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Abstract 

As the population grows and land prices rise, high-rise buildings are becoming more and 

more common and popular in urban cities. The traditional high-rise building design method 

generally assumes the structure is fixed at the base because the influence of soil-structure 

interaction is considered to be beneficial to the response of structures under the earthquake 

excitation. However, recent earthquakes and studies indicated that SSI may exert detrimental 

effects on commonly used structural systems. In this study, a numerical soil-structure model 

is established in Abaqus software to explore the impacts of SSI on high-rise frame-core tube 

structures. The seismic response of frame-core tube structures with various structural heights, 

height-width ratios, foundation types and soil types is studied. The numerical simulation 

results including maximum lateral deflections, foundation rocking, inter-storey drifts and 

base shears of rigid-base and flexible-base buildings are discussed and compared. The results 

reveal the lateral displacement and inter-storey drifts of the superstructure can be amplified 

when SSI is taken into account, while the base shears are not necessarily reduced. Increasing 

the stiffness of the foundation and the subsoil can generally increase the seismic demand of 

structures. It has been concluded that it is neither safe nor economical to consider only the 

beneficial effects of SSI or to ignore them in structural design practice. 
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1 Introduction 1 

High-rise buildings of various structural systems are becoming more and more popular 2 

and common in urban cities due to population growth, land prices increase and lack of 3 

construction land (Al Agha et al. 2021). Therefore, it has been tried to make high-rise 4 

buildings safe and stable under different loads, especially when buildings are built on a site 5 

with poor geotechnical conditions in an earthquake-prone area. This is because the effects of 6 

horizontal loads on high-rise buildings are not linear but increase rapidly with the increase of 7 

the building height. For instance, under horizontal loads, the overturning moment of the 8 

structure is proportional to the square of its height, and the lateral deflection at the top of the 9 

structure is proportional to the fourth power of its height (Gao et al. 2005). As a result, with 10 

the increment of building height, lateral displacement will undoubtedly become the main 11 

controlling factor in the structural design. Additionally, the structure can deform in any 12 

direction under strong earthquakes, and sometimes the displacement can be large, so the key 13 

design problem is to avoid excessive deformation that will lead to building collapse. 14 

In the traditional design method, the superstructure and the substructure are designed 15 

separately. On the one hand, the traditional assumption is that the superstructure is fixed at 16 

the base and the influence of soil-structure interaction (SSI) is ignored. Besides, the 17 

substructure is designed under the vertical load, horizontal load and moment deriving from 18 

the superstructure (El Ganainy and El Naggar 2009). 19 

Actually, if the subsoil is stiff enough (e.g., buildings constructed on sound rock), the 20 

foundation input motion induced by an earthquake is basically identical to the free field 21 

motion and the rigid base assumption can be reasonable. In contrast, if the structure is rested 22 
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on a soft soil medium, the seismic response can be different. Firstly, the foundation is capable to 23 

resist large deformations because of its rigidity. As a result, the foundation fails to conform to the 24 

deformations of surrounding soil and thus the input motion is inconsistent with free field motion. 25 

Secondly, the seismic response of the superstructure will probably cause deformation of the 26 

ground soil, which further modifies the input motion (Wolf and Deeks 2004). Therefore the 27 

seismic behaviour of the superstructure is influenced by the interaction between the 28 

superstructure and the underneath soil and a feedback loop will exist (Tabatabaiefar et al. 2013; 29 

Tabatabaiefar 2016; Tabatabaiefar et al. 2017; Far 2019; Al Agha et al. 2021). This feedback loop, 30 

in which the response of the soil affects structural behaviour and vice-versa is termed as 31 

soil-structure interaction (SSI) (Saleh et al .2018; Anand and Satish Kumar 2018). 32 

It is widely believed in previous studies that SSI is beneficial to the seismic behaviour of 33 

buildings since it elongates the natural period (Seed et al. 1976) and increases the damping of 34 

the system (Wolf 1985), which tends to reduce the seismic demand of structures. Therefore, 35 

many current structure design codes recommend reducing the overall seismic coefficient 36 

when considering SSI or completely ignoring SSI (NZS1170.5, 2007; NBCC 2010; GB 37 

50011 2010; IBC 2012). However, observations from a number of earthquake damaged sites 38 

proved that this design consideration is quite harmful. Take the 1985 Mexican earthquake as 39 

an example, a totally reverse result was noticed, wherein the soft subsoil resulted in a huge 40 

increase in the seismic forces (Sharma et al. 2018). In addition, remarkable examples 41 

including damage in pile-supported bridge structures and collapse of expressway can be 42 

found in Yashinsky (1998) and Mylonakis and Gazetas (2000). Recent studies have also 43 

justified this possibility. Although some investigations indicated that the SSI effects may 44 
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reduce the structural response or seismic demand of structures (Liu et al. 2020; Scarfone et al. 45 

2020; Ayala et al. 2022), more studies have shown the detrimental effects of SSI. 46 

Tabatabaiefar et al. (2013) and Hokmabadi et al. (2014; 2015) carried out a series of 47 

experimental shaking table tests and fully nonlinear numerical simulations to explore the 48 

effects of SSI on mid-rise reinforced concrete (RC) frame structures. Results indicated the 49 

SSI increased the lateral deflection and inter-storey drifts in the soil-foundation-structure 50 

model. Van Nguyen et al. (2017) established a 15-storey frame structure model to investigate 51 

the influence of the size and bearing mechanisms of piles on the seismic response of 52 

buildings numerically. The results revealed the maximum lateral displacements increased 53 

with the increase of the length of floating piles. Yang et al. (2020) performed a series of 54 

large-scale shaking table tests and found that compared with the fixed-base condition, SSI 55 

lightened the structural peak acceleration, story shear force, and elastic inter-storey drift. 56 

However, it amplified the overall displacement of the superstructure due to the large 57 

components of rocking and translational deformation. Nasab et al. (2021) investigated SSI 58 

effects on seismic retrofit of soft first-storey buildings. According to the results, SSI 59 

increased seismic response and seismic demand of retrofit devices, especially when the 60 

structure was founded on soft soils. Forcellini (2021) studied the effects of SSI on the seismic 61 

vulnerability of RC buildings with infill masonry walls. The results indicated SSI increased 62 

the failure probabilities of the building. Zhang et al. (2022) carried out seismic vulnerability 63 

assessments of a 20-storey steel moment-resisting frame building equipped with a tuned mass 64 

damper (TMD) considering SSI effects. It is observed that the TMD can significantly reduce 65 

the structural demands, while the SSI effects can increase the fragility of structures, 66 
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especially under strong earthquakes. Kamal et al. (2022) investigated the effects of 67 

structure-soil-structure interaction (SSSI) and SSI on seismic behaviour of mid-rise high 68 

ductility RC buildings located on soft soil. The authors found that considering SSI increased 69 

the displacement demands by up to 15% compared to the fixed-base models. 70 

Therefore it is noted that there are some contradictory opinions when SSI is considered 71 

in the structural design practice (Mylonakis and Gazetas 2000; Far and Flint 2017). It is the 72 

complexity of SSI and lack of consensus among researchers with regard to the influence of 73 

SSI that lead to very few structure design codes providing provisions related to it. 74 

Consequently, considering SSI in the design practice of the most common and worldwide 75 

prevalent building typologies has been a rarity (Anand and Satish Kumar 2018). In addition, 76 

it should be noted that previous studies have mainly focused on seismic response of mid-rise 77 

buildings as well as moment-resisting frame buildings. It should be noted that seismic 78 

response of mid-rise buildings are completely different from high-rise buildings In the same 79 

way, the seismic response of frame structures and frame-shear wall structures are also 80 

different since foundation rotation is significant for the latter (Sharma et al. 2018). Therefore, 81 

it is imperative to explore the seismic behaviour of high-rise buildings with different 82 

structural systems, superstructure geometry, and various foundation and soil types 83 

considering SSI. 84 

In response to the need for critical investigation of SSI impacts, in this study, an 85 

enhanced numerical soil-structure model is adopted to investigate the effects of SSI on a 86 

typical high-rise building structure system: RC frame-core tube structure. The seismic 87 

behaviour of frame-core tube structures with different structure heights, height-width ratios, 88 
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foundation types and soil types are studied. The results including maximum lateral 89 

deflections, foundation rocking, inter-storey drifts and base shears for the rigidly supported 90 

and flexibly supported structures are discussed and compared. 91 

2 Overview of the structure-soil model 92 

Three structural heights: 60 meters (20 stories), 90 meters (30 stories) and 120 meters 93 

(40 stories) are considered in this study to cover the commonly used height range of high-rise 94 

buildings. Besides, the height-width ratios of the superstructure are four, five and six 95 

respectively, with three spans in each direction. Two prevalent foundation types: end bearing 96 

piled foundation and classical compensated foundation are adopted. The foundation 97 

embedment depth is assumed to be 9 metres, with three basement stories. The bedrock depth 98 

is 30 metres since most soil amplification effect occurs in the upper 30 metres of the soil 99 

profile. For each structure-soil model, two far-field earthquakes and two near-field seismic 100 

records are applied. Therefore, a total of 252 cases (36 fixed-base cases and 216 flexible-base 101 

cases) were considered. The plan view of standard stories of frame-core tube structures is 102 

shown in Fig. 1 (a), which consists of the outer frame and the inner core tube. 103 

   104 

(a)                         (b) 105 
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  106 

(c)                            (d) 107 

Fig. 1 Characteristics of frame-core tube structure (a) plan view of standard storey (b) 20-storey 108 

frame-core tube structure with end bearing piled foundation (height-width ratio=6) (c) 20-storey 109 

frame-core tube structure with classical compensated foundation (height-width ratio=6) (d) the 110 

finite-element model 111 

By referring to AS3600 (2018) and AS1170.4 (2007), the structural sections of buildings 112 

with various heights and widths were designed in SAP2000 software. After that, nonlinear 113 

time history analyses under four seismic records (Fig. 2) was conducted to ensure inter-storey 114 

drifts of fixed-base structures with various parameters were less than 1.5% (life safe level). 115 

Grade 40 concrete with characteristic compressive strength (f’c) of 40 MPa, modulus of 116 

elasticity (Ec) of 32.8 GPa and unit weight of 24.5 kN/m3 (AS3600 2018) were adopted. In 117 

order to facilitate modelling in the subsequent finite element analyses, structures with the 118 

same height have the same dimensions of structural sections regardless of the height-width 119 

ratio. The dimensions of structural elements are summarised in Table 1. 120 

The superstructures are founded on soil deposits with different geotechnical 121 

characteristics, which are summarised in Table 2 (Tabatabaiefar and Fatahi 2014). The reason 122 
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why the maximum shear-wave velocity of ground soil (Vs) adopted in this study is 600 m/s is 123 

that generally when the Vs is greater than 600 m/s, the influence of SSI is not significant 124 

(Tabatabaiefar et al. 2013). 125 
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(c)                                       (d) 129 

Fig. 2 Seismic records adopted in this study: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 130 

earthquake (d) Northridge earthquake 131 

Table 1 Summary of dimensions of structural elements (m) 132 

Structures Stories Columns Beams Shear walls Slabs 

20-storey 
1~5 0.55×0.55 0.40×0.40 0.55 0.25 

6~10 0.50×0.50 0.40×0.40 0.50 0.25 
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11~15 0.45×0.45 0.40×0.40 0.45 0.25 

16~20 0.40×0.40 0.40×0.40 0.40 0.25 

30-storey 

1~10 0.70×0.70 0.50×0.50 0.70 0.25 

11~20 0.60×0.60 0.50×0.50 0.60 0.25 

21~30 0.50×0.50 0.50×0.50 0.50 0.25 

40-storey 

1~10 1.00×1.00 0.50×0.80 0.80 0.25 

11~20 0.90×0.90 0.50×0.80 0.70 0.25 

21~30 0.80×0.80 0.50×0.80 0.60 0.25 

31~40 0.70×0.70 0.50×0.80 0.50 0.25 

 133 

Nowadays, the application of piled foundations for buildings has become increasingly 134 

common. The piled foundation generally transmits upper loads through the soft soil to the 135 

deep stiff soil or rock. In this study, end bearing piled foundation is adopted and all piles are 136 

rigidly connected with the base slab, and pile toes are fixed at the bottom of the soil to 137 

simulate the socket end of piles in bedrock (Fig. 1 b). The arrangement and characteristics of 138 

the pile foundation have shown in Fig. 3 and Table 3. In addition, the classical compensated 139 

foundation was selected for comparison with the piled foundation model because the 140 

compensated foundation tends to induce larger foundation rotation, and the superstructure can 141 

produce more obvious lateral deflection. Therefore, this study employs classical compensated 142 

foundation and piled foundation with three basement floors overlying a 1m-thick RC base 143 

slab (Fig. 1 b and c). The requirements for bearing capacity and maximum settlement of these 144 

two foundation types are satisfied (Bowles 2001). 145 
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Table 2 Parameters of the subsoil 146 

Soil type 

(AS1170) 

Vs 

(m/s) 

Unified 

classification 

(USCS) 

Gmax (kPa) 

Poisson’

s 

ratio 

Soil 

density 

(kg/m3) 

c’ 

(kPa) 

φ’ 

(degree) 

Plastic 

Index 

Ce 600 GM 623,400 0.28 1730 5 40 - 

De 320 CL 177,300 0.39 1730 20 19 20 

Ee 150 CL 33,100 0.40 1470 20 12 15 

 147 

 148 

Fig. 3 The pile arrangement used in this study 149 

Table 3 Pile diameters and centre to centre distances 150 

Structures height-width ratio Diameter (m) Centre to centre distance (m) 

20-storey 

4 1.2 4 

5 1.2 3 

6 1.2 2.6 

30-storey 4 1.5 6 
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5 1.5 5 

6 1.5 4 

40-storey 

4 2 8 

5 2 6 

6 2 5 

 151 

3 Numerical model 152 

This section introduces the modelling method of the structure, foundation, subsoil and 153 

contact surface, the setting of boundary conditions and the seismic motion input method in 154 

finite element software Abaqus 6.14 (Dassault Systèmes SIMULIA 2012). In the next section, 155 

the direct method will be adopted to study the seismic response of high-rise frame-core tube 156 

structures with various parameters considering SSI. 157 

3.1 Structural model 158 

In order to improve computing efficiency, shell elements S4R are adopted to model 159 

shear walls and slabs and beam elements B31 are adopted to model beams and columns. 160 

Three-dimensional eight-node reduced integration element C3D8R are employed to simulate 161 

the basement, base slab and piles (Fig. 1 d). The damping ratio of RC structures are assumed 162 

to be 5% and damping coefficients (α and β) are obtained based on the first and second 163 

natural frequencies of the structure (Van Nguyen et al. 2017). In addition, elastic-perfectly 164 

plastic behaviour is adopted in structural elements and yield stress is specified. The yield 165 

stress, Ec and density of concrete material are equal to the values introduced in section 2. 166 

3.2 Soil model 167 
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The soil element is modelled by solid elements C3D8R and the Mohr-Coulomb failure 168 

criterion is employed. To achieve this in Abaqus, cohesion and internal friction angle (Table 2) 169 

and the tension cut off option are specified. 170 

In order to take into account the nonlinearity of subsoil, the cyclic shear strain (γc) 171 

depended shear modulus (G/Gmax) curves (Fig. 4 and 5) and damping ratio (ξ) curves (Fig. 6 172 

and 7) provided by Sun et al. (1998) and Seed et al. (1986) are adopted for cohesive soils (De 173 

and Ee soil) and cohesionless soils (Ce soil), respectively. After that, trial and error were 174 

employed to calculate the strain-compatible values of soil damping and shear modulus under 175 

four seismic records (Fig. 2 and Table 4). The detailed steps of this process can be found in 176 

Tabatabaiefar et al. (2013) and Fatahi and Tabatabaiefar (2014). The soil strain-compatible 177 

parameters are presented in Table 5. 178 

Rayleigh damping is adopted to consider the energy losses in the ground soil under the 179 

action of earthquakes. In this process, it is very important to select soil frequencies because it 180 

determines the damping coefficients α and β. In this study, the method introduced by Park 181 

and Hashash (2004) that the selection of soil frequencies should partially cover the main 182 

frequency range of the seismic record is used. Table 5 provides the Rayleigh damping 183 

parameters of subsoil calculated by this method. 184 
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 185 

Fig. 4 Shear modulus reduction curve of cohesive soils (after Sun et al. 1998) 186 

 187 

Fig. 5 Shear modulus reduction curve of cohesionless soils (after Seed et al. 1986) 188 

 189 

Fig. 6 Damping curve of cohesive soils (after Sun et al. 1998) 190 
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 191 

Fig. 7 Damping curve of cohesionless soils (after Seed et al. 1986) 192 

Table 4 Parameters of seismic records 193 

Earthquake Country Year 
PGA 

(g) 

Moment 

magnitude (R) 

Duration 

(s)  
Type 

Hypocentral distance 

(km) 

El Centro USA 1940 0.349 6.9 56.5 
Far 

field 
15.69 

Hachinohe Japan 1968 0.229 7.5 36.0 
Far 

field 
14.1 

Kobe Japan 1995 0.833 6.8 50.0 
Near 

field 
7.4 

Northridge USA 1994 0.843 6.7 30.0 
Near 

field 
9.2 

Table 5 Adopted soil strain-compatible parameters and Rayleigh damping parameters 194 

Soil types Seismic records G/Gmax ξ Damping coefficients 

Ee El-Centro 0.57 11.1% 
α=0.769 

β=0.012 
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Hachinohe 0.60 10.4% 
α=0.284 

β=0.024 

Kobe 0.35 17.0% 
α=1.043 

β=0.021 

Northridge 0.21 23.5% 
α=1.415 

β=0.029 

De 

El-Centro 0.71 7.8% 
α=0.5337 

β=0.0084 

Hachinohe 0.72 7.1% 
α=0.1936 

β=0.0162 

Kobe 0.55 11.7% 
α=0.7179 

β=0.0141 

Northridge 0.46 13.7% 
α=0.825 

β=0.0169 

Ce 

El-Centro 0.53 6.2% 
α=0.4242 

β=0.0067 

Hachinohe 0.53 6.2% 
α=0.1691 

β=0.0142 

Kobe 0.22 11.1% 
α=0.6811 

β=0.0134 

Northridge 0.21 11.2% 
α=0.6744 

β=0.0138 
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3.3 Contact surface 195 

Surface to surface contact (standard) in Abaqus is adopted to simulate the interaction 196 

between the foundation and surrounding soil during seismic loading. In this process, the 197 

master surface is the foundation surface, and the slave surface is the soil surface. This is 198 

because the mesh sizes of these two surfaces are similar, and the material of the foundation is 199 

stiffer. Besides, finite sliding formulation and surface-to-surface discretisation method are 200 

employed. 201 

The contact interaction property includes two parts: normal direction and tangential 202 

direction. In the normal direction, the default relationship between contact pressure and 203 

clearance in Abaqus, hard contact, is applied, in which the amount of pressure that can be 204 

transmitted between the contact surfaces is not limited; when the contact pressure becomes 205 

negative or zero, the two contact surfaces will separate, and contact constraints on the 206 

corresponding nodes will be invalid (Van Nguyen et al. 2017). In the tangential direction, 207 

penalty friction formulation and contact-pressure-dependent data are adopted to simulate the 208 

Mohr-Coulomb failure model between the contact surface of foundation and soil. 209 

3.4 Boundary conditions 210 

In order to avoid the reflection of outward propagating waves on the boundary and 211 

capture the recovery ability of the semi-infinite ground, the viscous-spring boundary is 212 

applied on lateral and bottom surfaces of the soil domain. To achieve this goal, independent 213 

springs and dampers in one normal and two tangential directions were set on the boundary 214 

nodes (Gu et al. 2007), as shown in Fig. 8. The coefficients of the springs KT and KN and 215 

coefficients of dampers CT and CN (subscripts T and N indicate tangential and normal 216 
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directions, respectively) can be calculated by the characteristics of the surrounding soil as 217 

follows: 218 

 KT=αT G/R, CT=ρ Vs (1) 219 

 KN=αN G/R, CN=ρ Vp (2) 220 

Where αT, αN are modified coefficients, αT=0.67, αN=1.33 (Liu et al. 2006); R is the distance 221 

between the wave source and boundary nodes; ρ and G are the density and shear modulus of 222 

the subsoil, respectively; Vs and Vp are shear wave velocity and P wave velocity of the subsoil, 223 

respectively. 224 

 225 

Fig. 8 Viscous-spring boundary 226 

3.5 Seismic motion input method 227 

After the viscous-spring boundary is applied, the artificial boundary node should 228 

conform to the free field motion to supply conditions identical to the infinite model. 229 

Generally, the one-dimensional free-field grid is set on the periphery of the model, parallel to 230 

the main grid, and connected to the main grid nodes through springs and dampers. However, 231 

this method will increase the number of elements, and it is difficult to implement in Abaqus 232 

due to a large number of boundary nodes. In this study, the free field motion is transformed 233 
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into the equivalent node force Fb applied on boundary nodes (Ma et al. 2020), and Fb 234 

comprises three parts: the first two parts are used to compensate for the influence of springs 235 

and dashpots, and the third part is the free field stress on the boundary: 236 

 Fb = (Kbubff + Cbvbff + σbff n)Ab (3) 237 

Where ubff and vbff are free field displacement and velocity vectors at boundary nodes, 238 

respectively; σbff is the free field stress tensor; Kb and Cb are coefficient vectors of springs and 239 

dashpots on the boundary, respectively. Ab is the influencing area of boundary nodes and n is 240 

the cosine vector of the normal direction outside the boundary. By compiling a simple 241 

program in MATLAB software, the amplitudes of Fb in one normal direction and two 242 

tangential directions of each boundary node were obtained. 243 

The validity and accuracy of the numerical model have been verified by comparison 244 

between experimental shaking table test results and numerical outputs by Zhang and Far 245 

(2021). After that, the seismic response of high-rise frame-core tube structures with various 246 

parameters considering SSI was numerically studied and the results can be found in Section 247 

4. 248 

4 Results and discussions 249 

4.1 Maximum Lateral Deflection 250 

Fig. 9, 10, 11, 12, 13, 14, 15, 16 and 17 show the maximum lateral deflections of 20-, 251 

30- and 40-storey structures with different height-width ratios, foundation types and soil 252 

types under the action of four seismic records. Compared with fixed-base counterparts, 253 

almost all the maximum lateral deflections of flexible-base structures have been amplified, 254 

regardless of the structural height, height-width ratios, foundation and soil types. This is 255 
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because the degree of freedom of the soil-structure system increases after considering SSI 256 

and the natural period is prolonged, and the displacement response spectrum curve generally 257 

increases with the increase of the natural period of the system. As a result, the amplification 258 

of the displacement response of high-rise buildings was observed. 259 

It is also can be seen that when the superstructure parameters are the same, the 260 

maximum lateral deflections of piled foundation structures only change slightly with the type 261 

of soil, but the variation of displacement response of the classical compensated foundation 262 

structures is relatively dramatic, especially under the action of far-field earthquakes. This 263 

means that the end bearing pile foundation-supported structures is less susceptible to the type 264 

of soil. 265 

In addition, the maximum lateral deflections of piled foundation structures are not 266 

necessarily smaller than that of classical compensated foundation structures. For example, 267 

under the action of far-field earthquakes, the deformation of piled foundation structures (with 268 

little difference between each other) is usually smaller than that of classical compensated 269 

foundation structures resting on the type Ee soil; however, under the action of near-field 270 

earthquakes, the deformation of piled foundation structures does not decrease obviously in 271 

comparison to classical compensated foundation structures. It is also worth pointing out that 272 

under the action of far-field earthquakes, with the soil type changes from Ce to Ee, the 273 

maximum lateral deflections of structures increase gradually, especially for classical 274 

compensated foundation structures. In contrast, under the action of near-field earthquakes, the 275 

deformation of structures usually decreases with the subsoil modulus decreasing. 276 

The effects of the height-width ratio on the maximum lateral deflection are complex. On 277 
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one hand, the increase in the width of buildings can increase the stability of structures and 278 

decrease the foundation rotation. On the other hand, the increase in the width means the 279 

increase in the mass of buildings, which will increase the inertial force and structural 280 

distortion in seismic excitations. Therefore, the maximum lateral deflection follows different 281 

patterns as the height-width ratio changes. 282 
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Fig. 9 Maximum lateral deflections of 20-storey structure (height-width ratio=6) with various foundation 287 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 288 

(c) Kobe earthquake (d) Northridge earthquake 289 
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(c)                                          (d) 293 

Fig. 10 Maximum lateral deflections of 20-storey structure (height-width ratio=5) with various foundation 294 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 295 

(c) Kobe earthquake (d) Northridge earthquake 296 
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(c)                                          (d) 300 

Fig. 11 Maximum lateral deflections of 20-storey structure (height-width ratio=4) with various foundation 301 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 302 

(c) Kobe earthquake (d) Northridge earthquake 303 

0 200 400 600 800 1000 1200
0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

0 200 400 600 800 1000 1200
0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

 
0 200 400 600 800 1000 1200

0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

0 200 400 600 800 1000 1200
0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

 304 

(a)                                          (b) 305 

0 200 400 600 800 1000 1200
0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

0 200 400 600 800 1000 1200
0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

 
0 200 400 600 800 1000 1200 1400 1600 1800

0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

0 200 400 600 800 1000 1200 1400 1600 1800
0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

 306 

(c)                                          (d) 307 



24 
 

Fig. 12 Maximum lateral deflections of 30-storey structure (height-width ratio=6) with various foundation 308 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 309 

(c) Kobe earthquake (d) Northridge earthquake 310 
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(c)                                          (d) 314 

Fig. 13 Maximum lateral deflections of 30-storey structure (height-width ratio=5) with various foundation 315 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 316 

(c) Kobe earthquake (d) Northridge earthquake 317 



25 
 

0 100 200 300 400 500 600 700 800 900 1000
0

3

6

9

12

15

18

21

24

27

30
St

or
ey

 N
um

be
r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

0 100 200 300 400 500 600 700 800 900 1000
0

3

6

9

12

15

18

21

24

27

30
St

or
ey

 N
um

be
r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

 
0 100 200 300 400 500 600 700 800 900 1000

0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

0 100 200 300 400 500 600 700 800 900 1000
0

3

6

9

12

15

18

21

24

27

30

St
or

ey
 N

um
be

r

Maximum Lateral Deflection (mm)

 Fixed base model
 Piled foundation model-Ee

 Piled foundation model-De

 Piled foundation model-Ce

 Compensated foundation model-Ee

 Compensated foundation model-De

 Compensated foundation model-Ce

 318 
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(c)                                          (d) 321 

Fig. 14 Maximum lateral deflections of 30-storey structure (height-width ratio=4) with various foundation 322 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 323 

(c) Kobe earthquake (d) Northridge earthquake 324 
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(c)                                          (d) 328 

Fig. 15 Maximum lateral deflections of 40-storey structure (height-width ratio=6) with various foundation 329 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 330 

(c) Kobe earthquake (d) Northridge earthquake 331 
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Fig. 16 Maximum lateral deflections of 40-storey structure (height-width ratio=5) with various foundation 336 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 337 

(c) Kobe earthquake (d) Northridge earthquake 338 
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(c)                                          (d) 342 

Fig. 17 Maximum lateral deflections of 40-storey structure (height-width ratio=4) with various foundation 343 

types and subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake 344 

(c) Kobe earthquake (d) Northridge earthquake 345 

4.2 Foundation Rocking 346 

Different from fixed-base structures, lateral deflections of structures modelled with soil 347 

include rocking and distortion components (Kramer 1996). Tables 6, 7 and 8 record the 348 
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proportion of the foundation rocking induced lateral deflection in the total deflection of the 349 

top floor of 20-, 30- and 40-storey structures, respectively. The restriction of structure width 350 

on the rotation of the structure is not significant, whereas the soil type can considerably 351 

restrain the foundation rocking, and this phenomenon is more obvious in classical 352 

compensated foundation-supported models. Similarly, the pile foundation can also effectively 353 

restrain the rotation of the foundation. For classical compensated foundation structures 354 

founded on Ee soils, the foundation rotation induced displacement accounts for an average of 355 

more than 90% of the total displacement, which means buildings are more likely to rotate 356 

overall. In contrast, this value is only 17.03% in the case of piled foundation models. 357 

However, as observed in Section 4.1, although the end-bearing piled foundation can 358 

effectively reduce the foundation rocking, the maximum lateral deflections of piled 359 

foundation structures are not always smaller than that of the classical compensated 360 

foundation structures. 361 

Table 6 The proportion of foundation rocking induced lateral deflection of 20-storey structures (%) 362 

Height-width ratio Earthquake record 
Piled foundation model Compensated foundation model 

Ee soil De soil Ce soil Ee soil De soil Ce soil 

6 

El Centro 29.29 26.73 13.16 94.85 82.18 31.50 

Hachinohe 30.97 27.62 15.77 96.06 85.98 14.74 

Kobe 28.04 24.59 12.19 81.30 45.90 42.63 

Northridge 28.90 24.42 10.60 95.83 81.16 47.21 

5 
El Centro 28.43 26.83 10.17 97.62 83.44 33.13 

Hachinohe 29.65 21.35 13.94 94.67 86.87 18.33 
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Kobe 28.29 24.49 11.53 87.74 76.21 46.59 

Northridge 30.79 24.35 10.27 92.52 83.22 52.63 

4 

El Centro 24.78 23.79 13.51 94.57 77.76 29.00 

Hachinohe 25.47 23.37 10.51 92.99 34.69 28.96 

Kobe 26.95 22.19 12.25 89.52 85.45 49.06 

Northridge 28.41 21.78 10.58 92.30 88.93 59.07 

Average value 28.33 24.28 12.04 92.50 75.99 37.74 

 363 

Table 7 The proportion of foundation rocking induced lateral deflection of 30-storey structures (%) 364 

Height-width ratio Earthquake record 
Piled foundation model Compensated foundation model 

Ee soil De soil Ce soil Ee soil De soil Ce soil 

6 

El Centro 22.18 23.05 12.68 93.66 87.91 32.03 

Hachinohe 24.60 23.23 12.51 96.36 85.64 64.57 

Kobe 24.08 22.65 12.08 74.36 57.21 32.25 

Northridge 26.08 24.71 12.65 84.72 94.51 57.75 

5 

El Centro 17.09 17.63 9.35 92.01 85.52 34.03 

Hachinohe 18.46 17.03 10.84 92.07 78.83 64.75 

Kobe 17.42 18.26 9.40 73.31 58.93 30.58 

Northridge 17.73 15.95 7.47 97.14 93.88 63.68 

4 

El Centro 16.77 18.03 7.92 91.49 83.94 47.07 

Hachinohe 18.84 16.83 15.98 90.29 73.60 64.77 

Kobe 17.65 14.54 4.50 96.84 72.44 20.77 



30 
 

Northridge 18.29 15.69 5.92 96.67 89.11 63.27 

Average value 19.94 18.97 10.11 89.91 80.13 47.96 

 365 

Table 8 The proportion of foundation rocking induced lateral deflection of 40-storey structures (%) 366 

Height-width ratio Earthquake record 
Piled foundation model Compensated foundation model 

Ee soil De soil Ce soil Ee soil De soil Ce soil 

6 

El Centro 18.94 19.60 9.09 95.27 81.73 37.20 

Hachinohe 16.80 15.88 15.63 92.36 85.32 61.86 

Kobe 14.14 16.45 4.23 98.08 49.88 15.18 

Northridge 14.65 15.33 13.39 91.59 77.78 64.56 

5 

El Centro 17.58 18.44 7.51 88.35 77.43 50.23 

Hachinohe 16.12 14.83 14.75 90.26 80.03 60.37 

Kobe 13.63 14.28 7.33 98.19 55.67 41.26 

Northridge 15.65 14.32 12.44 90.86 80.92 66.97 

4 

El Centro 13.57 14.64 9.02 89.03 79.13 63.17 

Hachinohe 13.26 12.85 11.87 87.74 67.26 61.39 

Kobe 11.31 11.19 3.38 94.30 58.43 15.65 

Northridge 12.47 10.67 10.41 91.00 84.90 43.69 

Average value 14.84 14.88 9.92 92.26 73.21 48.46 

4.3 Inter-storey Drifts 367 

The inter-storey drifts of 20-, 30- and 40-storey structures with different height-width 368 

ratios, foundation types and soil types are shown in Fig. 18, 19, 20, 21, 22, 23, 24, 25 and 26. 369 
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The inter-storey drifts were obtained adopting the method based on AS1170-4 (2007). Similar 370 

to lateral deflections, inter-storey drifts of almost all flexible-base cases have increased and 371 

the maximum value of many near-field earthquake cases and several far-field earthquake 372 

cases have exceeded 1.5%, which means the performance levels were changed from life safe 373 

towards near-collapse or collapse level after SSI is taken into account (BSSC 1997). In 374 

classical compensated foundation models, the inter-storey drifts usually present an 375 

approximately vertical line, indicating that inter-storey drifts only change slightly with the 376 

structural height. In other words, the foundation rotation induced lateral deflection accounts 377 

for a large part of the total maximum lateral deflection in the classical compensated 378 

foundation models. Moreover, compared with classical compensated foundation cases, 379 

inter-storey drifts of piled structures with the same height, height-width ratio and seismic 380 

record do not change significantly with the soil type. Besides, it is worth noting that a 381 

considerable increase of inter-storey drifts is found in structures resting on Ce soil under 382 

near-field earthquakes and structures with compensated foundations resting on Ee soil under 383 

far-field earthquakes. This is related to the difference between the shape of response spectra 384 

of near and far earthquakes. 385 
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(c)                                          (d) 389 

Fig. 18 Inter-storey drifts of 20-storey structure (height-width ratio=6) with various foundation types and 390 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 391 

earthquake (d) Northridge earthquake 392 
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Fig. 19 Inter-storey drifts of 20-storey structure (height-width ratio=5) with various foundation types and 397 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 398 

earthquake (d) Northridge earthquake 399 
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(c)                                          (d) 403 

Fig. 20 Inter-storey drifts of 20-storey structure (height-width ratio=4) with various foundation types and 404 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 405 

earthquake (d) Northridge earthquake 406 
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Fig. 21 Inter-storey drifts of 30-storey structure (height-width ratio=6) with various foundation types and 411 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 412 

earthquake (d) Northridge earthquake 413 
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Fig. 22 Inter-storey drifts of 30-storey structure (height-width ratio=5) with various foundation types and 418 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 419 

earthquake (d) Northridge earthquake 420 
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Fig. 23 Inter-storey drifts of 30-storey structure (height-width ratio=4) with various foundation types and 425 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 426 

earthquake (d) Northridge earthquake 427 
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(c)                                          (d) 431 

Fig. 24 Inter-storey drifts of 40-storey structure (height-width ratio=6) with various foundation types and 432 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 433 

earthquake (d) Northridge earthquake 434 
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(c)                                          (d) 438 

Fig. 25 Inter-storey drifts of 40-storey structure (height-width ratio=5) with various foundation types and 439 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 440 

earthquake (d) Northridge earthquake 441 
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(c)                                          (d) 445 

Fig. 26 Inter-storey drifts of 40-storey structure (height-width ratio=4) with various foundation types and 446 

subsoil types under different seismic records: (a) El Centro earthquake (b) Hachinohe earthquake (c) Kobe 447 

earthquake (d) Northridge earthquake 448 

4.4 Base Shear 449 

Tables 9, 10 and 11 compare the base shear of flexible-base cases (V~ ) and fixed-base 450 

cases (V). The ratio V~ /V is not always less than 1, which means the base shear of the 451 

structure may increase or decrease after considering SSI, depending on the foundation type 452 

and the soil type. For example, the base shears of the classical compensated foundation 453 

structures constructed on soft soils (type Ee and De) are usually less than that of fixed-base 454 

counterparts, while the base shears of the classical compensated foundation models resting on 455 

Ce soil and the piled foundation models are generally amplified. That means increasing the 456 

stiffness of the foundation and subsoil can absorb more seismic energy, making the 457 

traditional assumption that SSI can always reduce the seismic demand of the structure invalid. 458 

This result is consistent with Van Nguyen et al. (2017). Therefore, although the piled 459 

foundation can reduce the foundation rocking, it will probably increase the seismic shear 460 

force and in turn increase the lateral displacement of the structure, which also explains why 461 



39 
 

the deformation of the piled foundation model is not necessarily less than that of the classical 462 

compensated foundation model in Sections 4.1 and 4.3. In addition, although the absolute 463 

value of the base shear increases with the increase of the height-width ratio, the change of the 464 

height-width ratio will not exert a critical impact on the relative value of the base shear (V~465 

/V). 466 

Table 9 Base shear ratio of 20-storey structures 467 

Height-width 

ratio 

Earthquake 

record 

V 

(MN) 

Piled foundation model 

V~ /V 

Compensated foundation 

model V~ /V 

Ee soil De soil Ce soil Ee soil De soil Ce soil 

6 

El Centro 6.38 1.29 1.25 1.50 0.60 1.00 1.20 

Hachinohe 6.21 1.14 1.68 1.92 0.57 0.89 1.75 

Kobe 18.17 1.21 1.58 1.91 0.45 1.21 1.59 

Northridge 21.14 1.05 1.47 2.11 0.24 0.59 1.67 

5 

El Centro 8.73 1.17 1.21 1.63 0.44 0.86 1.06 

Hachinohe 7.80 1.06 1.63 2.13 0.53 0.89 1.49 

Kobe 20.30 1.31 1.74 2.02 0.43 0.78 1.67 

Northridge 22.96 1.17 1.57 2.51 0.24 0.56 1.92 

4 

El Centro 11.71 1.17 1.33 2.00 0.44 0.83 1.31 

Hachinohe 12.50 0.90 1.34 1.64 0.48 1.10 1.35 

Kobe 31.83 1.08 1.44 1.72 0.28 0.54 1.50 

Northridge 33.42 1.04 1.39 2.40 0.26 0.46 1.62 

Average value 1.13 1.47 1.96 0.41 0.81 1.51 
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 468 

Table 10 Base shear ratio of 30-storey structures 469 

Height-width 

ratio 

Earthquake 

record 

V 

(MN) 

Piled foundation model 

V~ /V 

Compensated foundation 

model V~ /V 

Ee soil De soil Ce soil Ee soil De soil Ce soil 

6 

El Centro 17.46 1.21 1.47 2.05 0.59 1.12 1.73 

Hachinohe 11.96 2.07 2.09 2.24 0.55 0.76 1.88 

Kobe 41.44 0.57 1.23 1.79 0.32 0.80 1.20 

Northridge 41.90 0.80 1.01 1.55 0.29 0.49 0.75 

5 

El Centro 25.64 0.82 1.25 1.63 0.43 0.91 1.49 

Hachinohe 15.11 1.85 2.00 1.88 0.58 0.75 1.77 

Kobe 48.48 0.65 1.28 2.22 0.27 0.86 1.64 

Northridge 63.98 0.71 0.89 1.48 0.18 0.39 0.88 

4 

El Centro 26.68 1.22 1.43 2.19 0.39 1.03 2.05 

Hachinohe 21.65 1.75 1.83 1.96 0.52 0.97 1.84 

Kobe 68.79 0.58 1.08 2.43 0.19 0.80 2.08 

Northridge 87.06 0.62 0.83 1.67 0.15 0.37 1.22 

Average value 1.07 1.37 1.92 0.37 0.77 1.54 

 470 

Table 11 Base shear ratio of 40-storey structures 471 

Height-width 

ratio 

Earthquake 

record 

V 

(MN) 

Piled foundation model 

V~ /V 

Compensated foundation 

model V~ /V 
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Ee soil De soil Ce soil Ee soil De soil Ce soil 

6 

El Centro 31.35 1.02 1.26 1.74 0.45 0.92 1.44 

Hachinohe 31.22 0.99 1.21 1.51 0.50 0.66 1.47 

Kobe 71.82 0.58 1.25 2.03 0.30 1.07 1.91 

Northridge 76.87 0.73 0.93 1.38 0.24 0.57 0.99 

5 

El Centro 64.94 0.58 0.80 1.19 0.23 0.50 0.93 

Hachinohe 40.57 1.00 1.08 1.25 0.41 0.65 1.12 

Kobe 91.76 0.46 1.06 2.32 0.21 0.98 1.97 

Northridge 84.50 0.68 0.95 1.74 0.22 0.62 1.16 

4 

El Centro 78.73 0.59 0.94 1.67 0.16 0.52 1.29 

Hachinohe 57.23 1.00 1.21 1.51 0.31 0.60 1.45 

Kobe 112.27 0.34 0.91 2.67 0.16 0.84 2.25 

Northridge 100.45 0.76 0.94 1.91 0.18 0.64 1.74 

Average value 0.73 1.05 1.74 0.28 0.71 1.48 

5 Conclusions 472 

In order to investigate the seismic response of the high rise frame-core tube structure 473 

considering SSI, 20-, 30- and 40-storey building models with different height-width ratios, 474 

foundation types and soil types were established using Abaqus software. The numerical 475 

simulation results including maximum lateral deflections, foundation rocking, inter-storey 476 

drifts and base shear of structures with different influencing factors are discussed and 477 

compared. The following conclusions can be drawn： 478 

 Compared to fixed-base cases, the maximum lateral deflections and the inter-storey drifts 479 
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of almost all structures modelled with subsoil as flexible-base models are amplified to a 480 

different extent, regardless of height-width ratios, foundation types and soil types. 481 

 The maximum inter-storey drifts of many near-field earthquake cases and several 482 

far-field earthquake cases have exceeded 1.5%, which means the performance levels of 483 

structures have been changed after considering SSI. As a consequence, conventional 484 

design procedures excluding SSI may not be adequate to guarantee the structural safety 485 

of high-rise frame-core tube structures. 486 

 The piled foundation can effectively reduce the foundation rocking compared with the 487 

classical compensated foundation. However, the maximum lateral deflections of piled 488 

foundation models are the largest in many cases, especially under the action of near-field 489 

earthquakes. The reason is that the shear forces of piled foundation structures are 490 

generally larger than that of compensated foundation structures and fixed-base structures. 491 

 When the superstructure parameters are the same, the type of soil has minor effects on 492 

the deformation of the pile foundation structures, but it has dramatic effects on classical 493 

compensated foundation structures, especially under the action of far-field earthquakes. 494 

In other words, the seismic performance of piled foundation structures is less susceptible 495 

to the type of soil. 496 

 The stiff soil can considerably restrain the foundation rocking, and this phenomenon is 497 

more obvious in classical compensated foundation-supported models. For classical 498 

compensated foundation structures constructed on soft soils, the foundation rocking 499 

induced lateral deflection accounts for a large proportion of the total lateral deflection. 500 

 The base shear of the structure may increase or decrease after considering SSI, 501 
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depending on the foundation type and the soil type. As a result, blindly increasing the 502 

stiffness of the foundation and subsoil may absorb more seismic energy, making the 503 

structure neither safe nor economical. 504 

 Although the absolute value of the base shear increases with the increase of the structural 505 

height-width ratio, the change of the height-width ratio will not exert a significant impact 506 

on the relative value of the base shear (V~ /V). 507 

 508 
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