis.

Parameters X direction Y direction Limiting value Evaluation

Maximum displacement ratio 1.15 1.33 <1.5 Pass
Minimum shear capacity ratio 0.96 0.96 ≥0.8 Pass
Maximum story drift ratio under frequent
earthquakes (×10−3 rad)

0.125 0.449 <1.25 Pass

Maximum story drift ratio under
fortification earthquakes (×10−3 rad)

0.364 1.154 <2.50 Pass
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FIGURE 8: The story drift ratio curves by the response spectrum
analysis.
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the story drift ratio under the fortification earthquakes follows
a similar pattern to those under frequent earthquakes. More-
over, themaximum story drift ratio of the structure inX andY
directions under fortification earthquakes are 0.364× 10−3

and 1.154× 10−3 rad, respectively, which are 2.91 and 2.57
times greater than those under frequent earthquakes. This is
because the input of the fortification earthquakes is approxi-
mately three times of the frequent earthquakes, as indicated in
Table 3. It should be noted that the maximum story drift ratio
is still lower than the elastic limit of 1.25× 10−3 rad, which
means that the TMSR-LF1 structure meets the fortification
goal of “no unrepairable damage under medium earthquakes.”

4. Seismic Analysis under Rare Earthquakes

4.1. Pushover Analysis. In this section, the stiffness perfor-
mance of the structure under rare earthquakes was discussed,
and seismic performance (story drift ratio) and zone damage
(plastic hinge) were analyzed. The pushover analysis method
was employed for the elastoplastic analysis of the TMSR-LF1
plant structure under rare earthquakes. In the calculation,
the initial stress state of the structure was obtained by apply-
ing a static load in the vertical direction. Subsequently, the
lateral load was incrementally applied using the arc-length
method with the sum of the lateral loads equal to the total
mass of the structure [34]. The pushover analysis was con-
ducted separately in the X and Y directions using a horizon-
tal lateral loading pattern represented an inverted triangular
distribution. The structural performance point was calcu-
lated using the capacity spectrum method, which was recom-
mended by ATC-40.

4.1.1. Stiffness Analysis. The stiffness performance of the
structure significantly determines its seismic performance.
Thus, to demonstrate the stiffness performance of the

TMSR-LF1 plant structure, the pushover curve, including
the capacity spectrum and demand spectrum curves of the
structure, was given in Figure 9. It can be seen that the initial
part of the capacity spectrum curve (before point A) shows a
linear increase, implying that the structure is mainly in the
elastic stage; the second part of the capacity spectrum curve
(after point A) gradually rises, indicating that the structure
has entered the plastic stage with the formation of plastic
hinges. Additionally, the capacity spectrum curve does not
display a falling point. It should be noted that the intersec-
tion point (performance point) of the demand spectrum and
the capacity spectrum curves under rare earthquakes are
located after point A, indicating that the structure is basically
elastic under rare earthquakes and does not enter the yield-
ing stage. Moreover, a comparison of the capacity spectrum
curves of the structure in the X and Y directions reveals that
the spectral acceleration of the structure in the Y direction is
greater than that in the X direction under the same spectral
displacement. Thus, the overall stiffness of the structure in
the Y direction is greater than that in the X direction.

4.1.2. Seismic Performance Analysis under Rare Earthquakes.
The story drift ratio curves and their maximum value obtained
from the pushover analysis under rare earthquakes are shown
in Figure 10 and Table 6. It is clear that the story drift ratio of
the TMSR-LF1 plant varies by direction and by location within
the structure. The underground portion of the plant has a
larger story drift ratio in the Y direction (0.085× 10−3 rad)
than in the X direction (0.041× 10−3 rad), while the above-
ground portion has a larger story drift ratio in the X direction
(0.419× 10−3 rad) than in the Y direction (0.411× 10−3 rad).
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TABLE 6: The maximum story drift ratio by the pushover analysis.

Direction Maximum story drift ratio (×10−3 rad) Floor

X 0.419 4
Y 0.411 4
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In addition, the curves of the story drift ratio of the structure
present a similar trend in the X and Y directions, and the
maximum values both appear on the 4th floor. Importantly,
both of these two maximum values are much smaller (0.419×
10−3 rad in the X direction and 0.411× 10−3 rad in the Y direc-
tion) than the collapse limit of 10× 10−3 rad [18], suggesting
that the TMSR-LF1 structure can withstand rare earthquakes
without collapsing. Overall, these results demonstrate that the
TMSR-LF1 plant meets the fortification goal of “no collapse
under rare earthquakes.”

4.1.3. Zone Damage Analysis. The distribution and extent of
the plastic hinge of the structure obtained from the pushover
analysis under rare earthquakes are presented in Figure 11.
The legend in Figure 11 is shown from bottom to top as B:
yield; IO: any repairs are minor; LS: structure remains stable
and has significant reserve capacity; CP: collapse prevention;
C: ultimate bearing capacity; D: residual strength of pushover
analysis; E: total failure.

The results indicate that the structural integrity of Part A
remains primarily elastic, especially the reactor system and
reactor surround system area, which are completely in the
elastic range. Most of the components in Part B demonstrate
elastic deformation, while the plastic hinges tend to concen-
trate on columns and shear walls. Moreover, the number and
extent of the plastic hinges observed in columns and beams
gradually decrease as the floor rises. The analysis of Part C
reveals that the distribution and extent of plastic hinges are
similar to those observed in Part B. However, this part com-
prises relatively more plastic hinges and experiences deeper
plastic deformations.

4.2. Elastoplastic Time History Analysis. The elastoplastic
time history analysis method was applied to the analysis of
the TMSR-LF1 plant structure under rare earthquakes. To
sufficiently consider the effects of the two-directional princi-
pal components of each seismic wave set, the seismic princi-
pal components were input in the X and Y directions of the
structure, respectively. Furthermore, a three-directional seis-
mic wave input was utilized to a conservative estimation. The
accelerations in the horizontal primary, horizontal second-
ary, and vertical directions were input at peak accelerations
of 0.46, 0.391, and 0.299 g, respectively, and in proportion to
the scale factor of 1.00 : 0.85 : 0.65, as seen in Table 3 (g is the
acceleration of gravity, g= 9.8m/s−2). In this section, the
selection of seismic waves was discussed, and in combination
with Section 4.1, the structural response results obtained

from the pushover analysis and the elastoplastic time history
analysis were compared and analyzed, and then the conser-
vativeness of the two methods was reviewed.

4.2.1. Seismic Wave Selection. In the elastoplastic time history
analysis of the structure, the seismic waves at the actual site
were difficult to obtain. Therefore, the code spectrum [18]
was used as the target spectrum in this study. A total of seven
sets of seismic waves commonly used in engineering were
selected from the PKPM Ground Motion Database. These
seismic waves, including five sets of natural seismic waves
(HectorMine-No-1787, ImperialValley-06-No-161, BORAH-
PEAK-Id-02-443, BIGBEAR-No-1878, and CHALFANT-04-
No-562) and two sets of artificial waves (RH1TG045 and
RH3TG045). The natural seismic waves accounted for 71%
of the total waves selected, meeting the rule of 2/3. Figure 12
shows the acceleration response spectrum curves of seven sets
of seismic waves at the damping ratio of 0.05. It can be seen
that the selected seismic waves have similar characteristics as
the code response spectrum (GB50011 spectrum). Addition-
ally, the error δ between the code spectrum value and the
average response spectrum value (1.15 g) obtained from the
time history analysis is 13.3%, which is not greater than 20%,
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at the period T1 (0.093 s) of the main vibration mode (1st
order vibration mode) of the structure. Table 7 displays the
structural base shear results obtained from both code spec-
trum and time history analysis. It can be seen that the mini-
mum value derived from the selected time history calculation
is greater than 65% of the code spectrum result, while the
maximum value is less than 135% of the code spectrum
results, and the average value falls within the range of 80%
and 120% of the code spectrum results. Based on the above
analysis, it is shown that the chosen seismic waves satisfy the
requirements of the specification and can be used for subse-
quent analysis.

4.2.2. Conservative Analysis. The results of the structural
damage state (collapse/noncollapse) obtained from the elas-
toplastic time history analysis under seven sets of seismic
waves are shown in Table 8. It can be seen from Table 8
that the structure collapsed under the action of two sets of
artificial waves (RH1TG045 and RH3TG045) and two sets of
natural seismic waves (HectorMine-NO-1787 and Imperial-
Valley-06-No-161), with a collapse rate reached 57.14% (num-
ber of waves collapsed/total number of waves).

Figure 13 and Table 9 show the results of the structural
story drift ratio under the action of three sets of seismic
waves (BORAHPEAK-ID-02-443, BIGBEAR-NO-1878, and
CHALFANT-04-NO-562) that are not leading to the struc-
ture collapse. The presented Figure 13 and Table 9 depict that
the results of structure story drift ratios, analyzed by the
uncollapsed three sets of seismic waves, are much larger
than the results of pushover analysis, and the maximum
values of the story drift ratios in the X and Y directions are
3.424× 10−3 and 3.571× 10−3 rad, respectively. These values
are 8.17 and 8.69 times greater than the pushover analysis
results (0.419× 10−3 and 0.411× 10−3 rad). In addition, it

can be seen from Figure 13 that the story drift ratio curves
for the three sets of seismic waves are more significantly dif-
ferent in the X direction compared to the Y direction. This is
influenced by the dynamic properties of the structure and the
spectral properties of the input seismic waves. The first-order
(T1) and second-order (T2) vibration modes of the structure
are shown in Figure 6 to be translational in the X and Y
directions, respectively. The response spectral values at the
T1 and T2 periods are provided in Table 10. The differences
in the response spectral values are large at the T1 period,
which are 0.7632, 0.7830, and 0.8997 g, respectively (their
ratio is 1.00 : 1.02 : 1.18), while the differences are small at
the T2 period, which are 0.8017, 0.7322, and 0.8639 g, respec-
tively (their ratio is 1.00 : 0.91 : 1.08).

Based on the relatively large result of the story drift ratio
of the structure under the action of the natural seismic wave
CHALFANT-04-NO-562 (see Table 9), the damage of the
structural zone under the action of this wave has been ana-
lyzed. To further understand the plastic hinge distribution
and plastic hinge ratio of the beam and column components,
Figure 14 and Table 11 have been included in the analysis. It
can be seen that Part A of the structure has high stiffness and
thus showed mostly elastic behavior, which is consistent with
the results of the pushover analysis. In Parts B and C of the
structure, however, the number of plastic hinges increased
significantly in the elastoplastic time history analysis com-
pared to the pushover analysis. The maximum hinge rates
of the beams and columns in the X and Y directions were
observed to be 6.53% and 50.45%, respectively, which are
1.87 and 1.54 times higher than the former (3.50% and 32.68%).

Through the above analysis, it can be observed that the
elastoplastic time history analysis exhibits greater conserva-
tism compared to the pushover analysis.

4.3. Structural Reinforcement Analysis. The previous analysis
revealed that the TMSR-LF1 plant structure cannot meet the
seismic design goal of “no collapse in large earthquakes”
during seismic analysis by the elastoplastic time history
analysis. Therefore, adequate reinforcement [27, 35, 36] is
imperative. Since the damage of the structure mainly occurs
in the aboveground part, the following three measures have
been recommended to enhance and reinforce the structure
components above +0m elevation: (1) the column cross-
sectional size of the structure will be upgraded from 600
mm× 600mm to 800mm× 800mm; (2) the infill wall and
shear wall components on both sides of the exterior wall
and aisle of the structure will be modified to shear walls
with an 800mm thickness; (3) the infill wall elements in

TABLE 7: Comparison results of the base shear force.

Analysis method X (KN) Ratio (%) Y (KN) Ratio (%) Limit value (%)

Code spectrum analysis 40,253 — 39,392 — —

Time history analysis
Minimum value 39,236 97 38,596 97 ＞65
Maximum value 51,910 129 48,931 124 <135
Average values 44,283 110 42,163 107 ＞80 and <120

TABLE 8: The structural damage state under seven sets of seismic
waves by the elastoplastic time history analysis.

Seismic waves Damage state

RH1TG045 Collapse
RH3TG045 Collapse
HectorMine-NO-1787 Collapse
ImperialValley-06-NO-161 Collapse
BORAHPEAK-ID-02-443 Noncollapse
BIGBEAR-NO-1878 Noncollapse
CHALFANT-04-NO-562 Noncollapse
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FIGURE 13: Comparison of the story drift ratio curve under rare earthquakes: (a) X direction; (b) Y direction.

TABLE 9: Comparison of maximum story drift ratios of the structure under rare earthquakes.

Seismic waves Direction Maximum story drift ratio (×10−3 rad)

BORAHPEAK-ID-02-443
X 1.434
Y 3.571

BIGBEAR-NO-1878
X 1.876
Y 2.857

CHALFANT-04-NO-562
X 3.424
Y 3.460

Pushover analysis
X 0.419
Y 0.411

TABLE 10: Comparison of response spectral values (g) of different seismic waves at the T1 and T2 vibration periods of TMSR-LF1.

Seismic waves BORAHPEAK-ID-02-443 BIGBEAR-NO-1878 CHALFANT-04-NO-562

T1 (X) 0.7632 0.7830 0.8997
T2 (Y) 0.8017 0.7322 0.8639
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FIGURE 14: The plastic hinge of the structure by the elastoplastic time history analysis under rare earthquakes: (a) X direction; (b) Y direction.
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other areas of the structure will be replaced with shear walls
with a thickness of 400mm. Figure 15 presents a 3D model
of the reinforced TMSR-LF1 plant structure.

The seismic analysis of the reinforced structure was con-
ducted under the same input conditions as in Section 4.2.
Table 12 illustrates the damage states and the maximum
story drift ratios of both the original structure and the rein-
forced structure under different seismic waves. The results
reveal that the reinforced structure exhibited no signs of
collapse under any seismic waves. Additionally, the maxi-
mum story drift ratio of the reinforced structure was only
1.002× 10−3 rad, which was much smaller than the maxi-
mum value of the original structure in the case of no collapse
(3.571× 10−3 rad). The above results indicate that the reinforce-
ment measures effectively improved the seismic performance of
the TMSR-LF1 plant structure and made the structure meet
the seismic design goal of “no collapse under rare earth-
quakes” during the elastoplastic time history analysis.

5. Conclusion

The seismic performance analysis of the TMSR-LF1 plant
structure was carried out using the finite element software
PKPM and the seismic design method of the civil code +1°.

The analysis was performed under the action of frequent
earthquakes, fortification earthquakes, and rare earthquakes.
The conservatism of the pushover analysis and the elasto-
plastic time history analysis methods were also discussed.
Additionally, a reinforcement of the structure analysis was
performed. Several conclusions were obtained as follows:

(1) The response spectrum analysis under frequent and
fortification earthquakes shows that the TMSR-LF1
plant has the capability to bear seismic waves, meet-
ing the seismic design goals of “no damage from
small earthquakes” and “no unrepairable damage
under medium earthquakes.”

(2) The pushover analysis under rare earthquakes dem-
onstrated that the maximum story drift ratio of the
structure is far below the code limit. Further, the core
area where critical system equipment is located remains
entirely in the elastic range. These findings suggest
that the TMSR-LF1 plant can meet the seismic design
goal of “no collapse under rare earthquakes.”

(3) In comparison to the pushover analysis, the seismic
response (the story drift ratio and plastic hinge of
structure) of the elastoplastic time history analysis

TABLE 11: Comparison of plastic hinge ratio of the structure by the elastoplastic time history analysis under rare earthquakes.

Analysis method Direction
Plastic hinge ratio (%) Ratio

Beam Column Beam Column

Elastoplastic time history analysis
X 6.53 50.45 1.87 1.54
Y 4.22 43.22 1.46 1.35

Pushover analysis
X 3.50 32.68 1.00 1.00
Y 2.90 31.92 1.00 1.00

Aisle

Column

Exterior wall

+0 mZ

X
Y

FIGURE 15: The 3D model of the reinforced TMSR-LF1 plant structure.

TABLE 12: Comparison of different seismic wave calculations results for the original structure and reinforced structure.

Seismic waves
Collapse (—)/non-collapse (maximum story drift ratio (×10−3 rad))

Original structure Reinforced structure

RH1TG045 Collapse (—) Noncollapse (0.822)
RH3TG045 Collapse (—) Noncollapse (1.002)
HectorMine-NO-1787 Collapse (—) Noncollapse (0.507)
ImperialValley-06-NO-161 Collapse (—) Noncollapse (0.452)
BORAHPEAK-ID-02-443 Noncollapse (3.571) Noncollapse (0.274)
BIGBEAR-NO-1878 Noncollapse (2.857) Noncollapse (0.352)
CHALFANT-04-NO-562 Noncollapse (3.460) Noncollapse (0.128)

12 Advances in Civil Engineering



is significantly increased, indicating that it has better
conservatism. Consequently, adopting the elastoplastic
method for analyzing rare earthquakes is recommended
for Class II research reactor plants in the future. Fur-
thermore, to meet the seismic design goal of “no col-
lapse under rare earthquakes” during the elastoplastic
time history analysis, appropriate structural reinforce-
ment should be used for the TMSR-LF1 plant structure.

This paper aims to examine the conservatism of the push-
over analysis method and the elastoplastic time history analy-
sis method in seismic calculations, specifically in the context of
the TMSR-LF1 plant. By conducting a seismic performance
analysis of this plant, the study provides valuable insights and
findings that can be applied to similar Class II research reactor
plants. The research findings in this paper offer a valuable
reference for analyzing the seismic performance of other plants
in this category.
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