
MASTER THESIS, DUAL DIPLOMA PROGRAM 
ADVANCED LEVEL, 30 ECTS

 -STOCKHOLM  BEIJING,     2018

Nuclear Reactor Seismic
Analysis Considering
Soil-Structure Interaction

Kaixin Zhu

KTH
School of Science 
Tsinghua University 
INET



TRITA TRITA-SCI-GRU 2018:066 

www.kth.se
www.tsinghua.edu.cn



 

 

TSINGHUA UNIVERSITY KTH-ROYAL INSTITUTE OF TECHNOLOGY 

  
  

 

Nuclear Reactor Seismic Analysis  

Considering Soil-Structure Interaction 

 
 

Kaixin Zhu 

 

 

 

Thesis Submitted to 

 

 

 

Tsinghua University KTH Royal Institute of Technology 

In partial fulfilment of the requirement 

for the degree of 

Master of Science 

In 

Nuclear Science and Technology 

In partial fulfilment of the requirement 

for the degree of 

Master of Science 

In 

Engineering Physics 

 

 

 

 

Co-supervisor: Associate professor Shi Li Co-supervisor: Professor Henryk Anglart 

Division of Rector Structure Division of Nuclear Reactor Technology 

  

 

 

 

UNDER THE COOPERATION AGREEMENT ON DUAL MASTER’S 

DEGREE PROGRAM IN NUCLEAR ENERGY RELATED DISCIPLINES 

  

JUNE 2018 



Abstrakt 

I 

 

Kärnreaktor-Seismisk Analys Med Beaktande Av 

Jord-Strukturinteraktion 

På grund av kärnkraftverkets speciella säkerhetskrav är kärnkraftverks seismiska 

analys och konstruktionsstandard strängare än den vanliga civila anläggningen. 

Kärnkraftverket har egenskaper med hög styvhet och tung vikt. Därför har jord-struktur 

interaktionen (SSI) betydande inflytande på det seismiska svaret på kärnkraftverk byggt 

på icke-berggrund, som är direkt relaterad till reaktorsäkerhet. SSI har blivit en viktig 

fråga i den seismiska analysen av kärnkraftverket som en viktig faktor som påverkar det 

seismiska resultatet. 

I föreliggande papper utförs undersökningar om den ändliga SSI-analysmetoden 

som antar artificiell gräns. Den tredimensionella kopplade modellen av mark och 

struktur är etablerad i den allmänt ändamålsenliga kommersiella ändliga 

elementprogramvaran. Simuleringen av den seismiska vågutbredningen i den oändliga 

domänen uppnås genom konstruktion av artificiell gräns. Dessutom föreslås en specifik 

metod för att applicera seismisk ingång på den artificiella gränsen, vilket gör det enkelt 

och rakt att tillämpa den seismiska excitationen på den artificiella gränsen i universell 

mjukvara. Denna ändamålsmetodsmetod antas för att analysera det seismiska 

dynamiska svaret. 

Genom analyserna av SSI-seismiska svaret hos ett förenklat kärnkraftverk med 

hjälp av en artificiell gräns och en detaljerad modell med hänsyn till jorddomen i full 

storlek, kontrolleras den konstgjorda gränsmetoden genom jämförelse av resultaten. 

Påverkan av beräkningsdomändimension / form och artificiell gräns typ på 

beräkningsresultaten jämförs. Rimliga modelleringsparametrar för SSI-finitära 

elementanalyser av kärnkraftverket med användning av den artificiella gränsmetoden 

föreslås. Resultaten visar att den enkla viskösa gränsen är lämplig för den artificiella 

gränsmetoden. Och mer exakta resultat kan erhållas när storleken på 

beräkningsdomänen i excitationsriktningen är ungefär tre gånger så stor som strukturen, 

och förhållandet mellan beräkningsdomänen är 2: 1. 

Med hjälp av den ovannämnda modelleringsparametern analyseras och utvärderas 
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SSI-effekten av 10 MW högkodig gaskyld reaktor (HTR-10) på icke-berggrundsplatser 

(Changping, Beijing). Golvresponsspektra vid olika golvnivåer i 

HTR-10-reaktorbyggnaden under tredimensionell seismisk ingång beräknas, och 

påverkan av SSI-effekten på svaret diskuteras. I den horisontella riktningen liknar 

respekteringsspektra på varje våning. SSI: s inflytande på olika våningar är liknande. I 

vertikal riktning är svarets egenskaper hos varje golv uppenbarligen relaterade till själva 

golvets vertikala frekvensegenskaper, och svaren på olika golv är helt olika. 

För att undersöka SSI-effekter på olika typer av jord utföres analysen av 

HTR-10-anläggningen på en mjukare plats, och golvresponsspektra under den 

tredimensionella seismiska ingången beräknas. Eftersom jordegenskapen påverkar 

SSI-seismiska svaret, är det dynamiska svaret från HTR-10-anläggningen på den 

mjukare platsen ganska annorlunda än på Peking-platsen i Kina. Skillnaderna i 

SSI-seismiska svaren på två jordstrukturmodeller sammanfattas, och de faktorer som 

leder till dessa skillnader i seismiskt svar diskuteras. Respektspektrumet för 

mjukjordsmodellen ökar något i lågfrekvensområdet och minskar i högfrekvensområdet. 

Skillnaderna i skjuvvåghastighet och dämpningsförhållandet mellan olika jordar är de 

huvudfaktorer som påverkar det seismiska svaret på strukturen på olika platser. 

Dessutom har svängningsrörelsen orsakad av den horisontella excitationen på den 

mjuka jorden betydande effekter på det vertikala responsspektrumet. 
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Abstract 

Due to the special safety requirement of the nuclear power plant, the seismic 

analysis and design standard of the nuclear power plant is more stringent than the 

ordinary civil facility. The nuclear power plant has the characteristics of high rigidity 

and heavy weight. Therefore, the soil-structure interaction (SSI) has significant 

influence to the seismic response of nuclear power plant built on non-bedrock site, 

which is directly related to reactor safety. SSI has become an important issue in the 

seismic analysis of nuclear power plant as an important factor affecting the seismic 

performance. 

In the present paper, investigations on the finite element SSI analysis method 

adopting artificial boundary are conducted. The three-dimensional coupled model of 

soil and structure is established in the general-purpose commercial finite element 

software. The simulation of the seismic wave propagation in the infinite domain is 

achieved by constructing artificial boundary. Moreover, a specific method of applying 

seismic input on the artificial boundary is proposed, which makes it easy and 

straightforward to apply the seismic excitation on the artificial boundary in universal 

software. This finite element method is adopted to analyze the seismic dynamic 

response. 

Through the analyses of the SSI seismic response of a simplified nuclear power 

plant using artificial boundary and detailed model considering full-size soil domain, the 

artificial boundary method is verified by comparison of the results. The influences of 

calculation domain dimension/shape and artificial boundary type on the calculation 

results are compared. Reasonable modeling parameters for the SSI finite element 

analysis of the nuclear power plant using the artificial boundary method are proposed. 

The results show that the simple viscous boundary is suitable for the artificial boundary 

method. And more accurate results can be obtained when the size of the calculation 

domain in the direction of excitation is about three times the size of the structure, and 

the ratio of the calculation domain is 2:1. 

Using the aforementioned modelling parameter, the SSI effect of 10 MW 

high-temperature gas-cooled reactor (HTR-10) on non-bedrock sites (Changping, 
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Beijing) is analyzed and evaluated. The floor response spectra at different floor levels of 

the HTR-10 reactor building under three-dimensional seismic input are calculated, and 

the influence of the SSI effect on the response is discussed. In the horizontal direction, 

the response spectra of each floor are similar. The influence of SSI at different floors are 

similar. In the vertical direction, the response characteristics of each floor are obviously 

related to the vertical frequency characteristics of the floor itself, and the responses of 

different floors are quite different. 

To investigate SSI effects on different type of soil, analysis of the HTR-10 plant is 

then performed on a softer site, and the floor response spectra under the 

three-dimensional seismic input are calculated. Since the soil property affects the SSI 

seismic response, the dynamic response of the HTR-10 plant on the softer site is quite 

different from that on the Beijing site in China. The differences in SSI seismic responses 

of two soil-structure model is summarized, and the factors leading to these differences 

in seismic response is discussed. The response spectrum of the soft-soil model increases 

slightly in the low-frequency range and decreases in the high-frequency range. The 

differences of shear wave velocity and the damping ratio between different soils are the 

main factors that affect the seismic response of structure on different sites. Moreover, 

the sway motion caused by the horizontal excitation on the soft soil has significant 

effects on the vertical response spectrum. 
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 Introduction 

Background and significance 

As a clean, economical and safe new energy source, nuclear power plays an 

important role in supporting economic development, improving the environment, 

optimizing the energy structure and improving energy security. 

As a complex system, the safety of nuclear power plant has an important influence 

on the national economy and social life. Damage to nuclear reactor structures induced 

by the earthquake may cause serious safety issues. Previous nuclear accidents have 

shown that earthquakes and the secondary disasters have a major impact on the normal 

operation and safety of nuclear power plants, and cause serious environmental problems 

and economic losses. Leakage of the radiation atmosphere or cooling water may lead to 

health threat to vicinity people and risk of biological hazard over a large area. The safe 

operation of the nuclear power plant is of great importance not only during the reactor 

operation but also after the plant is shut down. Therefore the buildings of the plant 

should satisfy the safety requirements including seismic safety requirements. In addition, 

the seismic analysis, design standards and requirements of nuclear power plants are 

stricter than those of ordinary civilian facilities. 

All the structures, systems and components in a nuclear power plant are excited at 

the same time when subjected to earthquakes. The seismic designs of these components 

are also very important to the safety of the reactor. As most components are fixed in the 

reactor building, the floor response spectrum of the nuclear power plant is the basic data 

for the seismic analysis and design of nuclear power equipment. It can be adopted as the 

input of the seismic analysis of the equipment in the building, using either equivalent 

static method or response spectrum method. Thus, the floor response spectrum is of 

great significance in the seismic analysis of nuclear power plant.  

 For massive and stiff structures, such as the nuclear facility and civil 

infrastructures including underground stations, tunnels, lock head structures and dams, 

the soil-structure interaction analysis is one of the major steps in the seismic design, as 

the SSI effect may amplified the dynamic response of the structure. During an 

earthquake, the seismic wave is transmitted through the soil to the upper structure. The 
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seismic response of the upper structure is transmitted back to the soil and spreads deep 

into the soil. During this process, there is an interaction between the structure and the 

soil. The nuclear power plant has the characteristics of high stiffness and heavy weight, 

which lead to a strong interaction between the structure and soil. Therefore the 

soil-structure interaction (SSI) is significant in the seismic analysis of nuclear power 

plant. The SSI effect is closely related to three aspects including the soil properties and 

modeling, the upper structure modeling and the ground motion input. Whether the SSI 

effect is reasonably considered or not has a direct impact on the design of the structure 

and equipment, affecting the seismic safety and economy of the nuclear power plant.  

Due to the high safety requirement of nuclear power plant, former nuclear reactor 

plants were generally built on the bedrock sites, which restricted the selection of the 

sites and increase the construction cost. Build nuclear reactor building on the soil sites 

has been considered in order to broaden the scope of site selection. When a soil site is 

adopted, the SSI effect must be accounted when analyzing the seismic response of the 

nuclear reactor building. The 10 MW high-temperature gas cooled reactor, which is 

investigated in the present paper, was built on the soil instead of the bedrock. The 10 

MW high-temperature gas cooled reactor, abbreviated as HTR-10, is a test reactor built 

in Beijing to verify the design and performance of high-temperature gas-cooled reactors. 

It was designed and built by the Institute of Nuclear Energy and New Energy 

Technology, Tsinghua University. HTR-10 first reached criticality at the end of 2000, 

and full power operation was implemented at the beginning of 2003[1]. As one of the 

fourth generation advanced reactor, the high-temperature gas-cooled reactor has been 

recognized by the international nuclear industry as having good safety features[2]. The 

establishment and promotion of HTR-10 are of great significance to the development of 

nuclear energy. 

Literature review 

1.2.1    Research method of SSI 

The SSI was once believed to be beneficial to structure seismic response because 

the lateral fundamental period is increased and the effective damping of the system is 

higher, which would reduce the forces in the structure[3]. In many seismic codes, the SSI 

effect used to be neglected and regarded as a conservative simplification which would 
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lead to safety margins[4]. For the dynamic design and analysis, several simplifications 

were adopted when considering SSI, including the acceleration design spectra’s 

decrease with increasing structure period monotonically, the response modification 

coefficients’ increase or remaining unchanged with increasing structure period, the 

assumption of homogeneous half-space soil. Later, some case studies and the 

post-seismic observations showed that the neglect of SSI may lead to a detrimental 

impact on the imposed seismic requirement and unsafe design for structure and 

foundation, particularly for structures built on soft soil. Neglecting SSI effect is 

oversimplification actually. The deformable soil under structure can affect the seismic 

response in the following ways. First, the flexible-base structure’s fundamental period is 

longer than the fixed-base structure, the vibration characteristic is changed which would 

amplify the dynamic response of the structure when unfavorite seismic load is applied. 

Second, the flexible-base structure’s effective damping ratio is larger than the fixed-base 

structure, because the partial energy of the flexible-base structure is dissipated into the 

soil by wave radiation and hysteretic action. Analysis of SSI effect in seismic response 

requires consideration of both soil condition and seismic input.  

The method for SSI analysis can be divided into two types, the substructure 

method[5, 6] and the direct method.  

For the substructure method using the decoupled system models and 

frequency-independent soil parameters, the equations of motion are solved in the time 

domain. Frequency-independent parameters are represented by equivalent springs and 

damping elements. The stiffness and damping of these elements are calculated by the 

corresponding impedance functions, distributed at nodes of the reasonable discretized 

foundation, or directly used in a beam model. Seismic input is represented by three 

orthogonal artificial time histories. The equations of motion in SSI analysis is shown as 

follows.  

 [ ]{ } [ ]{ } [ ]{ } { }M U D U K U Q     (1-1) 

[ ]M  is structure mass matrix, [ ]D  is structure damping matrix, [ ]K  is stiffness 

matrix, including frequency-independent damping and stiffness of the soil from the 

impedance function. { }Q  is the forces induced by the seismic input. { }U , { }U  and 

{ }U  are the resultant displacements, velocities, and accelerations at the nodes. The 

equation is solved by the modal superposition technique.  
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The substructure method can also be applied in the frequency domain. Moreover, 

due to the mature computer technology and sufficient computing power, the SSI 

problem can generally be solved in the computer program. The computer code SASSI 

and CLASSI are based on the substructure method in the frequency domain.  

SASSI[7] is a program for seismic SSI problems, which is developed by University 

of California in the 1980s. The commercial versions of the code are used in many 

practical applications. SASSI is a preferred SSI analysis coding, especially in nuclear 

and heavy industry. The Nuclear Regulatory Commission has approved the model 

implementation in SASSI. SASSI adopts substructure method, using finite element 

technique and complex frequency response method. It has several advantages in 

practical application. Two- and three-dimensional SSI problems can be solved. The 

embedded foundation can be rigid or flexible of any shape. The input wave can be 

vertical and inclined body wave, seismic wave or surface wave. The load can be direct 

impact load or harmonic load. In the calculation process, if the seismic wavefield, soil 

properties, external loads, or the properties of superstructure changes, the corresponding 

part of the model can be modified separately. And in order to simulate unbounded soil 

with finite soil model, SASSI derives dynamic impedance properties at the 

soil-structure interface by adopting point load solution in a layered soil system to 

simulate the wave radiation of infinite soil, which can reduce the amount of calculation.  

In SASSI, flexible volume method and substructure subtraction method are used. 

This method divides the whole system into three parts. The first part simulates the free 

field. The second part is the excavated soil volume. The third part consists of the 

structure and its basement excluding the excavated soil. The equations of motion in SSI 

analysis is shown above, same as equations of substructure method. Then considering 

the harmonic excitation at the frequency  , the force and the displacement could be 

shown as follows. 

 
{ } { }

{ } { }

i t

i t

Q q e

U u e








 (1-2) 

{ }q  is the complex force vectors at the frequency  , { }u  is the complex 

displacement vectors at the frequency  . 

For each frequency, the equation of motion can be written as follows. 

 [ ]{ } { }c u q  (1-3) 
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[ ]c  is the complex frequency-dependent stiffness matrix, which can be calculated 

as follows. 

 2[ ] [ ] [ ]c K M   (1-4) 

Taking the flexible volume method into consideration, the equation of motion can 

be written as follows. 

 
[ ]

si sss

ff fii ff ff fis

C u oC

XC C X uC 

      
          

 (1-5) 

Subscript s indicates the nodes corresponding to structure excluding basement 

nodes, i indicates the nodes corresponding to the basement, f indicates the nodes 

corresponding to excavated soil. For superficial structure, there is no ffC . [ ]ffX  is the 

frequency-dependent matrix which is obtained by loading the interaction nodes with 

harmonic excitation forces at the frequency  . f  is the displacement at the 

interaction nodes in soil under the boundary condition of free field. Results of the 

equation (1-5) are displacements in the frequency domain. It is also the transfer function. 

The free field motion in the time domain is then transformed into frequency domain. 

And the actual frequency domain response is obtained by multiplying the transfer 

function with the transformed excitation. The time response could be obtained by the 

inverse transformation. Fast Fourier Transform method is used in the calculation of 

response at nodes in the model. 

However, SASSI faces challenges in nonlinear SSI analysis. SASSI handles the 

soil nonlinearity using the equivalent linear method. Nonlinear interface modeling and 

structural nonlinear modeling are not provided in this program. CLASSI is another 

computer program for SSI analysis using the substructure method[8]. It cannot carry out 

the nonlinear analysis neither. 

For the direct method using the coupled system models, the interaction problem of 

soil and structure can be solved by numerical methods such as finite element method[9], 

boundary element method[10], finite element method and boundary element coupling 

method[11, 12].  

According to Halbritter’s[13] research, there are differences between the 

substructure method and the direct method. The direct method provides lower 

accelerations than the substructure method in the peak frequency range, because of the 
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consideration real damping capacity, kinematic interaction impacts by the complex 

model, real stiffness of foundation plates, filtering effects of soil above the embedment 

level in the direct method. The conservatism of substructure method is reduced 

significantly by the direct method. The direct method allows more realistic treatment of 

kinematic interaction impacts and considering of real damping and embedment impacts 

of the soil. 

When calculating the seismic response considering the SSI effect, it is necessary to 

invert the ground motion input from the ground surface to the bottom of the soil and 

obtain the input ground motion of the soil-structure dynamic interaction. In this case, 

the FLUSH program can be used. FLUSH is the SSI analysis program developed by the 

Earthquake Engineering Research Centre of the University of California, Berkeley in 

1970s. It is one of the commonly used programs in seismic response analysis of nuclear 

power plant, and it is also one of the recommended programs by Nuclear Regulatory 

Commission. FLUSH is a two-dimensional finite element program and adopts the direct 

method of the soil-structure dynamic interaction analysis. It can be used to calculate the 

free field response, and can also be used in the inversion calculation. The structural 

model can be the lumped mass rod model or the plane strain finite element model. The 

foundation model is viscoelastic equivalent linear soil model with horizontal layers. 

SHAKE is another computer program for seismic response analysis of horizontally 

layered site[14]. The inversion calculation can also be solved in SHAKE. 

The analysis procedure of SSI issues is relatively complex. In addition to using the 

program FLUSH/SHAKE for inversion, using SASSI/CLASSI for response calculation, 

the SSI study also involves the modeling of soil and structure, the input of ground 

motion, and analysis of response spectrum.  

1.2.2    Research of nuclear power plant seismic response 

Reactor building is a very important part of the nuclear power plant. The seismic 

response analysis of the reactor building is essential for the construction of the nuclear 

power plant. Because of the interaction of soil and structure in the earthquake, it is 

necessary to consider the SSI effect in seismic response analysis of reactor building. 

The floor response spectrum of the building can be used as a input for the seismic 

analysis of components and can show many dynamic characteristics of the structure. 

Dundulis[15] analyzed the seismic floor response spectra of reactor building in the 
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Ignalina nuclear power plant. The free field ground response spectra are analyzed. The 

reactor building is modeled by the monolithic reinforced concrete structures. Heavy 

equipment is modeled by lumped mass in contact with the building. Small equipment, 

and auxiliary structures are modeled by distributed mass. Properties of the reinforced 

concrete structures are linear. The soil under the building is soft. The three-dimensional 

soil-structure model could be replaced by two orthogonal slices because one slice could 

describe the mass and geometry of a shear wall structure. Therefore two perpendicular 

two-dimensional models are established to model the reactor building of Ignalina 

nuclear power plant. The time history method adopted for the SSI analysis. The time 

history is generated from the free field response spectrum. In each direction, there are 

three statistically independent time histories. The floor response spectra are calculated 

by transferring the accelerations into the frequency domain from the time domain. The 

result of this study shows that in the upper flexible structure, attenuation of peak values 

appears. The floor response spectrum can be characterized by two peak values. The first 

peak value is related to the isolated resonance frequency, corresponding to the global 

transversal bending torsion model. The second peak value is related to the non-isolated 

resonance frequencies, corresponding to the local character. 

When conducting SSI seismic analysis of important buildings in a nuclear power 

plant, there are many factors that will affect the result of the analysis. Tseng[16] analyzed 

the SSI seismic response of an auxiliary control building in a nuclear power plant and 

investigated the spatial incoherence of seismic ground motions. The site-specific ground 

motion response spectra for the new units in the nuclear power plant have a high 

spectral amplifications among the high-frequency range. So this study investigated the 

seismic requalification considering the spatial incoherence of seismic ground motions of 

the existing nuclear power plant on a hard rock site. The bedrock under the building 

consists of hard alternating layers of limestone, shale, and siltstone. Building on the 

hard rock site could be analyzed using the fixed-base seismic response analysis method. 

In order to incorporate the spatial incoherence of ground seismic motion, the SSI 

analysis is needed. The auxiliary control building is a reinforced concrete shear wall 

structure which is located in the reinforced concrete basement. In the three-dimensional 

finite element model, the dynamic properties of the structure which does not contact 

with the rock are modeled by mass stick. The basement and the peripheral wall below 

grade which are in contact with the rock are modeled by flat shell finite element. The 
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seismic input of the building consists of two horizontal and one vertical statistically 

independent acceleration time histories. The empirical coherency function is computed 

from ground motion time history of actual earthquakes. The analysis also considered the 

global swaying, heaving, twisting, and rocking, which represent the horizontal 

translation, vertical translation, rotation about the vertical axis and the rotation about the 

horizontal axis respectively. The result shows that incorporation of the incoherence of 

ground motion reduce the in-structure response spectra amplitude while the frequency is 

higher than 10 Hz. The reduction increases while the spectral frequency increase. 

In the analysis of the SSI effect, soil properties also have an impact on the result. 

Farahani[17] analyzed the seismic SSI of the diesel generator building in a nuclear power 

plant. This NPP is built on a crushed-stone site in central and eastern United State. For 

this site, the foundation input response spectra are generated by probabilistic seismic 

hazard analysis. Three different subsurface profiles are defined. In SAP2000 program, a 

horizontal and a vertical three-dimensional finite element model of this NPP are built. 

Considering the concrete crack will influence the fundamental frequency of building, 

the concrete crack is implemented in the model, by reducing the elastic stiffness of 

concrete members. In computer program SASSI, the seismic response of the finite 

element models are analyzed separately, and combined by the 

square-root-of-the-sum-of-squares combination rule. The effect of the subsurface profile 

to seismic SSI is analyzed. The seismic demand will be changed in case of the different 

subsurface profile. 

Many studies has shown that the SSI seismic response of nuclear power plant will 

vary on soils with different characteristics. In addition, in the SSI analysis, the soil and 

structure will be simplified and modeled for analysis. The modeling methods and tools, 

the SSI calculation method, and the calculation result under different analysis process 

may be different. Tunon-Sanjur[18] compared the seismic response of AP1000 on hard 

rock and soil site. The nuclear island of AP1000 which is analyzed in seismic includes 

the containment building, the auxiliary building and the shield building. These buildings 

share a common basement. The fixe-base model corresponding to rock site is analyzed 

in finite element program ANSYS. The flexible-base model corresponding to soil site is 

analyzed in program SASSI considered the SSI effect. The lumped-mass stick model, 

finite element shell model and SSI model are built for analysis. In three-dimensional 

lumped-mass stick model, the structural discontinuities and major floor are presented by 
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discrete mass points. The structural eccentricity is also considered. This model is useful 

in early stages of seismic response analysis, and it provide important parameters for SSI 

analysis. The finite element shell model is more precise and detailed. More accurate 

information in high frequency region can be provided. Analyses in ANSYS for rock site 

are based on two models. First model consists of finite element model of auxiliary and 

shield building and super element of containment internal structure. Another model 

consists of finite element model of containment internal structure and super element of 

auxiliary and shield building. Result of the rock site model can be compared to the 

lumped-mass stick model and the SSI model. In the SSI model, there are fewer nodes 

and elements. However, more features of nuclear island configuration were considered 

compared with the rock site models. The SSI model is analyzed in SASSI as a 

flexible-base model. This model is also the third fixed-base model and is analyzed in 

ANSYS. Seismic response at several locations are analyzed, including the top of the 

shield building roof, the interface of the containment internal structure and shield 

building cylindrical wall, the northeast corner of the auxiliary building roof and the top 

of the pressurizer compartment in the containment internal structure. Seismic response 

of AP1000 is obtained. And models under horizontal and vertical seismic input in 

different locations are compared. The result shows that the combination of lumped-mass 

stick model, finite element shell model and SSI model work well in the seismic analysis 

from soft soil to hard rock site. 

Many other researchers focus on the nonlinear analysis of SSI. Bhaumik[19] 

analyzed the nonlinear SSI seismic response of the internal shear wall in a typical Indian 

reactor. In the seismic analysis, the SSI effect can’t be ignored because the inelastic 

foundation behavior may be associated with excessive transient and permanent 

settlement, tilting, sliding, and formation of a gap between foundation and soil, and the 

hysteretic energy dissipation at the soil-foundation interface may change the damping 

characteristics of the system. Therefore the nonlinear SSI analysis is carried out. The 

numerical model is established in the open source finite element program and consists 

of the modeling of the superstructure and the soil-foundation interface. The 

superstructure comprises of reinforced concrete beams, shear walls, columns, floor slabs 

and prestressed concrete pressure walls. The soil has nonlinear force-displacement 

characteristics, and the fluctuating water table is presented. The soil behavior is also 

influenced by the consolidation and varying pressure distribution at the soil-foundation 
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interface. The interface is modeled by the beam-on-nonlinear-Winkler-foundation 

approach. The beam-on-nonlinear-Winkler-foundation model can present the material 

nonlinearity and the geometric nonlinearity, which specifically are soil yielding and 

degradation, uplifting, sliding and gapping of the foundation. Stiffness and spacing can 

be put on the vertical soil springs to increase the versatility. In order to investigate the 

effect of nonlinear SSI, three analyses based on different conditions including fixed, 

elastic and nonlinear are carried out. For the fixed base, the nodes of the foundation are 

restrained. For the elastic base, the spring force-displacement characteristic is 

considered to be linear elastic. For the nonlinear base, the 

beam-on-nonlinear-Winkler-foundation model is used. The eigenvalue analysis, 

pushover analysis, cyclic analysis, incremental dynamic analysis and the sensitivity 

analysis of the soil parameter uncertainty are carried out. The result shows that the SSI 

effect and the nonlinear SSI effect, should be considered in the seismic analysis to get 

an accurate and proper result. 

1.2.3    Research of SSI effect 

In addition to the SSI seismic response analysis of nuclear power plant, SSI effect 

in the seismic calculation for other buildings that are large in stiffness and are built on 

soft soil is also necessary to consider. Therefore, the use of the SSI effect is not limited 

to the seismic analysis of nuclear power plant. In addition, it is also necessary to study 

the SSI effect itself to obtain the more accurate result in seismic analysis. There have 

been many studies on the SSI effect. 

SSI effect analysis can take other architecture like piers as the object. Mylonakis[4] 

analyzed the SSI effect of an inelastic pier and draw the conclusion that indiscriminate 

use of geometric relations and ductility concepts may generate the wrong seismic 

response. The SSI effect on the seismic response of the elastic single-degree-of-freedom 

oscillators and the effect of period increasing due to SSI effect on the ductility demand 

are analyzed. The object of this study is an elastoplastic bridge pier, analysis of this 

model consists of the ductility capacity of piers and the corresponding ductility demand 

of such system. Calculation result shows that the increase of fundamental natural period 

caused by SSI not always lead to a smaller seismic response, the SSI effect can increase 

or decrease the response depending on the specific condition. The SSI effect of inelastic 

bridge piers induces increasing ductility demand of piers. 
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SSI effect can also base on the object of a building. Through the seismic response 

study of a one-story building and a multi-story building, the conclusion is conducted 

that in some cases, the SSI effect has to be taken into consideration for the seismic 

analysis of the building. The criteria of whether to consider SSI or not can take an 

influencing factor. Khalil[3] analyzed the influence factor of the fundamental period of 

one-story buildings and multi-story buildings. In order to get the seismic response of 

buildings, the fundamental period of the building is analyzed. In seismic codes, the 

fundamental period is calculated by the empirical formulas. The soil flexibility is 

ignored in the formulas, but it may impact the fundamental period of the building and 

change the seismic response. So this method is not adequate according to correlation 

research. The soil flexibility can’t be overlooked. The impact of SSI on the seismic 

response can be analyzed by the fundamental frequency, which depends on multiple 

factors. The one-story building is a reinforced concrete frame, the soil is the 

homogeneous elastic soil layer. The multi-story building is respectively 3, 5, 7 and 10 

stories. The behavior of structure and soil is assumed to be elastic. The structure is 

modeled by elastic beam element, the soil-foundation system is model by the 

translational and rotational discrete springs. The dynamic seismic analysis is carried in 

the finite element software. Results show that a parameter represents soil-structure 

relative rigidity can present the influence of SSI when analyzing the fundamental 

frequency of buildings. The parameter can be calculated by the soil shear wave velocity, 

the flexural rigidity of building columns, the foundation area, and the number of stories, 

the story height, and the spans. When the parameter is higher than 1.5, the building is 

flexible, the SSI can be neglected. When the parameter is lower, the SSI effect should be 

taken into consideration to guarantee the accurate calculation of the fundamental 

frequency. 

The study found that when the building is high, the SSI effect needs to be taken 

into account when analyzing the seismic response, and the soil condition at the building 

site will affect the calculation result of the SSI effect. Fatahi[20] investigate the impact of 

site effect and SSI on mid-rise buildings using the inelastic dynamic method. Local site 

effect is a phenomenon that soil amplification increasing the ground motion intensity 

under the effect of the dynamic response of local soil layers. Damage to the building in 

earthquake may be influenced by the local site condition. Mid-rise building is dwelling 

buildings ranging from 5 to 15 stories, three building models are analyzed, and 
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buildings are 5, 10 and 15 stories respectively. A multi-degree of freedom structure is 

used considering the relative lateral structural displacements and other effects. 

Structures are modeled by the inelastic method, the structural members are assumed to 

have elastic-perfectly plastic behavior. The process of inelastic analysis and 

conventional elastic analysis are similar, but the properties of components in inelastic 

analysis consists of the plastic moment and initial elastic properties. The soil models in 

this study are two kinds of soft clayey soil. The seismic input consists of two far fields 

and two near-field earthquake acceleration records. Dynamic response of the structure is 

calculated by the nonlinear time-history dynamic analysis. The nonlinearity is reflected 

in the variation of damping ratio and the shear modulus reduction. Performance-based 

engineering has five certain hazard levels for safety and risk assessment in seismic 

design, correspondingly, there are five quantitative maximum inter-story drifts, it is 1.5 

percent for ‘life safe’ level which is considered in this study. Three studies are carried, 

there are respectively fixed base with a direct earthquake, fixed base with modified 

earthquake considering local site effect, flexible base with SSI effect. The result shows 

that when the building is higher than 5 story, the local site effect can’t guarantee the 

structure safety, SSI effect should be taken into consideration. 

Through the SSI study of the nuclear power plant, it can be found that the soil 

properties under the structure will have an impact on the calculation result of the SSI 

effect. Politopoulos[21] analyzed the impact of foundation embedment to SSI response of 

a nuclear power plant. Base isolation of a building may be used to withstand the 

earthquake-induced force. In some conditions, the non-isolated mode’s response may be 

amplified depending on the dynamic characteristics and the frequency content of 

seismic. The reason for this phenomenon may be the base rocking excitation on account 

of the non-uniform ground motion over foundation. Soil inhomogeneity, source effects, 

and topography effects may cause the non-uniform ground motion. The base rocking 

excitation can be induced by vertically propagating seismic shear waves, surface and 

inclined body waves. Kashiwazaki-Kariwa nuclear power plant is the analytical target, 

it is non-isolated partially embedded building, in order to analyze the effect of base 

rocking, an aseismic bearing under this nuclear power plant is assumed in this study. 

Finite element model of the plant is established, the bearing is modeled by linear springs 

and dashpots, the soil is modeled by finite element and the radiation boundaries of 

Lysmer, the behavior of structure and soil are linear. Seismic input is the recorded free 
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field ground acceleration near the nuclear power plant. SSI result shows that the base 

rocking can’t be overlooked, it may amplify the non-isolated mode’s response. This 

phenomenon will be reduced if there are several layers of soft soil instead of 

homogeneous soil over the foundation. 

In addition to soil properties, ground motion can also affect the SSI effect. 

According to Farahani[17], when ground motion has high spectral amplifications in the 

high-frequency range, the seismic SSI response is influenced significantly. The seismic 

demand will change depending on subsurface profile and frequency of interest.  

The study by Li Zhongxian[22] showed that the SSI effect of hard rock site 

increased the seismic response of nuclear power plant building. Xu Lei[23] studied the 

CPR1000 reactor building and found that the SSI effect has an adverse effect on the 

seismic response. Yin Xunqiang[24] calculated the SSI effect of a CPR1000 reactor 

building on a soil foundation. The result showed that the seismic response of the 

structure was reduced. 

Because the method and details in different calculation programs are a little 

different, there are some differences in the calculation result of the SSI effect in a 

different program. Chen and Maslenikov[25] analyzed the SSI response of nuclear 

facility, compared the result in SSI program SASSI and CLASSI, and investigated the 

effect of foundation modeling method and soil stiffness on SSI response. In the analysis 

of SSI, the horizontal motion of seismic spectra is normalized to 0.25 g zero period 

acceleration, the vertical motion is two-thirds of horizontal motion. The soil site consists 

of compacted gravels, medium-to-very dense sands, and hard silty clay, the shear wave 

velocity is different of each layer. In order to establish the shear-strain compatible site 

model, equivalent linear method and one-dimensional wave propagation theory are 

adopted. The structure consists of two buildings and a reactor core. Buildings use 

three-dimensional beam elements to represent the wall system. The reactor core uses 

three sticks to represent the primary shield wall structure, the reactor graphite core, and 

the inlet/outlet shields. For sensitivity analysis of foundation modeling method and soil 

stiffness, five SSI analysis are carried in CLASS. Three analyses use different 

impedance function to investigate the impact of foundation modeling method. Response 

spectra of three key points in the structure are compared, the base of the reactor model, 

the top of the inlet/outlet shield and the top of the reactor core. Two analyses use 

different shear moduli in soil and the same material damping to investigate the impact 
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of soil properties. Response spectra of the base of the reactor model, the top of the 

inlet/outlet shield are compared. The result shows that the effect of foundation modeling 

is not significant, but the effect of soil stiffness to the SSI response is remarkable. Then 

the same SSI analysis is carried the both CALSSI and SASSI. It is observed that 

CALSSI and SASSI perform the same terms of peak spectral value, the frequency 

corresponding to the peak, zero period acceleration. But the rocking spectra in SASSI 

are higher than in CLASSI. SSI result of the nuclear reactor facility can also be the 

input motion of reactor core for nonlinear analysis for further research.  

The method of studying SSI effect includes substructure method and direct method. 

It is considered that the calculation result of the direct method is more accurate. 

Halbritter[13] believed that a more realistic method should replace the conservative 

design procedure because of the requalification effort. So the substructure method and 

the direct applied on SSI analysis are compared, based on the nuclear power plant 

VVER440/213 and VVER1000. The nuclear power plant is performed by structural 

elements of different stiffness properties, and all the structures are modeled in one finite 

element model to guarantee the treatment of interaction effect. The comparison shows 

that the direct method can provide more accurate result than the substructure method, it 

allows the realistic representation of SSI effects. 

In the SSI effect analysis, the probabilistic method and the deterministic method 

can be adopted. Elkhoraibi[26] analyzed the SSI for a typical nuclear structure on a rock 

and a deep soil site condition in SASSI, using both probabilistic method and the 

deterministic method. The deterministically method without considering the ground 

motion incoherency effect may lead to overestimation, but the probabilistic method is 

difficult to realize because of the limit of computational capability until recently. Result 

suggests that more studies are needed to investigate the differences between the 

probabilistic and deterministic method. And the ground motion spatial variation impact 

is also analyzed through the comparison of result with and without incoherency effects. 

The result shows that the ground motion incoherency is significant while the rock site is 

subjected to the high-frequency range motion, the effect on the story drifts is less 

important. 

In the case of strong earthquakes, the linear analysis may miss some important 

details, so the nonlinear behavior cannot be ignored. The study found that the SSI effect 

is more related to some parameters of soil and structure and less relevant to some 
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parameters. Zhang[27] analyzed the soil-foundation-structure interaction of building in 

strong earthquake condition. In former studies of SSI effect, the nonlinear behavior is 

usually overlooked. But in a strong earthquake, the material nonlinearity of soil, 

structural nonlinearity, and geometric nonlinearity can affect the structure response. The 

bilinear structure model is able to simulate some nonlinear behavior like yielding. As a 

result, the linear structure and bilinear structure are analyzed in this paper. Foundation 

under the building can translate and rock under strong earthquake, so the foundation 

input motion and the dynamic characteristic of this system will be changed. The 

near-fault ground motion is selected considering the devastating effect on the structure. 

In the dimensional analysis, s series of dimensionless parameters is adopted to describe 

the normalized structure response of the soil-foundation-structure system. Both 

flexible-base structure and fixed-base structure are calculated to analyze the SSI effect. 

Under dimensional analysis, the SSI effect on the bilinear structure is more significant 

than linear structure confines to the certain frequency range. The SSI effect is highly 

depending on following parameters, structure-to-pulse frequency ratio, 

foundation-to-structure stiffness ratio, the damping coefficient of foundation impedance. 

And the SSI effect is not sensitive to the foundation-to-structure mass ratio, post-yield 

stiffness ratio, the fixed-base structural damping ratio. 

Nonlinear SSI analysis will consider more details and the setup will be more 

complicated. The research found that the foundation sliding influences the SSI seismic 

response。Hashemi[28] analyzed the seismic SSI of the nuclear structure utilizing the 

nonlinear response history analysis method to investigate the impact of structural 

nonlinearity and foundation sliding. The typical nuclear structure is the reinforced 

concrete shear wall building. The finite element model of the nuclear structure is 

transformed into the stick model, the shear wall can be replaced by the vertical beam 

elements. The stick model is able to preserve the dynamic characteristics of the finite 

element model in the vertical, lateral and torsional directions. The nonlinear structure 

model consists the mass of the foundation and the nonlinear sliding element. The 

foundation is model of the stiff beam element. The rocking and torsional of the 

foundation are also included in the SSI analysis. Two different sites including shallow 

rock subgrade and deep soil subgrade are analyzed. Parameters consist of dynamic soil 

profile properties, structural damping ratio and so on are identified for uncertainty 

modeling. The result shows that the foundation sliding reduces the structural and 
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nonstructural seismic demand, this effect is more obvious for structures on the rock site. 

Research goal and content 

The SSI analysis of the HTR-10 reactor building was completed in the 1990s, and 

the building model was modeled using a one-dimensional beam model. Considering the 

growing concern about earthquake safety after the Fukushima nuclear accident and the 

progress of SSI calculation and analysis method, it is necessary to reevaluate the SSI 

effect of HTR-10 in non-bedrock site. In addition, due to the soil properties affect the 

SSI seismic response of the building, in order to promote the HTR-10 to overseas, it is 

necessary to reanalyze the SSI seismic response of the HTR-10 reactor building at the 

target site of the promotion. 

The research content of this article includes the following parts. 

The SSI seismic response analysis of the reactor building is implemented in the 

finite element software. The difficulties of SSI analysis in finite element software are 

overcome, the set of artificial boundary and the input of seismic excitation are realized. 

A set of a method for SSI seismic response analysis in finite element software is 

established. 

Through the calculation of SSI seismic response of a simplified nuclear power 

plant, the correctness of the artificial boundary setting is verified. The size and shape of 

the calculation domain and the selection of the artificial boundary type are compared 

and analyzed, the most reasonable setting of the calculation domain and the artificial 

boundary is acquired. 

The SSI seismic response of the HTR-10 reactor building located in Beijing is 

calculated using the appropriate set of calculation domain and artificial boundary. The 

floor response spectrum of each floor in the building is obtained, and the response 

spectrum of the SSI model is compared with that of the fixed-base model. Response 

spectra of floors are compared and analyzed, the characteristic and rule of SSI response 

spectra are summarized and explained. 

The soil under HTR-10 is replaced with a softer soil in a site of Indonesia. The SSI 

seismic response of the new coupled soil structure model with softer soil is calculated. 

The floor response spectrum of floors in the reactor building is obtained. The response 

spectrum of the soft-soil SSI model is compared with the response spectrum of the 

fixed-base model, and the response spectra of the two model with different soils are 



Chapter 1     Introduction 

17 

compared. The characteristic and rule of the SSI response spectrum under different soil 

conditions are summarized and explained.  
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Numerical modeling 

In many previous seismic SSI analyses, programs that specialize in analyzing SSI 

effects such as SASSI and CLASSI are used. Comparing to these programs, general 

purpose finite element software can provide advantages in several aspects. For example, 

there are more element types to choose from the finite element program, the 

post-processing is more convenient, the improved nonlinear solver is capable of 

handling problems with strong nonlinearity. In consideration of these advantages, 

commercial finite element software is used in this research to solve SSI problems. 

However, special handling in finite element software is required to overcome the 

difficulties in the analysis of the SSI effect. The major difficulties are the simulation of 

infinite soil and the input of seismic excitation on the artificial boundary. By 

successfully solving these problems, the seismic SSI analysis of the reactor building is 

accomplished using commercial finite element software in this research. 

In this chapter, a three-dimensional coupled model of soil and structure for SSI 

analysis is developed in commercial finite element software. The numerical procedures 

of seismic SSI calculation and finite element modeling of the reactor building and soil 

are presented in detail. The emphasis is put on the establishment of artificial boundary 

in the finite element software and the input of seismic excitation on the artificial 

boundary.  

Dynamic response analysis in the frequency domain 

The SSI finite element model can be solved either in the time domain using time 

history method or in the frequency domain using the complex frequency response 

method. In this study, the seismic response is calculated by the complex response 

method in the frequency domain. The comparison of calculation for different models 

and the investigation of the dynamic response characteristics of the soil-structure system 

could be carried out using the frequency response function. A deeper understanding of 

the soil-structure interaction mechanism can be achieved consequently. The detailed 

method is shown as follows. 

(1) The acceleration time history �̈�(t)  is transformed from time domain to 
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frequency domain by Fourier transformation.  

 �̈�(ω) = ∫ �̈�(�)�
������

��

��  (2-1) 

(2) The frequency response function �(ω) of the specified node in the structure is 

calculated. 

(3) The acceleration response time history �̈�(t) of the specified node in the 

structure is acquired by transforming the response from frequency domain to 

time domain utilizing inverse Fourier transformation. 

 �̈�(�) =
�

��
∫ �(ω)�̈�(ω)�����ω

��

��  (2-2) 

The frequency response function �(ω) can be obtained from three-dimensional 

finite element calculation of the coupled soil structure model. The model is introduced 

in Section 2.2. 

The input acceleration time history �̈�(t) in formula (2-1) can be decomposed into 

three orthogonal directions, �̈�(�) = [�̈�� �̈�� �̈��]� , so the frequency response 

function �(ω) can be represented as the following formula (2-3). 

 �(ω) = �

��� ��� ���
��� ��� ���
��� ��� ���

� (2-3) 

In the above formula (2-3), ��� represents the response in j direction caused by the 

unit seismic acceleration input in i direction. In order to calculate �(�), simple 

harmonic acceleration excitation with unit amplitude are applied in three orthogonal 

directions respectively. While the input excitation is along the i direction (i=x, y, z), the 

vector [��� ��� ���]� in formula (2-3) can be obtained. 

Finite element modeling of structure and soil 

The soil-structure coupling finite element model of HTR-10 consists of the 

HTR-10 reactor building and the soil below it, as is shown in figure 2.1. These two parts 

are connected through common nodes. 
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Figure 2.1  The soil-structure finite element model and the meshing 

The HTR-10 reactor building is a typical reactor building in a nuclear power plant. 

It is symmetrical. The reactor building consists of the reactor hall in the center and the 

annex building in the surrounding (as figure 2.2 shows). The reactor hall rests on soil at 

elevation -15 m, and rises to elevation +28 m. The annex building rests on soil at 

elevation 0 and rises to elevation +5 m. The floors and walls of the building are 

modeled by shell elements, the element size is about 1.5 m. The stiffeners in the floors 

and walls are modeled by beam elements. The Reactor Pressure Vessel (RPV), Steam 

Generator (SG) and Hot Gas Conduct Vessel (HGCV) are modeled by beam elements. 

The other major equipment is included in the modelin the form of added mass on the 

floor elements. 

 

Figure 2.2  The reactor building finite element model and the meshing 
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The bedrock under the HTR-10 nuclear power plant is found at a depth of -52.1 m. 

The shear wave velocity here is greater than 2600 m/s. The soil above this depth can be 

regarded as viscoelastic soil with horizontal layers. The equivalent linearized 

parameters (shear wave velocity, damping ratio) of each layer are shown in table 2.1. 

The bottom boundary of the soil model is lying on the top surface of bedrock. The soil 

is modeled by hexahedral solid element. In the horizontal direction, the size of soil 

elements near the reactor building is the same as the upper structure, while the size of 

soil elements in the far field is 10 m. The soil elements size varies gradually from the 

upper structure to the far field. In the vertical direction, the maximum size of soil 

elements should satisfy the requirement of ASCE4-98[29]. Otherwise, the high frequency 

components of the seismic wave can not be accurately simulated. The requirement is 

h ≤ ��/(� ∙ ����), where h is the vertical size of the element, �� is shear wave velocity 

of soil layer, N is a constant(≥ 4 generally), ���� is cutoff frequency in the analysis. 

The vertical soil size of each layer is shown in table 2.1. 

Table 2.1  Parameters of the soil model 

Layer 

number 
Depth(m) 

Shear wave 

velocity 

(m/s) 

Shear 

wavelength 

(m) 

Damping 

ratio 

Element size in the 

vertical direction 

(m) 

1-4 0-6 310.9 12.4 4.6% 1.5 

5-7 6-12 412.7 16.5 5.8% 2.0 

8 12-15 680.9 27.2 4.6% 3.0 

9-10 15-25 834.8 33.4 3.6% 5.0 

11-12 25-34 782.4 31.3 7.8% 4.5 

13-14 34-37.8 434.3 17.4 12.8% 1.9 

15-16 37.8-41.9 374.6 15.0 15.0% 2.1 

17-18 41.9-44 362.1 14.5 15.4% 1.1 

19-20 44-52.1 722.6 28.9 4.2% 4.1 

Two finite element softwares, MSC. Patran/Nastran and ABAQUS are used for 

calculations. Patran and Nastran are finite element pre-processing program and solver 

respectively of MSC company. In Patran, the geometric model is processed, finite 

element information such as mesh and material is generated, and an input file for 

Nastran containing finite element information is created. In Nastran, the finite element 

problem is calculated. ABAQUS is a powerful finite element software for engineering 

simulation that can analyze complex solid mechanics systems, in particular, it can 



Chapter 2    Numerical modeling 

22 

analyze very large and complex problem and simulate the nonlinear problem. 

Artificial boundary 

2.3.1    Artificial boundary conditions 

A finite calculation domain should be defined when the soil-structure interaction is 

analyzed using finite element method. So the semi-infinite soil must be artificially 

truncated. If fixed boundary conditions or free boundary conditions are adopted at the 

truncated boundary, the wave would be erroneously reflected from the boundary. One 

method to solve this problem is to set the truncated boundary far away enough from the 

structure. In this way, the reflected wave is dissipated during propagation due to the 

damping of the soil. Therefore, the effect of boundary types on the results are totally 

eliminated.[30, 31]. While the hysteresis damping coefficient of soil 0.05   and the 

ratio of length to depth of soil / 16l d  , or 0.1   and / 12l d  , or 0.15   and 

/ 8l d  , the difference between finite element results with fixed or free boundary 

conditions and the exact solution can be controlled within 5%[32].  

However, an increase in the size of calculation domain is restricted by the 

computer capacity and results in high costs. Therefore, calculation with a relatively 

small model is desirable. For this purpose, special boundary conditions should be 

implemented on the truncated boundary to guarantee that the scattered wave can 

transmit from the calculation domain to the infinite field without reflection at the 

artificial boundary [33]. The artificial boundary includes two types, which are the global 

boundary and the local boundary[34]. The global boundary satisfies all the field 

equations, physical boundary conditions and infinite radiation conditions in the infinite 

area. The infinite element method, boundary element method, thin layer method and 

Huygens principle based on similarity all belong to the global artificial boundaries. On 

the contrary, the local boundary only satisfies the wave propagation conditions locally. 

The wave equation is not strictly satisfied in the whole infinite area. The local boundary 

has advantages such as easy to implement, simple in principle. It can generally meet the 

requirements in engineering application. Therefore, the local boundary is widely applied 

in engineering[35]. The viscous boundary, viscoelastic boundary, paraxial boundary and 

transmitting boundary belong to the local boundaries. The paraxial boundary and the 

transmitting boundary have second order precision[36, 37]. The viscous boundary and 
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viscoelastic boundary just have first order precision, but they are easy to implement and 

the concepts are clear[38, 39]. 

The viscous boundary simulates the absorption of scattered wave energy, but it can 

not simulate the elastic recovery capacity of the semi-infinite foundation[40]. So the 

global drift may occur under input motion with low frequency components. That is, the 

stability problem may exist under low frequencies. The viscoelastic boundary simulates 

the absorption of scattered wave energy and the elastic recovery ability of semi-infinite 

foundation, it has good stability and high accuracy[41]. In the current analysis, both 

Lysmer’s viscous artificial boundary and Deeks’s viscoelastic artificial boundary are 

adopted, and their results are compared.. 

Deeks[41] derived the viscoelastic boundary condition on the assumption that the 

two-dimensional scattering wave is a cylindrical wave. Viscous damping and springs are 

used to account for the wave propagation into the far field, the damping coefficients and 

spring constant on the artificial boundary where br r  are shown in formula (2-4) 

 b sC c ， p pC c ，
2

b

b

G
K

r
  (2-4) 

In the formula (2-4), br  is the coordinates of the artificial boundary in polar 

coordinates, bC  and pC  are damping coefficients related to shear wave and 

compressional wave respectively, bK  is the spring constant, /sc G   is the shear 

wave velocity while pc  is the compressional wave velocity, G  is the shear modulus, 

and   is the mass density. The viscous damping is not relevant to the distance from 

the scattering source to the artificial boundary br , but the spring constant is related to the 

distance. Practically, the scattering source is a line source or a surface source, so br  can 

be an average distance or the shortest distance between the source and boundary. At 

br r , if the corresponding physical elements are applied to the truncated boundary, the 

wave propagation will be exactly the same as that in an infinite medium. 

The damping and the spring in the formula (2-4) are continuously distributed on 

the boundary. For finite element models, the continuous damping and spring can be 

discretized to damping and spring elements connected to the boundary nodes[42]. Taking 

the boundary surface perpendicular to the Y-axis as an example, the damping coefficient 

��(��, ��) of the shear wave damper connected to an internal node with a coordinate 

(��, ��) can be expressed as 
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In formula (2-5), ∆��� and ∆��� are the element size along the X axis in the 

positive and negative direction respectively of the node on the boundary whose 

coordinate is ��. Similarly, ∆��� and ∆��� are the element size along Z axis in the 

positive and negative direction respectively of the node on the boundary whose 

coordinate is ��. For horizontally stratified soils with uniform horizontal grids, the 

above integrals can be simplified to 

  0 0 0+ 0-, 1/ 2( )s s sC x z z C z C x         (2-6) 

Similarly, for the compressional wave damper, the damping coefficient can be 

written as. 

  0 0 0+ 0-, 1/ 2( )s s sC x z z C z C x         (2-7) 

The subscript + indicates the physical quantities in the positive direction element 

and the subscript - indicates the physical quantities in the negative direction element. 

∆� is the horizontal element size on the boundary. For nodes at the horizontal edge, 

when calculating the damping coefficient, take ∆��� = 0 or ∆��� = 0 depending on 

the condition. For nodes at the vertical edge, the damping coefficients are taken as 1/2 

of the above formula. 

The damping-spring-particle model is used to simulate cylindrical compressional 

wave. Liu Jingbo[43] ignored the mass points in the model and used the spring-damping 

artificial boundary for both compressional wave and shear wave and obtained a good 

simulation result. In the analysis, the spring-damping artificial boundary of Liu 

Jingbo[42] is adopted, the spring constant of the continuous spring on the elastic 

boundary is 

 ,s s p p

G G
k k

r r
      (2-8) 

The coefficients ��  and ��  are taken as 2/3 and 4/3 respectively as 

recommended. In a rectangular calculation domain, for the convenience of boundary 

condition setting, the distance between each point on the boundary and the vibration 

source is taken as the shortest distance from the boundary surface to the structure. In 
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finite element modeling, the distributed springs on the boundary should also be 

discretized to the nodes using similar discretization method to that of dampers. For 

horizontal stratified soil with uniform horizontal grids, the spring coefficient of the 

discrete spring element is 

  0 0 0+ 0-, ( ) / 2s sK x z z G z G x r       (2-9) 

  0 0 0+ 0-, ( ) / 2p pK x z z G z G x r       (2-10) 

When the spring in the viscoelastic boundary is ignored, the boundary condition 

becomes viscous boundary[18], which is proposed by Lysmer. The viscous boundary is 

derived under the assumption that there is no energy reflection on the boundary. The 

viscous boundary simulates the transmission of seismic waves through the truncation 

boundary by applying viscous damping on the truncation boundary[44]. The damping 

coefficients corresponding to the shear wave and the compressional wave can be 

expressed respectively as 

  ,  s s p pC c C c    (2-11) 

In the finite element model, the viscous boundary can be built by applying three 

dampers with orthogonal degrees of freedom to each node on the lateral boundary of the 

soil. The viscoelastic boundary can be built by applying three orthogonal dampers and 

three orthogonal springs[42, 45]. The illustration of a viscoelastic boundary setting on a 

boundary node is shown in figure 2.3. The damping coefficient and the spring constant 

of the normal boundary (whose degree of freedom is perpendicular to the boundary 

surface) is calculated by �� and ��, while the damping coefficient and the spring 

constant of the tangential boundary (whose degree of freedom is parallel to the 

boundary surface) is calculated by �� and ��. 



Chapter 2    Numerical modeling 

26 

 

Figure 2.3  The viscoelastic boundary 

2.3.2    Seismic wave input on the artificial boundary 

The seismic wave cannot directly input to the model because there is the artificial 

boundary set by damping or damping and spring on the lateral soil boundary. In order to 

facilitate the input of seismic wave, an equivalent method proposed by Liu Jingbo[42] is 

adopted, this method converts the seismic wave input into the equivalent load on the 

artificial boundary. Taking the viscoelastic boundary as an example, principles of this 

method and derivation process is as follows. 

The motion on the artificial boundary consists of the known incident wave and the 

generated scattered wave. The scattered wave is absorbed by the artificial boundary and 

the incident wave is input into the calculation area. By the principle of superposition of 

forces, the incident wave field and the scattered wave field do not affect each other on 

the boundary. So the incident wave and the scattered wave are treated separately. The 

input issue is converted to the wave source issue to deal with the wave input. Assuming 

that 0 ( , , )x y t  is the known incident wave field, the incident angle of the wave is 

arbitrary, the displacement caused by the incident wave on the artificial boundary is

0 ( , , )B Bx y t . If the finite calculation area is cut from the semi-infinite medium by the 

artificial boundary, the condition for realizing the wave input is that the equivalent load 

exerted on the artificial boundary should make the displacement and stress of the 

artificial boundary the same as the original free field. This condition is expressed by the 

formula (2-12) and (2-13) 

 
0( , , ) ( , , )B B B Bx y t x y t   (2-12) 

 
0( , , ) ( , , )B B B Bx y t x y t   (2-13) 



Chapter 2    Numerical modeling 

27 

In the formula (2-12) and (2-13), 0 is the stress created by the displacement 0 in 

the original continuum. To achieve the wave input, assuming that a stress ( )BF t is 

applied at the point B on artificial boundary. Separating the artificial boundary from the 

attached spring and damper using the concept of detached body in general mechanics 

analysis. In figure 2.4, ( )Bf t  is the internal force at the connection of the physical 

element and the artificial boundary. The stress at point B on the artificial boundary is 

 

Figure 2.4  Artificial boundary and the detached body 

 
( , , ) ( ) ( )B B B Bx y t F t f t  

 (2-14) 

Substituting equation (2-13) into equation (2-14) 

 
0( ) ( , , ) ( )B B B BF t x y t f t   (2-15) 

The equation of motion for the physical element consisting of spring and damper is 

 ( , , ) ( , , ) ( )b B B b B B BC u x y t K u x y t f t   (2-16) 

Substituting equation (2-12) into equation (2-16) 

 
0 0( ) ( , , ) ( , , )B b B B b B Bf t C u x y t K u x y t   (2-17) 

Substituting equation (2-17) into equation (2-15) 

 
0 0 0( ) ( , , ) ( , , ) ( , , )B B B b B B b B BF t x y t C u x y t K u x y t    (2-18) 

The equivalent input load on the boundary in formula (2-18) consists of three terms. 

The first term is the stress distribution on the artificial boundary generated by the 

free-field seismic motion. The second term is used for balancing additional stress 

generated by the damper element caused by the node speed on the boundary. The third 

term is used for balancing the additional stress generated by the spring element caused 
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by the node displacement on the boundary. The second and third terms are used to 

eliminate the additional influence of the boundary on the input of seismic. The above 

formula (2-18) can be rewritten into a more general form, for the viscoelastic boundary, 

the computational formula of equivalent load ��(�) on the boundary is[46] 

 ( ) ( , , , ) ( , , , ) ( , , , )B f f fF t F x y z t Cu x y z t Ku x y z t    (2-19) 

In the formula (2-19), �� is the force from the soil beyond the truncated boundary 

applied on the soil model in the free field state. �̇�  and ��  are velocity and 

displacement respectively on the truncated boundary in the free field state. C is the 

damping coefficient. For the normal boundary, the damping coefficient and spring 

constant are respectively ��  and �� . For the tangential boundary, the damping 

coefficient and spring constant are respectively �� and ��. 

For the viscous boundary, the equivalent load ��(�) on the boundary is shown in 

the formula (2-20), which is short of the term relative to the spring. 

 ( ) ( , , , ) ( , , , )B f fF t F x y z t Cu x y z t    (2-20) 

The method of transforming seismic input into an equivalent load on the artificial 

boundary is easy to realize the input of seismic wave. Numerical examples show that 

this method has high accuracy[47]. 

2.3.3    Calculation of equivalent load 

For the viscoelastic boundary, the equivalent load formula includes three parts, 

corresponding to the force, velocity, and displacement on the boundary respectively. In 

order to obtain these three physical quantities, derivation and calculation can be made 

adopting the one-dimensional wave theory, however, it is rather difficult in practical 

application. Therefore, a finite element method is used to calculate these physical 

quantities by performing finite element calculation on a soil slice or soil column model. 

The model and calculation are different for horizontal and vertical seismic inputs. 

The model and calculation are different for horizontal and vertical seismic inputs. 

Under the condition of horizontal unidirectional seismic input, �� exists only on 

the boundary perpendicular to the input motion. Free field parameters �� and �̇� can 

be obtained by calculating the finite element model of a soil slice twice. The soil slice 
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model is shown in figure 2.5. The soil slice finite element model is long enough in the 

direction of seismic excitation to ensure that the wave reflected by the boundary decay 

to negligible amounts under the action of soil material damping. The meshing of soil 

slice in the vertical direction is completely the same with the coupled soil-structure 

model. In the horizontal direction, the soil slice contains one layer of the grid, the 

element size is the same with the size of elements on the boundary in the coupled 

soil-structure model. The free field displacement, velocity and force can by obtained in 

two steps of calculation. 

In the first step of calculation, the two lateral sides of the soil slice model are 

constrained by the normal displacement, the two end surfaces are free. The influence of 

boundary conditions at the end surfaces on the calculation results is negligible because 

that the distance between two end surfaces are far enough. The seismic acceleration 

input is given at the bottom of the soil slice model. The displacement ������, velocity 

�̇�����and acceleration �̈����� are output at the corresponding nodes on the cross section 

in the model respectively. 

In the second step of calculation, condition for the two end surfaces is changed to 

the acceleration input, the acceleration �̈����� of each soil layer obtained in the first step 

of calculation is input to the corresponding node. The other boundary conditions 

remains the same with the first step of the calculation. Through the finite element 

calculation, the constraint reaction ������ is output at the corresponding node on the 

boundary surface. Since the nodes on the end surface of the soil slice model are all on 

the edge, the reaction force obtained is half of the force of internal nodes in the coupled 

soil-structure model. 

The physical quantities of the free field in the seismic input are obtained by 

calculations of the soil slice model, �� = ������ , �̇� = �̇����� , 	 �� = 2������ . The 

equivalent force on the boundary can be calculated by the equivalent load formula (2-19) 

and (2-20) of artificial boundary. 
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Figure 2.5  The soil slice model 

Under the condition of vertical seismic input, ��  is the normal stress on the 

boundary, which is different with the condition of horizontal seismic input. Free field 

parameters �� and �̇� can be obtained by the similar finite element method. The soil 

column model is established to calculate the equivalent load under vertical seismic input 

instead of the soil slice model, considering that the response of the soil along the 

horizontal direction are the same under the vertical seismic input. The soil column 

model is shown in figure 2.6. In the vertical direction, the meshing and the element 

characteristic of the soil column model are exactly the same as those in the coupled 

soil-structure model. In the horizontal direction, the grids can be arbitrarily divided. The 

seismic acceleration is input in the vertical direction from the bottom of soil column 

model. Horizontal displacement of the side boundary is constrained. By the finite 

element dynamic response calculation, the velocity �̇� and the restraining reaction �� 

of the nodes in each layer of the soil column is obtained. The equivalent force on the 

boundary can be then calculated.  



Chapter 2    Numerical modeling 

31 

 

Figure 2.6  The soil column model 

The finite element method of equivalent load calculations avoids complicated 

theoretical derivation and is easy to implement in the finite element software, the 

process of boundary condition setting for the seismic input problem is greatly 

simplified. 

Seismic input  

In SSI analysis, the seismic wave can adopt the past seismic record or the artificial 

seismic wave produced by simulation. The intensity of seismic motion is generally 

reflected by the magnitude of the peak of ground motion acceleration, and the spectral 

features can be represented by the main period of the seismic wave. When the past 

seismic record is selected to be the seismic wave input, the maximum peak acceleration 

should correspond to the fortification intensity of the architecture, and the site 

conditions should also be as close as possible, that is the main period of the seismic 

wave should be close to the predominant period of the architecture. When the artificial 

seismic wave is selected to be the seismic wave input. The artificial seismic wave is 

generally used when the computer program is used to calculate the seismic performance 

of the structure. When the intensity and spectral characteristics satisfy the specifications, 
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the artificial seismic wave is simulated in accordance with the seismic hazard analysis 

and the division of the seismic fortification zone[48]. 

Seismic wave in this analysis is generated by the artificial simulation. The fitted 

response spectrum generated by the artificial seismic wave should match the target 

response spectrum[49]. The site related spectrum and the standard design response 

spectrum can be selected as the target spectrum. Requirements for fitting the response 

spectrum include the following terms, the fitted response spectrum should have no more 

than 5 points below the target spectrum within the specified frequency range and, the 

amplitude below the target spectrum does not exceed 10%[50]. In this analysis, the 

surface design response spectrum adopts RG 1.60 standard spectrum[51]. The zero period 

acceleration in the horizontal direction is 0.32 g, while in the vertical direction is 0.21 g. 

Generation algorithm of the artificial seismic wave consists of two steps, the first step is 

initial artificial time history generation, the second step is artificial time history 

iteration[49]. 

According to requirements in ‘Code for seismic design of nuclear power plants’ 

GB50267-97[50], three artificial time history is generated to be the seismic input in three 

directions by fitting the design response spectrum. The correlation coefficient of the 

input time history in three directions is less than 0.3. The design spectrum is excitation 

on the surface, but the seismic input in SSI calculation is at the bottom of the soil, so the 

seismic excitation should be inverted from the surface to the bottom of the soil at -52.1 

m by the FLUSH program[52]. This seismic time history is exactly the input seismic time 

history �̈�(�) in part 2.1. 

The HTR-10 reactor building is under three-dimensional seismic load. The 

three-dimensional seismic input consists of two horizontal directions and a vertical 

direction, these three directions are orthogonal. 

Summary 

In this part, a set of processes for studying SSI seismic response of reactor building 

in finite element program are described. In part 2.1, the calculation method for seismic 

dynamic response is introduced. In part 2.2, description of the HTR-10 reactor building 

and the underlying horizontally layered soil is given. And the modeling of the coupled 

soil-structure model in finite element program is described. In order to simulate the real 

infinite soil with limited soil, the artificial boundary is required to apply to the soil. And 
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because of the artificial boundary imposed on the soil, seismic excitation cannot directly 

input to the soil-structure model, so the input excitation should be converted into an 

equivalent load on the soil boundary. Part 2.3 provides the setting of the viscous 

artificial boundary and the viscoelastic artificial boundary, the input method of the 

seismic wave on the artificial boundary model, and the calculation of the seismic 

excitation equivalent load. These are the focus and difficulty of this project. In particular, 

the calculation of seismic wave equivalent load is an innovation point of this project. 

Part 2.4 introduces the seismic wave and the generation process of the input excitation. 



Chapter 3     Validation of the numerical model 

34 

Validation of the numerical model 

The computational domain size has a significant effect on the accuracy of the SSI 

seismic calculation because the dynamic response issue which simulating infinite field 

by viscous boundary or viscoelastic boundary is essentially an approximation. The 

calculation precision is improved when the computational domain is large, but the 

computation cost is greatly increased. When the computational domain is small, the 

computation cost is significantly reduced but the accuracy may be affected. In addition, 

since the viscoelastic boundary is more accurate than the viscous boundary, the 

selection of the boundary type also has an effect on the result. This part focuses on the 

selection of computational domain size and boundary type on the accuracy of the 

calculation, thus providing the guidance for finite element analysis of SSI. In this part, a 

number of case is constructed to study the selection of parameters in finite element 

modeling by comparing the results of frequency response. The rationality of the finite 

element model determines the accuracy of the frequency response function T(ω), which 

directly determines the accuracy of the dynamic response calculation. The cases in this 

part analyze the rationality of finite element modeling by calculating the accuracy of the 

frequency response function in the specific frequency range corresponding to the 

seismic wave.  

Setting of cases  

In order to get the most reasonable calculation domain size and the artificial 

boundary setting, a large number of cases need to be analyzed and compared in this part, 

the calculation amount is large. Since the object is to find the best settings for SSI 

analysis, instead of obtaining the seismic response of a specific nuclear plant, therefore, 

in order to increase the analysis efficiency, it is not necessary to use the more complex 

HTR-10 plant and soil model in calculations. Two coupled soil-structure models are 

used in chapter 3. One model is the HTR-10 reactor plant and soil described in chapter 2, 

the other model uses a simplified reactor building and soil. Both models can achieve 

reasonable results when analyzing. This part mainly introduces the simplified reactor 

building and soil. Based on this model, eight cases are constructed in this part and can 
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be used for subsequent analysis. 

The simplified model of a nuclear power plant is shown in figure 3.1, which is 

symmetrical with a planar dimension of 56 × 50 m and a central height of 27 m. The 

building is modeled by shell element and beam element, the element size does not 

exceed 2m. The reactor and other main equipment are added to the floor in the form of 

additional mass. The main purpose of this part is to verify the rationality of the model 

parameters selection, therefore greatly simplification is made in the modeling of the 

reactor and other equipment in the plant. In the calculation for the purpose of obtaining 

seismic response and response spectrum of the main structure in the reactor, fine 

modeling for the position of interest in the structure can be made according to the 

calculation requirements. The stratified soil under the building takes the soil proposed 

by Tunnon-Sanjur[18]. This soil is a typical soil profile based on a summary of soils from 

22 commercial nuclear power plants in the United States. The soil thickness is 40 m, 

below -40 m it could be considered as the bedrock which shear wave velocity is large 

enough. Soil parameters of each layer in the vertical direction are shown in table 3.1. 

The damping ratio of each soil layer takes the average value 5%. The soil is modeled by 

hexahedral solid element. Due to the different shear wave velocity of each layer, the size 

of the element in the vertical direction is between 2 m and 2.4 m, which meets the 

requirements of ASCE4-98. The size of soil elements in the horizontal direction does 

not exceed 10 m. It has been verified that the vertical and horizontal element sizes 

currently selected will not have a significant impact on the results. Connecting the soil 

model with the upper structure model by the common node, the coupled soil-structure 

interaction finite element model is obtained. 
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Figure 3.1  The model of SSI analysis and meshing (280*80)[45] 

Table 3.1  Soil parameter of each layer 

Layer 

number 
Depth(m) 

Density 

(kg/m3) 

Shear wave 

velocity 

(m/s) 

Shear 

wavelength 

(m) 

Element size in the 

vertical direction 

(m) 

1 0-11.5 2000 304.80 12.19 2-2.375 

2 11.5-23.375 2000 548.64 21.95 2.375 

3 23.375-40 2000 1310.64 52.43 2.375 

Bedrock >40 2000 >2600   

The seismic input direction in the cases is along the Y direction. [��� ��� ���] 

in the formula (1-3) can be obtained by the finite element calculation. Figure 3.1 shows 

the model of SSI analysis when the input of seismic is in the Y direction. Only half of 

the model is taken to be calculated because of the symmetry of nuclear power plant. 

Three spring elements and three damper elements (for the viscoelastic model) or three 

damping elements (for viscous models) are connected to each boundary node. Each 

spring or damper is represented by a line segment that is perpendicular to the boundary 

for the convenience of modeling. The 6 (or 3) line segments in Figure 3.1 are overlap. 

The three springs and three dampers apply the normal stress, shear stress in the 

horizontal direction and shear stress in the vertical direction on the boundary. 

Considering the forces, displacements and velocities induced by the seismic wave in the 

free field are all along the input direction (due to the symmetry, the components 
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perpendicular to the input direction are all 0, and the components in the vertical 

direction are very small and negligible), when the seismic input is along Y direction, the 

equivalent force related to normal stress is only applied to the Y + and Y- boundaries, 

the equivalent force related to the shear stress is applied to the X+ boundary. The 

equivalent force of other boundaries are all zero. 

The analysis shows that for the current nearly square upper structure (L = 56 m, D 

= 50 m), the size along the excitation direction of disturbances caused by soil is about 

1.9 times of the size perpendicular to the excitation direction. Therefore, it is 

reasonable to set the size of computational domain about ��/�� ≈ 2: 1, that is the soil 

size along the exciting direction is 2 times of the size perpendicular to the exciting 

direction. The cases in this part are set according to this ratio approximately. In 

addition, in order to verify the rationality of this setting, several comparison cases with 

different aspect ratio are also constructed. The diagram of the computational domain is 

shown in figure 3.2, the computational domain appears in gray. 

 

Figure 3.2  The computational domain of SSI analysis 

Eight cases of comparative analysis are constructed in this part, the setting of the 

computational domain size and artificial boundary type for each case are shown in table 

3.2. Case 1-6 adopt the viscous boundary, case 7 and 8 adopt the viscoelastic boundary. 

The model of case 3 (the computational domain size "L" × D is 280 × 160 m) is shown 

in figure 3.2. 

In order to validate the calculation accuracy of each case, a model with the 

extended computational domain is constructed in this part. The computational domain 
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size of the extended model is 1600 × 800 m, X and Y bound to adopt the free boundary 

condition. Since the boundary is far away enough from the upper structure, the reflected 

wave on the truncated boundary of the perturbed seismic wave is completely dissipated 

under the effect of soil damping and will not affect the seismic response of the structure. 

The seismic response of extended model can be regarded as the exact solution, it can be 

used to evaluate the computational accuracy of each case by comparing the results. 

Table 3.2  Setting of each case 

Number Computational domain size (L × �) Truncated boundary 

1 96 × 70 Viscous boundary 

2 160 × 160 Viscous boundary 

3 280 × 160 Viscous boundary 

4 280 × 260 Viscous boundary 

5 400 × 200 Viscous boundary 

6 520 × 260 Viscous boundary 

7 96 × 70 Viscoelastic boundary 

8 160 × 160 Viscoelastic boundary 

Extended model 1600 × 800 Free boundary 

In the chapter 3, when calculating the frequency response function of the above 

eight cases based on the simplified nuclear reactor building and soil, computation of the 

frequency response function of the coupled model is performed, using the direct 

integration method in frequency response analysis (Frequency Response Analysis) 

based on the commercial finite element software MSC.Patran/ Nastran, with a 

frequency range of 0.1-25.1 Hz and a frequency step of 0.1 Hz. When calculating the 

frequency response function of the other cases based on the HTR-10 reactor building 

and the underlying soil, the Steady State Dynamics calculation step based on the direct 

integration method is used in the commercial finite-element software ABAQUS. The 

frequency range is 0.1-50.1 Hz and the frequency step is 0.1 Hz. The two different finite 

element programs both adopt the direct integration method. Therefore, the calculation 

results in the two programs have little difference. They all can reflect the rationality of 

the SSI model setting. 
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Selection of computational domain size and shape 

The effect of computational domain size on the result is analyzed. Frequency 

response function calculation of the cases described in part 3.1 is conducted, and figure 

3.3(a)-(c) show the frequency response function ���  along Y direction of typical 

position on 0 m floor along the seismic input direction (Y direction), perpendicular to 

the seismic input direction (X direction) and vertical direction (Z direction) of four 

different cases (case 1, 2, 3 and 5) with viscous artificial boundary under the seismic 

input in direction Y. Table 3.3 shows the maximum relative error of the frequency 

response function between the cases and the extended model. The frequency response 

function ��� is compared with the frequency response function of the extended domain 

model to obtain the maximum relative error of the frequency response function ���. 

 

(a) Y direction (���) 

 

(b) X direction (���) 
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(c) Z direction (���) 

Figure 3.3  Frequency response spectrum in orthogonal directions of case 1, 2, 3, 5 at elevation 

0 m under Y direction seismic input 

Table 3.3  Error of the frequency response function along the seismic input direction (Y) with 

the extended model 

Number 
Computational domain size (L ×

�) 

The maximum relative error of 

frequency response function 

(���) in the Y direction 

1 96 × 70 59.8% 

2 160 × 160 21.7% 

3 280 × 160 17.6% 

4 280 × 260 17.2% 

5 400 × 200 8.5% 

6 520 × 260 9.0% 

The response in Y direction under the Y direction seismic input in figure 3.3(a) 

shows that the frequency response spectrums obtained by different computational 

domain size models vary greatly. When the model size is small (96 × 70m), the error of 

frequency response is up to 52%. With the expansion of the computational domain, the 

frequency response of cases is gradually close to the extended model. When the 

computational domain is enlarged to 280 × 160 m, the error of frequency response is 

very small. 

By the comparison of the error of case 1, 2, 3, 5 and 6 in table 3.3, it can be seen 

that the error of the frequency response function decreases with the increase of the 
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computational domain along the seismic input direction. When the computational 

domain size in Y direction reaches 400 m, that is, one side of the computational domain 

expands to about 3 times of the structure size, the maximum error is less than 10%. 

The frequency response in X and Z directions under the seismic input in the Y 

direction is shown in figure 3.3(b) and (c). The frequency response in the X direction is 

very small compared to the response in the Y direction, the difference is at least an order 

of magnitude. The frequency response in the Z direction is slightly larger than the 

response in the X direction, which is attributed to the shallow depth and the large span 

of the upper structure. The rocking motion is induced under the horizontal excitation 

input, which results in the vertical acceleration response. However, the frequency 

response in the Z direction is obviously smaller than the response in the Y direction. For 

the 96 × 70 m and 160 × 160 m cases, there is a certain difference between the 

frequency response in X direction or Z direction and the exact solution of the extended 

model. When the computational domain size of the case in Y direction reaches 280 m, 

the frequency response spectrum in X and Z direction are basically the same as the 

exact solution. As the computational domain size in Y direction continues to increase, 

the computational accuracy of frequency response in X and Z direction is further 

improved. 

Since the frequency response in the direction perpendicular to the excitation is 

significantly less than the response along the excitation direction, the frequency 

response function in the non-excitation direction has a small effect on the final result 

under the actual seismic input condition (X, Y, Z three-dimensional seismic input). 

Taking the process of calculating the response �̈�� in the X direction as an example, 

the term ����̈�� induces by excitation input in the Y direction and the term ����̈�� 

induced by excitation input in the Z direction are very small compared with the term 

����̈�� induced by excitation input in Z direction. The �̈�� is mainly determined by 

���. Similarly, the response in Y and Z direction depend mainly on ��� and ���. 

Therefore, in formula (2-3), the frequency response function along the excitation 

direction is the most influent term to the seismic calculation accuracy, which is actually 

the term ���, ��� and ��� located on the diagonal of the matrix. Under the seismic 

input in the Y direction, the frequency response function in the X direction and the Z 

direction have little effect to the final seismic response, although there is error compared 

with the exact solution of the extended model. 
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The accuracy of the case is high when one side of the computational domain 

expands to about 3 times of the structure size. 

The effect of domain shape on the result is analyzed. The frequency response 

spectrum in each direction of the case 3 (280 × 160 m) and 4 (280 × 160 m) are shown 

in figure 3.4. It can be seen that the frequency response spectrum of the two cases has a 

small difference in three directions. So the model size perpendicular to the excitation 

direction has little effect on the calculation results. Satisfactory calculation results can 

be obtained when the ratio between the soil computational domain size along the 

excitation direction and perpendicular to the excitation direction is close to 2: 1. At this 

condition, the effect of increasing the computational domain size perpendicular to the 

excitation direction on the result is not obvious. 

 

(a) Y direction (���) 

 
(b) Z direction (���) 
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(c) Z direction (���) 

Figure 3.4  Frequency response spectrum in orthogonal directions of case 3 and 4 at elevation 

0 m under Y direction seismic input  

Figure 3.5 shows the seismic response of the soil part in the soil-structure model at 

a typical frequency (4.7 Hz, corresponding to the fundamental frequency in the Y 

direction). The calculation result shows the range of soil influenced by the upper 

structure which is nearly square in this case under the seismic excitation. The ratio 

between the size of influenced range in the excitation direction and perpendicular to the 

excitation direction is close to 2: 1. This can also explain the reason why the calculation 

result is good when the ratio of calculation domain is 2: 1. 

 

Figure 3.5  Acceleration contour of soil under Y direction seismic input(computational size L ×

D=400m×200m, frequency of input motion is 4.7Hz)  
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Good calculation results can be obtained when the computational domain ratio take 

2: 1.  

Artificial boundary selection 

3.3.1    Artificial boundary selection in horizontal seismic input 

The effect of the model with and without artificial boundary on the frequency 

response function is analyzed first. A model is constructed for this analysis. The upper 

structure and soil of the model are simplified reactor building and soil which are 

described in part 3.1. The artificial boundary takes the viscous boundary. The seismic 

response of this model is calculated. In order to validate the artificial boundary setting 

in the coupled soil-structure model under horizontal excitation, the computational result 

of this model is compared with the extended model and the model without artificial 

boundary. The computational domain size of the model without artificial boundary is 

the same as the artificial boundary model, the size of the extended model is 600 × 200. 

For the model without artificial boundary and the extended model, the boundary surface 

of the soil constraints only the normal displacement and the boundary condition in the 

tangential direction is free, and the other settings are the same as the artificial boundary 

model. The response of extended model can be considered as the exact solution. 

Figure 3.6 shows the frequency response function of the three models along the Y 

direction under the Y direction excitation input. Under horizontal seismic input, the 

model with artificial boundary gets an accurate result, while the model without artificial 

boundary has a large difference from the exact solution and the accuracy is low. 

Because the frequency response function in the excitation direction has the great 

influence on the final result, under the Y direction seismic input, the Y direction 

response function is the main factor which influences the final result. And it can be seen 

from the figure that the model without artificial boundary cannot meet the accuracy 

requirement, so the X and Z direction response function is no need to analyze. Therefore, 

it is necessary to adopt the artificial boundary model when the frequency response under 

horizontal seismic input is analyzed. 
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Figure 3.6  Frequency response of the model with artificial boundary, the model without 

artificial boundary and the extended model  

The artificial boundary can adopt viscous boundary or viscoelastic boundary. To 

analyze the difference between the effect of viscous boundary and viscous boundary on 

the frequency response, case 1 and 2 which are described in part 3.1 are compared with 

case 7 and 8 respectively. Figure 3.7 shows the difference of frequency response 

between the viscous boundary and viscous boundary for the model with a computational 

domain size of 96 × 70 m. As the shown figure, the difference of the frequency response 

between the two different boundary types is small. As the computational domain 

increases, the difference between the two boundary types decreases. For the model with 

size 160 × 160 m, the error is only 2.5. The study of Deeks and Randolph[41] shows that 

the viscoelastic boundary has a significant effect on the rigid body displacement and the 

low-frequency vibration. But the fundamental frequency of the structure in this analysis 

is much higher(4-6 Hz), the structure does not amplify the input motion at low 

frequency. Therefore, the use of viscoelastic boundary is of little significance. In 

addition, as the computational domain size increases, the difference induced by the two 

boundary types gradually decreases. It is because that the elastic boundary spring 

coefficient is inversely proportional to the distance. As the distance increases, the effect 

of the elastic boundary decreases. 

Based on the analysis above, for the typical soil and nuclear power plant structure, 

when the complex frequency response method is used for finite element calculation, 

there is not much difference of adopting the viscous boundary and the viscoelastic 
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boundary. The viscous boundary can meet the requirement of calculation, and the 

setting is simpler. Appling the viscous boundary greatly simplifies the artificial 

boundary conditions setting process in the premise of meeting the accuracy 

requirements. 

  

(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 3.7  Frequency response of model(96×70 m) with viscous boundary and viscoelastic 

boundary at 0 m  

3.3.2    Artificial boundary selection in vertical seismic input 

The effect of the model with and without artificial boundary on the frequency 

response function under the vertical excitation is analyzed in the part. A model is 

constructed for this analysis. The upper structure and the soil of this model is the 

HTR-10 reactor building and the soil below the building as introduced in part 2.2. The 

size of soil computational domain takes 180 × 180 m, the artificial boundary takes the 

viscous boundary. The seismic response of this model is calculated. The computational 

result of this model is compared with the extended model and the model without 

artificial boundary. The soil size of the extended model is 660 × 500 m. The 

computational domain of the model without artificial boundary is the same the artificial 

boundary model. For the model without artificial boundary and the extended model, the 

boundary surface of the soil constraints only the normal displacement and the boundary 

condition in the tangential direction is free, and the other settings are the same as the 

artificial boundary model. The response of extended model can be considered as the 

exact solution. Figure 3.8 (a)-(c) show the frequency response function of the three 

models along the horizontal direction(X, Y) and the vertical direction (Z) at the 

elevation +28 m under vertical excitation. 
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(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 3.8  Frequency response of the model with artificial boundary, the model without 

artificial boundary and the extended model  

As figure 3.8(c) shows, along with the direction of excitation, the frequency 

response of artificial boundary model is basically the same as the extended model, and 

the model without artificial boundary is also very close to the exact solution. As figure 

3.8(a) and (b) shows, in the direction perpendicular to the excitation, the frequency 

response of artificial boundary model is almost the same as the extended model. But 

there is obvious a difference between the model without artificial boundary and the 

extended model. The above results show that the artificial boundary model constructed 

in this analysis can accurately simulate the influence of soil infinity, and the selection of 

soil computational domain size for the coupled soil-structure model is reasonable. 

In vertical (Z direction) seismic excitation, the calculation of the frequency 

response in Z direction yields accurate result even with no artificial boundary. This is 

different from the case in horizontal (X, Y direction) seismic excitation which difference 

between the artificial boundary model and the model without artificial boundary is large. 

For the response in X and Y direction, there is a certain error in frequency response 

when the artificial boundary is not used, however, considering that the response in X 

and Y direction are relatively small induced by the seismic excitation in Z direction, 

after the three-dimensional seismic excitation is combined, the computational accuracy 

of the frequency response function in figure 3.8(a) and (b) has little effect on the results 

of the response in X and Y direction. Based on the analysis above, for the engineering 
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project which accuracy requirement is not very high, the artificial boundary can be 

removed to simplify the finite element modeling under the seismic excitation in the Z 

direction. But for the calculation of high precision and some special cases such as a 

structure with seriously eccentric, a structure which vertical excitation may lead to a 

large horizontal response, the model with artificial boundary is necessary to use to 

simulate the infinite soil accurately. 

Analysis about the effect of the artificial boundary on the frequency response under 

the horizontal seismic input and the vertical seismic input in this part shows that, when 

the SSI response under three-dimensional seismic input is analyzed, to ensure the 

accuracy of the calculation, the artificial boundary model should be used. The viscous 

boundary and the viscoelastic boundary both have sufficient precision, and the viscous 

boundary is easier to set up. Therefore, in the following chapter 4 and 5, the artificial 

boundary model with viscous boundary is adopted when the SSI analysis is conducted. 

Summary 

In this part, several cases are constructed based on the soil-structure model of 

HTR-10 and a simplified reactor building. Through the calculation and comparison of 

these cases, the setting of calculation domain size and shape and the choice of artificial 

boundary types are analyzed. 

A study in this part draws the following conclusions. The accuracy of the 

calculation is higher when the size of the calculation domain is expanded to 

approximately 3 times the size of the structure in the excitation direction, and a good 

calculation can be obtained when the ratio of the calculation domain is 2:1. In the case 

of horizontal seismic input, the model with no artificial boundary differs greatly from 

the exact solution, and the accuracy is low. The artificial boundary model should be 

used to obtain a more accurate result. In the vertical seismic input, except for some 

special cases, the model with artificial boundary and the model without artificial 

boundary can both obtain the accurate result. Therefore, when analyzing the seismic 

response under three-dimensional seismic input, it is necessary to use a model with 

artificial boundary. The difference between the vicious and elastic artificial boundary is 

small. The use of a simpler viscous boundary can satisfy the calculation requirement. 
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Response under three-dimensional seismic 

input 

The frequency response of HTR-10 building under three-dimensional seismic input 

is analyzed in this part. 

The coupled soil structure model is the model described in part 2.2. Adopting the 

conclusion drew in chapter 3 when calculating the frequency response function of the 

model under the three directions seismic input. The computational domain size of soil 

takes 330 × 170 m in horizontal (X, Y) seismic input and 180 × 180 m in vertical(Z) 

seismic input. The soil in coupled model adopts the viscous boundary. The seismic wave 

is input to the model by the way of equivalent load on the boundary described in part 

2.3. The acceleration excitation is applied in the bottom of the model since the actual 

earthquake is three-dimensional input. When calculating the SSI seismic response of the 

HTR-10 reactor building, the excitation (simple harmonic acceleration excitation which 

amplitude is 1g) in three directions are applied respectively. The calculated frequency 

response functions under X, Y, and Z direction respectively are coupled together to 

calculate the response of the structure under actual three-dimensional seismic input. And 

the response of structure includes three spectra along the X, Y and Z direction 

respectively. 

The calculation of the frequency response function of the coupling model in this 

part is performed in the commercial finite element software ABAQUS using the Steady 

State Dynamics calculation step based on direct integration method. The frequency 

range is 0.1-50.1 Hz and the frequency step length is 0.1 Hz. 

In order to analyze the effect of SSI effect, the seismic response of the model 

without considering SSI effect (fixed-base) is given as a comparison in this part. The 

design acceleration time history on the surface described in part 2.4 is input to the 

fixed-base model on the bottom of the reactor building and side walls below 0 m. The 

seismic response calculation results are shown in the form of the floor response 

spectrum. The response spectrum with 5% damping ratio of floors at an elevation of -15 

m, 0 m, +5 m, +11 m and +28 m are analyzed in this part, which is generated from the 

envelope of acceleration response time history at key positions on each floor 

respectively. 
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Response of floor at -15 m 

The floor at elevation -15 m is bottom of the building. The floor response spectra 

in the horizontal direction (X and Y) are shown in figure 4.1(a) and (b) respectively, and 

the floor response spectrum in the vertical direction (Z) is shown in figure 4.1(c). The 

solid line and the dotted line are the spectra of the SSI model and the fixed-base model 

respectively. Since the floor at -15 m in the fixed-base model is the location of seismic 

input, the response spectrum here is actually the surface design response spectrum, 

which is also equivalent to the free field response at 0 m in the SSI model. The free field 

response at -15 m is shown in the figure in the dotted line for comparison. 

Under the horizontal seismic input, the soil in the free field condition has a 

significant amplification effect on the earthquake. The seismic response at -15 m is 

significantly less than 0 m. The existence of the upper structure has a limited impact on 

the free field response of the soil at -15 m. The seismic response of the floor on the 

bottom of the building is similar to the free field response at -15 m, which is 

significantly lower than the surface design response spectrum. The response of 

fixed-base model can be considered as conservative. 

Under the vertical seismic input, the amplification effect of the soil on the seismic 

is not obvious. The difference of free field response between -15 m and 0 m is relatively 

small. In addition, considering the existence of the upper structure, the response of the 

floor on the bottom of the building has an amplification compared with the free field 

response at -15 m. SSI result has a greater response at the frequency range of 2.5-8 Hz 

and > 33 Hz compared to the fixed-base model. 

  

(a) X direction  
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(b) Y direction 

 

(c) Z direction 

Figure 4.1  Floor response spectrum of 5% damping ratio at -15 m  

Response of floor at 0 m 

Figure 4.2 shows the floor response spectrum of the floor at an elevation of 0 m. 

The floor at 0 m is the support location of reactor pressure vessel and steam generator. 

Due to the influence of SSI effect, in the horizontal direction, the response spectrum is 

significantly suppressed above 6 Hz. In the vertical direction, the response spectrum in 

the 10-30 Hz frequency range was significantly reduced. Considering that the horizontal 

natural frequency of the three-shell structure is 10 Hz and the vertical natural frequency 
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is 20 Hz, the buffering effect of the soil contributes to reducing the seismic response of 

the three-shell structure. It should be noted that there is an increase in the zero period 

acceleration of the response spectrum in Z direction at -15 m and 0 m after considering 

the SSI effect. The seismic response of devices with a natural frequency above 33 Hz 

such as pump valves will increase slightly. 

 

(a) X direction  

 

(b) Y direction 

A
c
c
e

le
ra

tio
n
（

g
）

A
c
c
e

le
ra

tio
n
（

g
）



Chapter 4    Response under three-dimensional seismic input 

55 

 

(c) Z direction 

Figure 4.2  Floor response spectrum of 5% damping ratio at 0 m  

Response of floor at +11 m 

The floor at an elevation of +11 m is the highest floor of the building. As shown in 

figure 4.3, under the horizontal seismic input, due to the influence of SSI effect, the 

response is significantly suppressed in the frequency range of 6-30 Hz, and the peak 

frequency of the response is changed from above 10 Hz to below 5 Hz. Under the 

vertical seismic input, due to the influence of SSI effect, the peak frequency of the 

response spectrum is reduced from 23 Hz to 5 Hz, and the response above 6 Hz is 

greatly suppressed. The response peak value is significantly reduced. Therefore, for 

floors above the ground surface, the SSI effect must be considered when calculating the 

response spectrum, especially at the higher floors. 
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(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 4.3  Floor response spectrum of 5% damping ratio at +11 m  

Response of floor at +28 m 

The floor at an elevation of +28 m is the top of the building. As shown in figure 4.4, 

under the horizontal seismic input, due to the SSI effect, the frequency response below 6 

Hz increases slightly while that above 6 Hz is suppressed, and the peak frequency of the 

response spectrum decreases. Under the vertical seismic input, due to the SSI effect, the 

response spectrum above 6 Hz is suppressed. The peak value and the peak frequency 

decreases. 

 

(a) X direction  
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(b) Y direction 

 

(c) Z direction 

Figure 4.4  Floor response spectrum of 5% damping ratio at +28 m  

Response characteristic 

Due to the structural characteristic and soil characteristic of the HTR-10 plant, the 

horizontal response induced by the vertical seismic input is small and negligible. 

Therefore, the horizontal response of each floor under three-dimensional seismic input 

is basically the same as the result under horizontal seismic input. In general, due to the 

buffer effect of soil, the natural frequency of soil structure system decreases, and the 

response spectrum of each floor changes significantly, the peak of response spectrum 
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shifts to the low-frequency range. Under the horizontal seismic input, the peak of the 

response spectrum appears in the low-frequency range around 2.5-6 Hz. The response 

spectrum above this frequency range is significantly reduced due to the SSI effect. Since 

the horizontal response of each floor mainly depends on the frequency characteristic in 

the horizontal direction of the entire plant, the frequency characteristic of each floor is 

similar, as the figure 4.5 shows. And the response spectrum is similar between different 

floors, the spectrum value gradually increases as the elevation of floor increases. The 

effect of SSI on the response spectrum is basically the same. 

 

(a) X direction  

 

(b)  Y direction 

Figure 4.5  Floor response spectrum in horizontal direction at -15 m, 0 m, +5 m, +11 m, +28 m  
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The response spectrum of each floor is obtained from the envelope of the response 

spectrum at several typical locations on the floor. Figure 4.6 shows the horizontal 

response spectra at 6 typical locations on the 0 m floor. And the floor response spectrum 

of 0 m floor which is generated by envelope is also shown in this figure by the double 

black line. The difference of response spectra at the six locations is very slight, and they 

are all similar to the enveloped spectrum of 0 m floor. The response spectrum of floors 

on other elevation shows the same rule. Therefore, in different locations on the same 

floor, there is little difference in the horizontal response spectrum. 

 

(a) X direction  

 

(b) Y direction 

Figure 4.6  Response spectrum of 6 typical locations on 0 m floor and the floor response 

spectrum of 0 m floor in the horizontal direction  
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Figure 4.7 shows the comparison of SSI result with fixed-base result of floors at +5 

m, +11 m and +28 m in the vertical direction (Z). Figure 4.8 shows the comparison of 

SSI floor response spectrum in the vertical direction (Z) of floors at -15 m, 0 m, +5 m, 

+11 m, and +28 m. It can be seen that the characteristic of floor response spectrum in 

vertical direction is more complicated than in horizontal. It is due to the different natural 

frequency of each floor, different seismic response of floors are induces. The SSI effect 

on each floor is also significantly different. 

Between the elevation of -15 m and +5 m, the local modal frequency of floors is 

high (> 35 Hz) and the vertical vibration frequency characteristic of each floor is 

consistent, so the vertical response of these floors has little difference. At the elevation 

of +11 m, the local natural frequency of floor is 23 Hz, so a significant peak of the 

response spectrum appears around this frequency. However, since the natural frequency 

of floor differs greatly from the vertical natural frequency of the soil (6.3 Hz), the 

interaction between the soil and the structure is not obvious. The SSI effect on the 

response spectrum mainly occurs around 20 Hz. Beyond this frequency range, the SSI 

impact is limited. At the elevation of +28 m, the roof spans the entire reactor building, 

the natural frequency of floor is about 5.0 Hz, which is close to the natural frequency of 

the soil. Therefore a strongly interact between the soil and the structure occurs. The 

peak of floor response spectrum is around 5 Hz. Compared with other floors, the 

response spectrum characteristic of the floor at +28 m changes significantly and the 

response was significantly increased. Based on the above analysis, due to the significant 

relationship between the vertical floor response spectrum of SSI and the frequency 

characteristic of the floor, the response characteristic of different floors may have 

significant differences. 

 

(a) -15 m                           (b) 0 m 
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(c) +5 m                            (d) +11 m  

 

(e) +28 m 

Figure 4.7  Floor response spectrum in Z direction at -15 m, 0 m, +5 m, +11 m and +28 m  

As figure 4.7 shows, the vertical response spectrum of each floor increases 

obviously with the increase of floor height under the fixed-base condition. However, 

after considering the SSI effect, the increase of vertical floor spectrum is not obvious 

with the floor height increase (see figure 4.8) except for the floor at an elevation of +28 

m. Therefore, in general, the suppressing effect of SSI on the vertical response spectrum 

is more obvious with the increase of the floor height. At the elevation of +28 m, the SSI 

response spectrum is amplified obviously due to strong interaction. But there is still the 

suppress effect compared with the result of the fixed-base model. Therefore, for the 

relatively high floor, the SSI effect shifts the peak of the response spectrum to the 

low-frequency range, and suppresses the floor frequency response at the medium and 

high-frequency range. 
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Figure 4.8  SSI floor response spectrum in Z direction at -15 m, 0 m, +5 m, +11 m, +28 m  

Figure 4.9 shows the vertical response spectra at 6 typical locations on the 0 m 

floor, while the 0 m floor response spectrum formed by the enveloping is marked with a 

black double line. Unlike the horizontal direction, there are obvious differences in the 

response spectrum at the six positions in the vertical direction. The response spectrum 

of other floors shows the same rule. Therefore, the response spectrum in the vertical 

direction varies greatly at different locations on the same floor. 

 

Figure 4.9  Response spectrum of 6 typical locations on 0 m floor and the floor response 

spectrum of 0 m floor in the vertical direction 
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Summary 

In this part, the SSI seismic response of the HTR-10 building under 

three-dimensional seismic excitation is analyzed. And floor response spectra at five 

elevations of -15 m, 0 m, +5 m, +11 m, and +28 m are given. The results of the SSI 

seismic response are compared with those of the seismic response without considering 

the SSI effect (fixed-base model). The characteristic of the SSI seismic response 

spectrum at various elevations are analyzed. Rules of HTR-10 reactor building SSI 

response spectrum under three-dimensional seismic input in the horizontal direction and 

the vertical direction is summed up. 

In the horizontal direction, the peak of the response spectrum is changed to a low 

frequency by SSI effect and appears in the low-frequency range around 2.5-6 Hz. Above 

this frequency range, the horizontal seismic response is suppressed. The response 

spectrum is similar between different floors, and the influence rule of the SSI effect is 

similar too. In different locations on the same floor, there is little difference in the 

response spectrum. In the vertical direction, rules of the vertical response of each floor 

are more complex than the horizontal response. Considering the vertical floor SSI 

response spectrum is obviously related to the frequency characteristic of the floor itself, 

and each floor has different natural frequency in the vertical direction, the response 

spectrum between different floors is quite different. In different locations on the same 

floor, the response spectra differ obviously. In floors above 0 m, when the floor stiffness 

is large, the difference of natural frequency between structure and soil is greatly 

different. So the SSI effect suppressed the vertical response in middle and 

high-frequency range. With the increase of floors, the inhibition effect is more obvious. 

However, when the natural frequency of the floor is close to the natural frequency of the 

soil, the interaction between structure and soil is strong and the response spectrum 

significantly increases compared with other floors.  
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Response on soft soil condition under 

three-dimensional seismic input 

For the nuclear power plant to be built, the plant and the soil of the site should be 

modeled for the analysis of soil structure interaction before construction. The seismic 

response of the nuclear power plant at the specified site is needed to be analyzed for the 

further seismic design of the structure. The HTR-10 nuclear power plant is expected to 

be built in Indonesia in the future. So it is necessary to analyze the seismic response of 

HTR-10 at the Indonesian local site. Soil property at the Indonesian local site is 

different from the site of HTR-10 in Beijing, China. Generally speaking, the soil at 

Indonesian site is softer. Since the interaction between soil and structure affects the 

seismic response of the structure, change of soil property will make a difference in the 

seismic response of the structure. Under different soil condition, the seismic response of 

the same structure may be different. 

In this part, the seismic response of the HTR-10 plant on the local soil condition in 

Indonesia is calculated and analyzed. The upper structure is the HTR-10 model 

described in part 2.2. The soil is different from the soil condition under the HTR-10 

Beijing site. A softer soil in Indonesia site is used in this part. The coupled soil-structure 

model adopts the viscous boundary and the seismic wave is input to the model using the 

way of equivalent load described in part 2.3. Acceleration excitation is applied at the 

bottom boundary of the model. Three-dimensional loads (simple harmonic acceleration 

excitation with a magnitude of 1 g) are applied separately. The calculated frequency 

response functions under X, Y, and Z direction respectively are coupled together to 

calculate the response of the structure under actual three-dimensional seismic input. And 

the response of structure includes three spectra along the X, Y and Z direction 

respectively. The calculation of frequency response function for the coupled model is 

conducted in program ABAQUS adopting the Steady State Dynamics calculation 

method based on the direct method. The frequency range is 0.1-50.1 Hz and the 

frequency step is 0.1 Hz. 

The SSI seismic response of the HTR-10 plant on the soft-soil site is calculated. 

The seismic response calculation result is given in the way of floor response spectrum. 

The floor response spectra of 5% damping ratio at five elevations of -15 m, 0 m, +5 m, 
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+11 m, and +28 m are calculated, and the floor response spectrum is generated by 

enveloping the acceleration response spectrum of several typical locations on each floor. 

In this part, the seismic response of the fixed-base model without considering SSI effect 

is also presented as a comparison. In order to analyze the effect of different soil 

condition on the SSI response, the response spectra of the soft-soil model in this part are 

also compared with the response of the HTR-10 model in Beijing described in part 2.2. 

Numerical modeling of soft-soil model  

The coupled finite element model of the HTR-10 reactor building at the Indonesia 

local site is called as the soft-soil model in the following text for the convenience. In the 

analysis of the SSI response of the soft-soil model, the upper structure of the coupled 

soil structure finite element model adopts the structure in part 2.2, which is the same as 

the upper structure in chapter 4. Since the HTR-10 nuclear power plant may be built in 

Indonesia, the soil for the SSI seismic analysis should be the soil at the Indonesian site. 

The soil in the soft-soil model adopts the actual local soil in Indonesia. 

The bedrock under this soil is located at 125 m below the ground surface with the 

shear wave velocity greater than 2600 m / s. The foundation soil above bedrock can be 

regarded as the horizontal layered viscoelastic soil. The equivalent linearization 

parameters (shear wave speed, damping ratio) of each soil layer are shown in table 5.1. 

Due to the different soil property, the stratification and parameters of each soil layer of 

the soft-soil are different from the soil at the Beijing site. In the soft soil model, the 

shear wave velocity of each layer of soil is 300 m/s, and the shear wave velocity of soft 

soil is relatively small compared to that of Beijing HTR-10 site. In the seismic design 

specification, the soft soil and hard soil is divided according to the shear wave 

velocity[53]. Shear wave velocity is an important index that can comprehensively reflect 

the characteristic of soil and is easy to measure. The depth of the soft soil in the model 

is larger. The damping ratio of each layer of soil is taken as 5%.The bottom of the soil 

model locates at the surface of bedrock. The soil is modeled by hexahedral element. In 

the horizontal direction, the size of soil element near the upper structure is the same as 

the building, and the size of soil element on the boundary is 10 m. Between the reactor 

building and the boundary, the size of soil element gradually changes. The calculation 

domain size of the model with X direction seismic input is 180 × 380 m. The size of the 

model with Y direction input is 220 × 300 m, and the size of the model with Z direction 
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input is 220 × 200 m. In the vertical direction, the maximum size of soil element meets 

the requirement of ASCE 4-98[29], which maintain the high frequency passing through 

the system will not be truncated. The requirement can be shown as the formula h ≤

��/(� ∙ ����), h is the height of the element, ��  is the shear wave velocity of soil, � 

is a constant (generally ≥ 4), ���� is the upper frequency limit considered in the 

analysis. The vertical dimension of each layer of soil is shown in table 5.1. 

Table 5.1  Parameters of the soft soil model  

Layer 

number 
Depth(m) 

Shear wave velocity 

(m/s) 

Shear wavelength 

(m) 

Element size in the 

vertical direction 

(m) 

1-4 0-6 300 5% 1.5 

5-7 6-12 300 5% 2 

8-9 12-15 300 5% 1.5 

10-64 15-125 300 5% 2 

The acceleration excitation is applied to the bottom of the soil in the finite element 

model. The seismic excitation (simple harmonic acceleration excitation with a 

magnitude of 1 g) in three orthogonal directions are applied separately.  

The frequency response function of the coupled model was calculated using the 

Steady State Dynamics calculation step based on direct integration. 

Response of floor at -15 m 

Figure 5.1 shows the floor response spectrum of the floor at -15 m. The floor 

response spectrum in the horizontal direction(X and Y) are shown in figure 5.1(a) and (b) 

respectively, and the floor response spectrum in the vertical direction(Z) is shown in 

figure 5.1(c). The solid line and the dotted line in the figure represent the result of the 

soft-soil SSI model and the fixed-base model respectively. Under the influence of the 

SSI effect, compared to the fixed-base model, in the horizontal direction, the response 

spectrum of the soft-soil model is suppressed above 1.3 Hz. The peak value decrease. 

The calculation result of the fixed model can be regarded as conservative. In the vertical 

direction, the response spectrum decreases between 7-11.5 Hz and increases below 7 Hz 

and above 11.5 Hz. The zero period acceleration increases. 

The model of the Htr-10 nuclear power plant on the original Beijing site is 
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indicated by the double-dashed line. The comparison between the response spectrum of 

soft-soil SSI model on the Indonesia site and SSI model on the Beijing site is conducted. 

In the horizontal direction, the peak value of the soft-soil model decreases, and the zero 

period acceleration decreases obviously. In the vertical direction, the difference between 

the two spectra is not significant. The peak value and the zero period acceleration of the 

soft-soil model increase slightly. 

The free field response at -15 m is indicated by the dash-dotted line. The response 

spectrum of the fixed-base model at the -15 m is the free field response at 0 m in the SSI 

analysis. In the three orthogonal directions, the free field response at-15 m is less than 

the response at 0 m in most frequency ranges. The amplification effect of soil on the 

seismic in the free field condition is obvious. In the vertical direction, the presence of 

the upper structure increases the floor response spectrum. 

The difference between free field response at -15 m and 0 m is small. The 

amplification effect of soil on the seismic is not obvious. This feature is different from 

the SSI model in Beijing. In the horizontal direction, the soil in the SSI model in Beijing 

has a significant amplification effect on the seismic under the free field condition. In the 

horizontal direction, the presence of the upper structure results in a reduced response in 

the floor response spectrum compared to the free field response at -15 m, especially in 

the Y direction. In the vertical direction, the presence of the upper structure reduces the 

floor response spectrum in the range of 7-21 Hz and increases in the remaining 

frequency range compared to the free field response at -15 m. 

  

(a) X direction  
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(b) Y direction 

 

(c) Z direction 

Figure 5.1  Floor response spectrum of 5% damping ratio at -15 m  

Response of floor at 0 m 

Figure 5.2 shows the floor response spectrum of the floor at 0 m. Under the 

influence of the SSI effect, compared to the fixed base model, in the horizontal direction, 

the response spectrum of the soft-soil model has a significant suppression above 4 Hz, 

and a slight increase appears in the low-frequency range. The zero period acceleration 

decreases obviously. In the vertical direction, the response spectrum in the 10-30 Hz 

range is significantly reduced, and the peak value increased slightly. The zero period 
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acceleration remains the same. Considering that the horizontal natural frequency of the 

three-shell structure is 10 Hz and the vertical natural frequency is 20 Hz, the buffering 

effect of the soil contributes to reducing the response of the three-shell structure. 

The comparison between the response spectrum of soft-soil SSI model on the 

Indonesia site and SSI model on the Beijing site is conducted. In the horizontal direction, 

the peak frequency of the soft-soil model decreases. The response spectrum decreases in 

the high-frequency range, and the peak value decreases. In the vertical direction, the 

peak value and the peak frequency of the soft-soil model decrease slightly. In the three 

directions, the zero period acceleration all decreases, and the reduction in the vertical 

direction is less than spectrum in the horizontal direction. 

 

(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 5.2  Floor response spectrum of 5% damping ratio at 0 m  

Response of floor at +5 m 

Figure 5.3 shows the floor response spectrum of the floor at +5 m. Under the 

influence of the SSI effect, in the horizontal direction, compared to the fixed base model, 

the response spectrum of the soft-soil model increases slightly in the low-frequency 

range and decreases significantly above 4 Hz. The peak frequency of the response is 

reduced from above 10 Hz to below 4 Hz. The response in the Y direction did not 

change much in the range of 2-4 Hz and reaches the peak value in this range. In the 

vertical direction, the response spectrum in 6-30 Hz is greatly suppressed. The peak 

value of the response increases slightly. 

The comparison between the response spectrum of soft-soil SSI model and SSI 

model is conducted. In the horizontal direction, the peak value and the peak frequency 

of the soft-soil model decreases. The response spectrum slightly increase in the 

low-frequency range and decreases in the high-frequency range. The zero period 

acceleration decreases. In the vertical direction, the peak value and the peak frequency 

of the soft-soil model decrease slightly. The zero period acceleration decreases, and the 

reduction is less than spectrum in the horizontal direction.  
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(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 5.3  Floor response spectrum of 5% damping ratio at +5 m  

Response of floor at +11 m 

Figure 5.4 shows the floor response spectrum of the floor at +11 m. Under the 

influence of the SSI effect, in the horizontal direction, compared to the fixed-base 

model, the response spectrum of the soft-soil model decreases significantly above 5 Hz. 

The peak frequency of the response is reduced from above 10 Hz to below 5 Hz. In the 

vertical direction, the response spectrum above 5Hz is greatly suppressed. The peak 

value of the response decreases significantly. 

The comparison between the response spectrum of soft-soil SSI model and SSI 

model is conducted. In the horizontal direction, the peak value and the peak frequency 

of the soft-soil model decreases. The response spectrum decreases in the high-frequency 

range. In the vertical direction, the peak value of the soft-soil model decreases slightly. 

In the three orthogonal directions, the zero period acceleration decreases. 
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(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 5.4  Floor response spectrum of 5% damping ratio at +11 m  

Response of floor at +28 m 

Figure 5.5 shows the floor response spectrum of the floor at +28 m. Under the 

influence of the SSI effect, in the horizontal direction, the response spectrum of the 

soft-soil model increases slightly in the low-frequency range and decreases significantly 

above 6 Hz. The peak frequency and the peak value of the response decreases. In the 

vertical direction, the response spectrum suppressed especially in the middle and 

high-frequency range. The peak frequency and the peak value of the response decreases. 

The comparison between the response spectrum of soft-soil SSI model and SSI 

model is conducted. In the horizontal direction, the peak value and the peak frequency 

of the soft-soil model decreases. The response spectrum slightly decreases in the 

high-frequency range, and the zero period acceleration decreases slightly. In the vertical 

direction, the response spectrum of the soft-soil model decreases in the middle and 

high-frequency range. The peak value decreased, and the peak frequency remains the 

same. The zero period acceleration decreases significantly. 
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(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 5.5  Floor response spectrum of 5% damping ratio at +28 m  

Response characteristic 

5.7.1    Comparison between soft-soil model and fixed-base model 

Comparison between the response spectrum of the soft-soil model under the 

influence of the SSI effect and the response spectrum of the fixed-base model is 

conducted in this part. The characteristic of the response spectrum for the soft-soil 

model under the influence of the SSI effect is similar to the HTR-10 model on the 

Beijing site under the influence of the SSI effect.  

In the horizontal direction, due to buffering effect of the soil, the natural frequency 

of the soil-structure decreases. The response spectrum of each floor changes and the 

peak of the response spectrum shifts to low frequency and occurs in a low-frequency 

range of 2-6 Hz. Above this frequency range, the response spectrum is significantly 

reduced by the influence of the SSI effect. Figure 5.6 compares the floor response 

spectrum under SSI effect in horizontal (X and Y) direction of the soft-soil model at -15 

m, 0 m, +5 m, +11 m, and +28 m elevations. The horizontal response of each floor 

mainly depends on the frequency characteristic of the entire plant in the horizontal 

direction. And most of the floors have similar frequency characteristics. Except for the 

-15 m floor, the response spectrum is similar among different floors, and the spectrum 

value gradually increases from low to high floors. The effect of SSI on the response 
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spectrum is basically the same. 

  

(a) X direction  

 

(b) Y direction 

Figure 5.6  Floor response spectrum of soft-soil model in horizontal direction at -15 m, 0 m, +5 

m, +11 m, +28 m  

Figure 5.7 is a comparison of the floor response spectra in the vertical direction of 

the soft-soil model at elevations of -15 m, 0 m, +5 m, +11 m, and +28 m. Similar to the 

SSI model on Beijing site, the seismic response of each floor is different because of the 

different natural frequency of each floor in the vertical direction. The vertical floor 

response spectrum under SSI effect is obviously related to the frequency characteristic 

of each floor. So there are significant differences in response spectrum among different 
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floors. The influence of the SSI effect on each floor is also significantly different. 

Between the elevations of -15 m and +5 m, the vertical vibration frequency 

characteristics of the floors are relatively uniform. So the vertical response of these 

floors is not much different. At the elevation of +11 m, the local natural frequency of the 

floor is 23 Hz. So the response spectrum shows a distinct peak around this frequency. At 

the elevation of +28 m, the natural frequency of the floor is approximately 5.0 Hz, 

which is close to the natural frequency of the soil. Therefore, there is a strong 

interaction between the soil and the structure. The peak value appears around 5 Hz, and 

the response increases significantly. 

 

Figure 5.7  Floor response spectrum of the soft-soil model in Z direction at -15 m, 0 m, +5 m, 

+11 m, +28 m  

5.7.2    Comparison between soft-soil model and hard-soil model 

Although the characteristic of floor response spectrum for the soft-soil model are 

similar to those in the Beijing site with respect to the fixed-base model, there is a certain 

difference between the SSI model of the soft soil on the Indonesian site and the SSI 

model on the Beijing site. Conveniently, the soil at the site in Indonesia is referred to as 

soft soil, and the soil at the site in Beijing is referred to as the hard soil. Comparison of 

floor response spectrum of the soft-soil model and the hard-soil model is conducted in 

this part. 

Figure 5.8 and figure 5.9 shows the comparison of the SSI response spectrum for 

soft-soil and hard-soil model in the horizontal (X, Y) direction. For most floors, the 

response spectrum value of the soft-soil model is larger than those of hard-soil model 
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slightly in the low-frequency range and smaller in the middle and high-frequency range. 

The peak value and peak frequency of soft-soil model response spectrum have a little 

decrease. 

 

(a) -15 m                           (b) 0 m 

 

(c) +5 m                            (d) +11 m 

 

(e) +28 m 

Figure 5.8  Response spectrum of the soft-soil model and the hard-soil model in the X 

direction  
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(a) -15 m                           (b) 0 m 

 

(c) +5 m                            (d) +11 m 

 

(e) +28 m 

Figure 5.9  Response spectrum of the soft-soil model and the hard-soil model in the Y direction  

The difference in SSI seismic response between the two models is due to the 

difference in soil properties. The shear wave velocity of soft soil is less than that of hard 

soil. In addition to the different shear wave velocity, the damping ratio of two soil also 

differs. The damping ratio of soft soil is 5%. But the damping ratio of each layer of hard 

soil is different. Some are larger than soft soil and some are smaller. The Poisson's ratio 

A
c
c
e

le
ra

tio
n
（

g
）

A
c
c
e

le
ra

tio
n
（

g
）

A
c
c
e

le
ra

tio
n
（

g
）

A
c
c
e

le
ra

tio
n
（

g
）

A
c
c
e

le
ra

tio
n
（

g
）



Chapter 5     Response on soft soil condition under three-dimensional seismic input 

82 

is the same for both soils. According to Li Zhongcheng’s[54] study of horizontally 

stratified soil, factors such as shear wave velocity, damping ratio, and Poisson's ratio all 

affect the seismic response of SSI. In terms of the degree of influence of soil parameters 

on the floor response spectrum. Among these three factors, shear wave velocity has the 

greatest effect, and Poisson's ratio has the smallest influence. Therefore, in this paper, as 

for the reason for the difference between the response spectrum of soft-soil and 

hard-soil model, the effect of shear wave velocity is greater than the damping ratio. The 

damping ratio of the hard soil model is different for each layer, it is difficult to analyze 

the effect of damping ratio, and the damping ratio plays a minor role. Therefore, the 

influence of different damping ratio on the response spectrum is not analyzed here. 

Seismology believes that when the equivalent fundamental period of the 

soil-structure system is close to the seismic excitation’s main energy zone of the 

frequency, the seismic response of the soil-structure system will be increased[55]. The 

upper structure of soft-soil model and hard-soil model are the same HTR-10 reactor 

building, so the equivalent fundamental period of the soil-structure system is only 

related to the natural period of the soil. The natural period of the soil is related to two 

factors of soil thickness and shear wave velocity. The period is proportional to the 

thickness of soil layer and inversely proportional to the shear wave velocity of the soil. 

The soil thickness is the distance from the surface to the bedrock. So the soft-soil model 

has a larger soil thickness and a smaller shear wave velocity than the hard-soil model. 

Therefore, the natural period of the soft-soil model is larger, and the equivalent 

fundamental period of the soft soil-structure system is larger. That is, the equivalent 

fundamental frequency is smaller. Therefore, in the low-frequency range, the response 

of the soft-soil model increases slightly. In the middle and high-frequency range, the 

response of the soft-soil model decreases and the zero period acceleration decreases. 

The peak frequency of the response also moves to the low-frequency range. And in the 

Y direction, the higher the floor, the smaller the reduction of zero period acceleration. 

So for equipment with a natural frequency greater than 33Hz such as pump and valve, 

the softer the soil, the smaller the seismic response of these devices. And because of the 

difference in the construction in X and Y direction of the factory building, the lower the 

floor in the Y direction, the more obvious the reduction of seismic response of 

equipment such as pump and valve on soft soil. In the X direction, there is no 

phenomenon that changes with the height of the floor. 
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Figure 5.10 shows response spectrum of the soft-soil model and the hard soil 

model in the vertical direction. In the vertical direction, the difference between the 

soft-soil model and the hard-soil model is small. The shape of the two spectra are 

basically the same. And the peak frequency is basically unchanged. The peak value is 

slightly reduced at floors except -15 m. At the -15 m floor. The zero period acceleration 

of the soft-soil model increases slightly. In other floors, the soft-soil model is 

suppressed in the high-frequency range, the zero period acceleration decreases. And the 

reduction of zero period acceleration is significantly at the +28 m floor. Therefore, in 

the lower floors, the seismic response in the vertical direction of the equipment with a 

natural frequency above 33 Hz increases on the soft-soil site. And as floor increases, the 

seismic response of these equipment decreases. At the highest floor, the amplitude of the 

reduction on the seismic response is larger. 

 

(a) -15 m                           (b) 0 m 

 

(c) +5 m                            (d) +11 m 
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(e) +28 m 

Figure 5.10  Response spectrum of the soft-soil model and the hard-soil model in the Z 

direction  

From the above comparison of SSI response spectrum of soft-soil model and 

hard-soil model in three orthogonal directions, it can be found that there are differences 

between the two models, especially in the horizontal direction. When the SSI effect is 

not considered, the structural seismic response is related to the natural vibration 

characteristic of the structure and the spectral characteristic of the ground motion input. 

After considering the SSI effect, the seismic response of the structure is affected not 

only by the above two factors but also by the ground soil. From the comparison of 

soft-soil model and hard-soil model, it can be seen that the change of the soil 

characteristic brings the change of frequency characteristic of the seismic response for 

the SSI system. Under the soft soil condition, the structure stiffness is much greater than 

the stiffness of the soil, so the influence of the natural vibration characteristic of the 

structure itself and the ground motion input on the seismic response reduces, and the 

influence of soil properties increases. The characteristic of the floor response spectrum 

is mainly affected by the soil properties. Therefore, the seismic response of the building 

under soft and hard soil conditions is different. 

In the horizontal direction, the response spectrum characteristic of soft-soil and 

hard-soil differ greatly. But in the vertical direction, the difference between the two 

spectra is small, and the difference in response spectrum characteristic is not obvious. 

There are two possible reasons. First, the damping of soft and hard soil is different. The 

characteristic of the response spectrum is affected by the damping ratio of the 

foundation soil. In the research of Li Zhongcheng[54], the damping ratio mainly 

influences the zero period acceleration and the peak value of the response spectrum. The 
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response spectrum in the horizontal direction is more sensitive to the damping ratio than 

the vertical direction. Therefore, the response spectrum of soft soil and hard soil differs 

greatly in the horizontal direction but not in the vertical direction. Another reason is that 

the upper structure tends to sway under seismic on soft soil condition. The vertical 

acceleration caused by the sway changed the vertical response spectrum of the soft-soil 

model, which make the response spectrum of a soft-soil model close to the hard-soil 

model. Unlike the horizontal direction, there is an obvious difference in the spectrum. 

5.7.3    The impact of swing 

Figure 5.11 shows the response spectrum of the +28 m floor in the hard-soil model 

and soft-soil model under three-dimensional seismic input and one-dimensional seismic 

input respectively. In each picture of figure 5.11 the solid line represents the response 

under the three-dimensional seismic excitation, and the double line represents the 

response in the excitation direction under one-dimensional seismic input. The difference 

between these two spectra is small. As described in part 3.2, in the actual seismic input 

conditions (three-dimensional input in X, Y, Z directions), the frequency response 

function in the non-excitation direction has little effect on the final result. In particular, 

the response of the hard-soil and soft-soil model in X and Y direction have little 

difference between the three-dimensional seismic input and one-dimensional seismic 

input. However, the difference between the response in the Z direction under 

three-dimensional seismic input and Z direction seismic excitation of both models are 

more obvious. 

    

Response spectrum in X direction of (a).Hard-soil model, (b).soft-soil model under 

three-dimensional seismic input and X-direction seismic input 
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Response spectrum in Y direction of (c).Hard-soil model, (d).soft-soil model under 

three-dimensional seismic input and Y direction seismic input 

    

Response spectrum in Z direction of (e).Hard-soil model, (f).soft-soil model under 

three-dimensional seismic input and Z-direction seismic input 

Figure 5.11  Response spectrum of +28 m floor under three-dimensional seismic input and 

one-dimensional seismic input  

Take the soft-soil model as an example, figure 5.12 shows the response of the each 

floor of soft-soil model in the Z direction under the three-dimensional seismic input and 

the Z-direction seismic input. At the low-rise and high-rise floors, the difference of 

response spectrum under three-dimensional seismic input and the Z-direction seismic 

input is a bit obvious. At the middle-rise floor, the difference between the two spectra is 

not obvious. The response increases as the height of floor increases. At the lower floors, 

there are obvious difference between the two spectra. However, since the response itself 

is relatively small, the numerical difference between the two responses is not significant. 

At the higher floors, that is, the +28 m floor, the response itself is relatively large, and 

the difference between the two spectra is obvious. Therefore, the response in the Z 

direction induced by the three-dimensional seismic input and the Z-direction seismic 

input differ greatly. 
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(a) -15 m                           (b) 0 m 

 

(c) +5 m                            (d) +11 m 

 

(e) +28 m 

Figure 5.12  Response spectrum of +28 m floor under three-dimensional seismic input 

and one-dimensional seismic input 

For the soft-soil model and the hard-soil model, the response in the Z direction of 

the high-rise floor in the building under the three-dimensional seismic input and 

Z-direction seismic input is slightly different. It is related to the sway phenomenon of 

the building. The sway motion of building is the rotation of the building around two 

horizontal axes. Figure 5.13 is the structural deformation of the soft-soil model under 
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the seismic excitation in the X direction. Figure 5.13(a), (b) and (c) shows the 

displacement contour in X, Y, and Z direction respectively. The part with the largest 

deformation in the positive direction of the axis is displayed in red. The part with the 

largest deformation in the negative direction of the axis is displayed in blue. The part 

without deformation is displayed in green. For the three figures, the corresponding 

deformation scale of the color is the same, as shown in the top left corner of each figure. 

Under the seismic excitation in the X direction, the deformation is large in the X 

direction and small in the Y direction. In the Z direction, there is also a certain 

deformation. It shows that the frequency response function in the non-excited direction 

should have little effect on the final result under the seismic input condition, but the 

horizontal seismic input will still cause a certain Z direction response of the model. 

From the figure, it can be seen that deformation of the building is most obvious on the 

high-rise floor. Therefore, the difference of Z direction response caused by the 

three-dimensional seismic input and the Z direction seismic input is relatively larger in 

high-rise floor 

 

(a) X direction  
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(b) Y direction 

 

(c) Z direction 

Figure 5.13  Structure deformation and displacement contour in X, Y and Z direction of 

the soft-soil model under the seismic excitation in the X direction 

Figure 5.14 is the structural deformation of the soft-soil model under the seismic 

excitation in X, Y and Z direction respectively. In order to demonstrate the characteristic 

of the structure deformation, the peak frequency of the response spectrum in three 
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directions are selected as the excitation frequency respectively in this calculation. 

Therefore, the excitation in three directions is different. Since this figure only shows the 

deformation characteristic of the model. The difference in excitation frequency does not 

affect the conclusion. As can be seen from the figure, under the seismic input in X and Y 

direction, in addition to the deformation of the model in the direction of excitation, there 

is also a Z direction deformation. Under the Z direction seismic input, the deformation 

is large in the Z direction and small in the X and Y direction. 

 

(a) X direction  

 

(b) Y direction 
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(c) Z direction 

Figure 5.14  Structure deformation of the soft-soil model under the seismic excitation in 

X, Y and Z direction 

Figure 5.15 is the structural deformation of the hard-soil model under the X 

direction seismic input. Comparing the figure 5.15 with figure 5.14(a). It can be seen 

that the deformation characteristic of hard soil model is similar to the soft soil model. 

Under the seismic excitation in the X direction, except the deformation in the X 

direction, there is also a deformation in the Z direction. Under the condition of soft soil 

and hard soil, the horizontal excitation will cause the Z direction response. 

 

Figure 5.15  Structure deformation of the hard-soil model under the seismic input in the X 

direction 
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From various studies[56-62], the sway of the embedded foundation is affected by soil 

properties, burial depth ratio, foundation mass ratio and so on. The specific rules among 

them are more complicated. Since these are not much relation to this paper, no specific 

analysis is made. Due to the large span of the structure and the soil condition, the 

horizontal excitation induces the sway motion of the upper structure, resulting in a 

certain vertical acceleration response. Therefore, there is a slightly larger vertical 

response under the horizontal input. Therefore, there is a certain difference of the 

response spectrum in the Z direction between the three-dimensional seismic input and 

the Z-direction seismic input. In general, the sway motion of building leads to this 

phenomenon. 

Summary 

In this part, the SSI response of the HTR-10 plant on the soft soil in Indonesia 

under three-dimensional seismic input is analyzed, and the floor response spectrum on 

five elevations of -15 m, 0 m, +5 m, +11 m, and +28 m is calculated. The SSI floor 

response spectrum is compared with the seismic response of the model without 

considering the SSI effect (fixed-base model). The characteristic of the SSI seismic 

response spectrum at each elevation is analyzed. The SSI seismic response of soft-soil 

model at the Indonesia site is also compared with the SSI seismic response of hard-soil 

model at the Beijing site. The difference and rule of the SSI seismic responses under 

different soil condition are analyzed. 

The characteristic of soft-soil model SSI seismic response compared with the 

fixed-base model is similar to that of the hard-soil model. In the horizontal direction, the 

SSI effect shifts the peak of the response spectrum to a low frequency, and the response 

is suppressed in the middle and high-frequency range. The response spectrum is similar 

between different floors, and the influence of the SSI effect is similar. In the vertical 

direction, the characteristic of vertical response on each floor is more complex than the 

horizontal direction. Considering the vertical floor SSI response spectrum is obviously 

related to the frequency characteristic of the floor itself, and each floor has different 

natural frequency in the vertical direction. Therefore, the response between different 

floors is quite different. In the floor above 0 m, the vertical response in the middle and 

high-frequency range is inhibited. With the increase of the floor, the inhibitory effect is 

more obvious. However, when the natural frequency of the floor is close to the natural 
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frequency of the soil, strong interaction is induced and the response significantly 

increases compared with other floors. 

There is a certain difference between the SSI response spectrum of the soft-soil 

model and the hard-soil model. In the horizontal direction, the response spectrum value 

of the soft-soil model increases slightly in the low-frequency range and decreases in the 

high-frequency range, and the zero period acceleration decreases. In addition, the peak 

value and peak frequency of soft-soil model response spectrum are reduced. This is 

because the natural period of soft soil is larger, the equivalent fundamental period of the 

soft soil-structure system is larger consequently. In the vertical direction, the difference 

between the response spectrum of soft-soil model and hard-soil model is small. One 

reason is that the damping ratio of two soils are different, and the horizontal response 

spectrum is more sensitive to the damping ratio than the vertical response. The other 

reason is that the upper structure of the soft soil is easy to sway, so the vertical response 

spectrum caused by the vertical acceleration of sway motion is changed, which make 

the spectrum of the soft-soil model close to the hard-soil model. 

In addition, there is a phenomenon that the Z-direction response of the soft-soil 

model under three-dimensional seismic input and Z-direction seismic input differs 

obviously, especially at the highest floor. This is also caused by the swing of the 

building. Due to the large span of structure and the soft soil condition, the horizontal 

excitation induced the swing motion of the reactor building, resulting in a certain 

vertical acceleration. 
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Conclusions  

 

In the present paper, a numerical method for SSI seismic response analysis in finite 

element program is developed. Several difficult issues for the modelling, including 

artificial boundary setting and seismic wave input, are solved. An efficient and 

convenient finite element method for seismic equivalent load calculation is established. 

By the case studies and sensitivity analysis, reasonable computational domain shape, 

domain size and artificial boundary types for the SSI analysis are obtained. Then, the 

SSI seismic response was calculated for the HTR-10 reactor building, which was built 

on site located in Beijing. The response spectrum at -15m/0m/+5m/+11m/+28m floor 

level is obtained under the three-dimensional seismic input. The response spectrum 

considering SSI effect is compared with the response spectrum of the fixed-base model. 

The characteristic of the SSI response spectrum for each floor is investigated and the 

trends is summarized in horizontal and vertical directions. Then, the SSI seismic 

response analysis is performed on the HTR-10 plant located on a softer site. The 

response spectrum of each floor is obtained and compared with the SSI response 

spectrum of the hard-soil model on the site of Beijing. The difference are summarized 

and discussed. As the result indicates that the vertical response spectrum of the high 

floor in soft-soil model under the three-dimensional seismic input and the vertical 

seismic input are quite different, more analyses are carried out to investigate this 

phenomenon. Following conclusions are conducted. 

(1) Reasonable results is obtained with high efficiency when the size of the 

calculation domain in the direction of excitation is approximately 3 times the size of the 

structure and the ratio of the calculation domain is 2:1. 

(2) The model with artificial boundary can obtain an accurate result when 

subjected the horizontal seismic input. When the vertical seismic input is considered, 

except for some special cases, the model with artificial boundary and the model without 

artificial boundary can both obtain an accurate result. When analyzing the model 

response under three-dimensional seismic input, it is necessary to use the model with 

artificial boundary. There is little difference between the viscous and viscoelastic 

artificial boundary. Both of them can meet the calculation requirement. 
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(3) By the SSI seismic response analysis of the HTR-10 reactor building, 

characteristic of SSI response spectrum is investigated. In the horizontal direction, the 

SSI effect affects the response spectrum in the way that the peak frequency decreases 

and the response in high-frequency range is suppressed. The response spectrum at 

different floors is similar. And the influence of the SSI effect is similar. In different 

locations on the same floor, there is little difference in the response spectrum. In the 

vertical direction, the trends of the floor response are more complex than those in the 

horizontal direction. Considering the vertical floor response spectrum of SSI is 

obviously related to the frequency characteristic of the floor itself. The response 

between different floors is quite different. In different locations at the same floor, the 

response spectra differ greatly. Above +0 m, the SSI effect inhibits the vertical response 

in middle and high-frequency range. With the increase of floors, the inhibitory effect is 

more obvious. However, when the natural frequency of the floor itself is close to the soil 

natural frequency, the strong interaction causes a significant increase in response 

spectrum compared with other floors. 

4) Through the SSI seismic response analysis of the HTR-10 reactor building on 

the soft soil condition, characteristic of the SSI response is found to be similar to that of 

the hard-soil model on Beijing site. However, there are still some differences in the 

response of the reactor building on the soft soil and hard soil site.  

When the excitation is in the horizontal direction, the response spectrum of the 

soft-soil model increases slightly in the low-frequency range and decreases in the 

high-frequency range. The zero period acceleration, the peak value and peak frequency 

of the response decrease. This is because of the larger natural period of soft soil. The 

equivalent fundamental period of the soil-structure system on the soft soil is larger 

consequently. When this period is close to the main energy zone of the seismic 

excitation frequency, the seismic response of building will increase. In the vertical 

direction, the difference between the response spectrum of soft-soil model and hard-soil 

model is small.  One reason is that the damping ratio of the two soils are different, and 

the horizontal response spectrum is more sensitive to the damping ratio. The other 

reason is that the upper structure of the soft soil is easy to sway, and the vertical 

response spectrum caused by the vertical acceleration in the sway phenomenon is 

changed, which is closer to the response spectrum of the hard-soil model. 

When the excitation is in the three-dimensional or vertical direction, the vertical 
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responses at high floors vary obviously. This is because the structure span is large and 

the soil is soft, the horizontal excitation induces the swing of the building. Therefore, 

the vertical acceleration is induced consequently.
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