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Abstract

Soil-structure interaction (SSI) can significantly influence earthquake responses in base-isolated (Bl) buildings, yet it is
often overlooked in practice due to the high computational demands of complex analyses. This study investigates SSI
effects on reinforced concrete (RC) base-isolated buildings, idealizing SSI with a cone model. Three BI building models
of varying heights and soil characteristics were analyzed using modal and nonlinear time history analysis. The base
isolation system incorporated elastic sliding bearings, lead rubber bearings, natural rubber bearings, and oil dampers. The
SSI model was idealized considering hard, medium, and soft soils. To simulate earthquake input, three artificial ground
motions with different phase characteristics were generated to match the design response spectrum according to the
Japanese code. The seismic responses of the base-isolated building models with SSI were compared to those of models
without SSI. Modal analysis showed that the natural period increased with softer soil profiles. In the first and second
modes, the natural period lengthened as the building’s aspect ratio increased. Conversely, in the higher modes with a
rocking pattern, the building with the lowest aspect ratio exhibited the longest natural period. Overall, implementing SSI
generally reduced seismic responses, notably lowering story drift, acceleration, and force, particularly for buildings on soft
soil. However, the SSI effect significantly increased the base rotation angle in high aspect ratio buildings on soft and
medium soils. These findings indicate that including SSI in analysis is essential for more realistic seismic response
predictions, especially for tall, slender base-isolated buildings.
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1. Introduction

Numerous earthquakes have caused significant damage to buildings, underscoring the need for disaster prevention
measures to enhance building safety. One effective approach is improving building performance through base isolation
techniques, which involve separating the superstructure from the foundation by installing low-stiffness devices that
decouple the building from the horizontal component of ground motion [1]. This increases the building’s natural period,
thereby reducing the force transmitted from the ground to the superstructure. Several studies have evaluated the
effectiveness of base isolation in enhancing building performance. Ziraoui et al. [2] assessed the use of lead rubber
bearings (LRBs) to improve the seismic resilience of reinforced concrete buildings through numerical analysis. Their
findings indicated that story displacement and inter-story drift, base shear, and moments were reduced by 50%, 60%,
and 70%, respectively, compared to non-isolated buildings. Similarly, Usta [3] conducted a finite element simulation to
examine the seismic performance of a historical masonry mosque using nonlinear time history analysis, showing that
LRBs increased the building’s natural period while reducing displacement, acceleration, and forces on the structure.
These findings suggest that base isolation systems are an effective method for protecting structures from severe
earthquake damage.
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Conventional seismic analyses assume that base-isolated buildings rest on rigid soil, thereby ignoring soil-structure
interaction (SSI). However, different soil characteristics introduce varying levels of flexibility into the system, which,
in combination with base isolation, can impact the overall building response. This flexibility is influenced by factors
such as shear wave velocity and soil layer depth [4]. Alavi & Alidoost [5] and Hatami et al. [6] examined SSI effects on
base-isolated and non-isolated buildings of different heights, represented by aspect ratios (the ratio of building height to
the equivalent foundation radius) ranging from 0.8 to 4.0. Their results indicated that the natural period of base-isolated
buildings with high aspect ratios on soft soil increased by up to 26%, whereas SSI effects on the natural period were
negligible in stiffer soil conditions. Additionally, for base-isolated buildings with high aspect ratios, the base shear and
relative displacement decreased by 10% to 28%, while base rocking might increase due to the effects of soft soil. A
parametric study by Du et al. [7] used a 2-degree-of-freedom model with sway and rocking springs in dynamic analysis
to examine base-isolated buildings in the frequency domain. Their findings highlighted that SSI effects are more
pronounced in tall, slender base-isolated buildings than in low-rise structures. Furthermore, nonlinear time history
analysis of base-isolated shear-frame structures with a mass-spring dashpot model revealed that base shear, story
acceleration, story displacement, and the overall effectiveness of the base isolation system decreased with increasing
soil flexibility [8]. Forcellini [9] conducted finite element analysis showing that SSI can reduce base shear while
increasing the natural period and base displacement of base-isolated buildings. Additionally, Cruz & Miranda [10]
evaluated SSI effects on the equivalent damping ratio in non-isolated buildings, finding that the damping ratio decreased
in tall, slender buildings but increased in low, squat buildings with SSI.

Various methods have been developed to model soil-structure interaction (SSI), including the single degree of
freedom mass-spring dashpot [11, 12], elastic half-space [13, 14], continuum approaches, finite element method [15],
and the cone model [16-18]. The mass-spring-dashpot model represents the foundation as a single mass connected to a
linear spring and damper, capturing the soil’s stiffness and damping. However, this model is limited in that it cannot
account for frequency-dependent effects or additional damping coefficients that may influence dynamic SSI [19]. In the
elastic half-space model, the foundation is idealized as a cylindrical disk on a homogeneous elastic half-space, with a
uniformly distributed vertical load beneath the footing. However, actual soil conditions rarely exhibit homogeneity, as
layered soil and rigid rock layers are often present, which can increase resonance frequency [20, 21]. The continuum
method simplifies the rigid foundation as a lumped parameter model on elastic half-space soil, applying an impedance
function to account for displacement under vertical load, thus incorporating soil stiffness and damping. The finite
element method idealizes soil as three-dimensional, axisymmetric solid elements or two-dimensional plane strain
elements. Although this approach is highly accurate, it demands significant computational resources [15].

The cone model represents a massless, rigid foundation on the surface of a homogeneous half-space, modeled using
truncated semi-infinite elements that account for wave propagation effects through complex stiffness and wave
mechanics principles [16-18]. The truncated area expands with increasing depth, resembling a cone. This approach
simplifies the complex behavior of soil by replacing it with sway and rocking springs, as well as dampers, to simulate
soil and foundation radiation damping. Compared to simpler models like the mass-spring-dashpot, the cone model better
accounts for higher damping effects, offering greater accuracy under dynamic loading conditions [19]. Additionally, the
cone model represents an elastic half-space by limiting the propagated area to the soil region that significantly influences
the foundation's response, disregarding areas outside the cone with minimal structural impact. This model is valid for
both low and high frequencies, accurately capturing the static stiffness and radiation damping characteristics of an elastic
half-space [22]. However, this method does not account for the plastic deformation in soil, residual displacements, or
foundation-soil separation, as it assumes an elastic soil behavior. Therefore, for complex and critical structures, more
advanced methods, such as continuum and finite element modeling, may be necessary. Although these methods offer
greater accuracy, they require complex modeling and come with high computational costs.

Several studies have examined SSI effects on the dynamic response of structures using the cone model approach.
For example, Bararnia et al. [23] investigated the combined effects of SSI and nonlinear superstructure behavior on the
inelastic displacement ratios of soil-structure systems with embedded foundations, focusing on kinematic interaction
and rocking foundation input motion. Hassani et al. [24] evaluated inelastic displacement ratios for degraded structures
considering SSI, with a focus on different hysteresis models and the impact of SSI on nonlinear responses, particularly
for strength-stiffness degrading systems. Lu et al. [25] enhanced the accuracy of the replacement oscillator approach for
SSI analysis of flexible-based structures on soft soil, while Ganjavi et al. [26] investigated SSI impacts and lateral load
patterns on the seismic response of steel moment-resisting frames designed with performance-based plastic design,
proposing new ductility-dependent strength reduction factors for flexible base conditions. However, the effects of SSI
on base-isolated buildings using the cone model have not been addressed in prior studies.

This study investigates the seismic behavior of reinforced concrete (RC) base-isolated buildings through nonlinear
time history (NLTH) and modal analysis. The cone model is employed to idealize soil-structure interaction (SSI) due to
its simplicity, efficiency, and low computational cost, while still effectively representing soil dynamic wave propagation.
Three building models (5, 10, and 15 stories) were designed according to Japanese design provisions and analyzed in
STERA 3D v11.5 [27]. The seismic responses, including inter-story drift, displacement, acceleration, base shear, and
base rotation, were compared by incorporating SSI effects across different soil types (hard, medium, and soft) and by
evaluating base-isolated building models without SSI effects. The findings aim to emphasize the significance of SSI
modeling and encourage practicing engineers to enhance base-isolated building analysis methods by considering SSI.
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Section 2 details the research methodology, including the study workflow, preliminary design of the base-isolated
building model, SSI idealization using the cone model, generation of spectrum-matched ground motions, and modeling
method in STERA 3D v11.5. Section 3 presents the results and discussion, covering natural period, story displacement
and drift, story acceleration, story shear, and base rotation. The study's conclusions are summarized in Section 4.

2. Methods
2.1. Workflow of the Study

The workflow of this study is illustrated in Figure 1. Three base-isolated building models (5, 10, and 15 stories) were
designed to meet level 2 earthquake safety limits in accordance with the Japanese code, as outlined in reports by
Ishiyama [28], Japan Society of Seismic Isolation (JSSI) [29], and in the study by Pietra et al. [30]. Three soil conditions
were selected: hard (H), medium (M), and soft (S). Models without SSI are labeled as BI-H, BI-M, and BI-S, while
models with SSI are labeled as SSI-H, SSI-M, and SSI-S, respectively. The cone model was used to calculate sway and
rocking springs for the SSI-BI models, based on Caltrans’ soil profile types as described by Wair et al. [31]. Additionally,
three artificial ground motions were generated to align with the design response spectrum, following Japanese code
provisions. Nonlinear time history (NLTH) and modal analysis were conducted to investigate the seismic behavior of
all base-isolated (BI) models. The analysis results, including inter-story drift and displacement, story acceleration, story
forces, base shear, and base rocking, were discussed and compared.

Without SSI

BI building design: 1 |
5F, 10F, 15F 1 1
BI-M .
1 1 Discussed the SSI
1 | effect to:
1 1 . -
Cone model Modal and NLTH I | L. Hatur al.peuod
: e I 2. Story displacement
Start (sway and rocking [ analysis using [— ™ and diift
springs calculation) STERA 3DvVI11.5 T — I :
= ml 3SI-8 L] |3. Story acceleration
: : 4. Story force
Matched-spectrum ! 1 3. Base rotation
. SSI-M
ground motion ] i

generation (hard, I |
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soil amplifications) 1

Considering SSI

Figure 1. The study workflow

2.2. Preliminary Design of Base-lIsolated Building

Three office buildings, with 5, 10, and 15 stories respectively, were designed using a reinforced concrete structure.
Each story has a typical weight of 12 kN/m2, while the weight of the story above the isolation layer was assumed to be
18 kN/m?, 24 kN/m?, and 30 kN/m? for the 5-, 10-, and 15-story cases, respectively. The height of each story in the
superstructure is 4 m, and the isolation layer, designed for the repair and replacement of base isolation devices, has a
height of 1.5 m. The elevation and plan views of all buildings are shown in Figure 2. An equivalent lateral force (ELF)
method was initially applied to the non-isolated building system with fixed base supports to determine the adequate
seismic capacity for each structural element. Base shear was calculated by multiplying the base shear coefficient by the
total weight of the structure. As outlined in Ishiyama [28], the base shear coefficient (C,) for the initial building design
can be approximated using C,=0.18/T, where T represents the natural period of the non-isolated building. The natural
period, 7, was calculated using the formula 7' = 0.02H, where H is the total story height. The final base shear coefficient
and natural period obtained from manual calculations and STERA 3D v11.5 are summarized in Table 1. The beam and
column configurations were designed to be consistent every 5 stories, and the section properties of each building are
detailed in Tables 2 and 3. Additionally, the material properties of the steel reinforcements were specified according to
the Japanese Industrial Standard (JIS) [32].

Table 1. Base shear coefficient and natural period of the final building design results

Base Shear Coefficient, Cs  Natural Period, T (sec)

Building
Manual STERA 3D Manual STERA3D
5F 0.45 0.49 0.40 0.54
10F 0.23 0.33 0.80 0.86
15F 0.15 0.21 1.20 1.12
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Figure 2. Elevation and plan views of the base-isolated building
Table 2. Beam section and material properties
Section Slab Top & Bottom Stirrups Concrete Yield Strength Yield Strength
o . Thickness Rebars P Compressive Strength of Rebar of Stirrups
No. Building Location R
B x D t - - fe fyb fys
(mm?) (mm) (mm) (mm) (MPa) (MPa) (MPa)
5F 1-5F
B1 10F 6—10F  350x600 150 6 D25 3 D16 - 100 30 490 345
15F 11-15F
5F 1-5F
B2 10F 6—10F  350x600 150 5 D25 3 D16 - 100 30 490 345
15F 11-15F
10F 1-5F
B3 400x700 150 6 D25 3 D16 - 100 36 490 345
15F 6 —10F
10F 1-5F
B4 400x700 150 5 D25 3 D16 - 100 36 490 345
15F 6 —10F
B5 15F 1-5F 450800 150 6 D25 3 D16 - 100 42 490 345
B6 15F 1-5F 450%x800 150 5 D25 3 D16 - 100 42 490 345
Table 3. Column section and material properties
Section Axial Hoops Concrete Compressive  Yield Strength Yield Strength
N Buildi Locati Rebars P Strength of Rebar of Hoops
0. uilding ocation B XD . . £ £ £
(mm?) (mm) (mm) (MPa) (MPa) (MPa)
5F 1-5F
C1 10F 6—10F 700x700 20 D25 4 D16 -100 30 490 345
15F 11-15F
5F 1-5F
c2 10F 6-10F 600x600 16 D25 4 D16 - 100 30 490 345
15F 11-15F
C3 10F 1-5F 800x800 20 D25 4 D16 - 100 36 490 345
10F 1-5F
c4 700x700 16 D25 4 D16 - 100 36 490 345
15F 6 —10F
C5 15F 1-5F 900x900 20 D25 4 D16 - 100 42 490 345
Cé 15F 1-5F 800x800 16 D25 4 D16 - 100 42 490 345
c7 15F 6—-10F 800x800 16 D25 4 D16 - 100 36 490 345
c8 15F 10-15F 700x700 16 D25 4 D16 - 100 30 490 345
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The base isolation system incorporated a combination of devices, including elastic sliding bearings (ESB), lead
rubber bearings (LRB), and natural rubber bearings (NRB), as shown in Figure 2-c. The dimensions of each device were
determined based on the long-term axial forces exerted by the columns, ensuring these forces remained within each
device’s capacity according to the manufacturer’s specifications [33, 34]. The design parameters for the base isolators
are summarized in Table 4.

Table 4. Design parameters of base isolation devices according to Bridgestone [33] and Oiles [34] catalogs

Initial Yield Second Design Effective Vertical
Device D Building Stiffness Strength Stiffness  Displacement Stiffness Stiffness
Ko Fy K2 Dq Kett Ky

(kN/mm) (kN) (mm) (mm) (kN/mm) (kN/mm)
SL040GC 5F 3.85 253.50 0 450.00 0.56 3290
ESB SLO70GC 10F 7.44 468.00 0 697.50 0.67 6190
SSR-S-8080R06 15F 65.60 719.30 0 652.50 1.10 78102
LH060G4 5F 7.14 43.30 0.55 414.80 0.65 1670
LRB LL060G4 10F 8.82 43.30 0.69 414.40 0.77 2070
LHO70G4 15F 9.63 67.80 0.74 483.20 0.87 2250
NS070N3 5F, 10F 0.80 - - 451.20 0.80 2470
NRB NS085N3 15F 0.98 - - 547.20 0.98 3000
SL040GC 5F 3.85 253.50 0 450.00 0.56 3290

Additionally, oil dampers were installed to control bearing displacement and increase the damping capacity of the
base isolation system. The required relief force for these dampers was set at 40% of the total yield force capacity of the
base isolation devices. The number of dampers needed was calculated by dividing the required relief force by each
device’s relief force capacity, as specified in the manufacturer’s catalog [35]. The design parameters for the oil dampers
are presented in Table 5.

Table 5. Design parameters of oil damper according to Kawakin catalog [35]

Initial Damping  Second Damping  Relief Force  Relief Velocity

1D Building C1 C, Fr Vi
(KN.s/mm) (kN.s/mm) (kN) (mm/s)

KYM-750-B 5F, 10F 1.875 0.127 600 320

KYM-1000-B 15F 2.500 0.170 800 320

2.3. Cone Model Approach

The sway and rocking characteristics of a layered soil system were calculated using the cone model approach. For a
foundation situated on layered soil, each layer at depth d has several properties, such as soil unit weight (p), shear
modulus (G), elastic modulus (E), Poisson’s ratio (v), and damping ratio (c). This model is based on the assumption that
the soil beneath a massless circular foundation act as an elastic semi-infinite medium that responds to dynamic loading
through a series of truncated conical bars radiating outward from the load application point (apex) [17]. The cross-
sectional area of the cone increases with depth. Accordingly, the truncated cone area (A4) is equal to the foundation area
(4,) multiplied by the square of the ratio between the truncated cone depth (z) and the foundation depth (z,) from the
apex. The truncated cone and foundation areas are represented by a circular area involving the radius of the cone at it"
layer (r;) and at (i — 1)™ layer (r;_,), as well as the foundation radius (), as illustrated in Figure 3.

apex T apex G ....................... ;
z 2?}. 2r, z,
SRR — R —
e ry T - N
M Gy, d,
’ //(;\ Gov, ‘a’: - 2r, Z,
d_ I/ \ | G,v :d '/ Gﬂ\:. \
4 O+Q, ds 1 2r,
AN _
M+ M, d= 3oV d,,
GV, d

Figure 3. Truncated semi-infinite shear and rocking cone model [17, 18]
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In the sway model case, the shear stress (Q) acting on the bottom and top of the truncated cone is equivalent.
Meanwhile, the strain response due to the applied force can be presented as the differential form of displacement with
respect to the truncated cone depth (0u/0dz). It will result in higher-order components with a very small value that can
be ignored. At the boundary condition, the lateral displacement (U) occurs at the ground surface; otherwise, it is 0 at the
depth of z. If the depth of the truncated cone is assumed to be infinite, the sway stiffness (K) can be expressed through
Equation 1 by dividing the shear stress at the ground surface (Q,) by the lateral displacement at the ground surface (U).
Additionally, the static sway stiffness for a homogeneous half-space, explained by Wolf [18], is shown in Equation 2.
The foundation distance from the apex (z,) is obtained by equating the cone model stiffness in Equation 1 with the
stiffness for a homogeneous half-space in Equation 2, resulting in Equation 3.

0 G
Ky = _70 == 1
20
8G
Ky = ZT:? @)
nro(2—v)
0 = % ©)

The truncated cone area increases as the soil depth increases, so the sway stiffness at it" layer (K’,) can be expressed
through Equation 4, where G1, Gi, G, are the shear modulus at the first layer, i layer, and n™ layer, z; and zi.; are the
depth at i and (i — 1)™ layer, respectively. In the case of layered soil, each layer is linked in a series system, so the total
sway series stiffness (Kj;) can be written in Equation 5. Meanwhile, the variable « in Equations 6 and 7 represents
impedance factor of sway at i (@;) or n'" (a,,) layer.

Ko = 57 Ko (5)
@ = (2) 2= @)

In the case of rocking motion, the rocking stiffness of cone model (K%) in Equation 16 can be obtained by
implementing the same concept as in sway motion where the moment (M) acting on the bottom and top of foundation
are equivalent. Meanwhile, the Equation for static rocking stiffness on homogeneous soil (Ky) is shown in Equation 8
according to Wolf [18] and Architectural Institute of Japan (AlJ) [36]. Equalizing Equations 8 and 9 will result in the
foundation distance from the apex (z,) in Equation 10. Furthermore, the series rocking stiffness of layered soil is written
in Equations 11 to 14, where K} is rocking stiffness at i" layer, K,,, is total series rocking stiffness, E; is elastic modulus
of soil at the first layer, En, is elastic modulus at n'" layer, v, is the Poisson’s ratio at the first layer, while a,; and a,,, are
impedance factor of rocking at it and n™ layer, respectively.

K = 2E ®)
Ko = 200 ©)
7o = Zl) (10)
Ki = 3’?5)“ ) 3(33_33 (11)
Koo = Sz st (12)
ar = (8) it (13)
i = (2) (222) (14)

On the other hand, the ground motion acting on the massless rigid foundation leads to wave propagation downwards
from the foundation, which is called radiation damping [10, 17, 37]. The motion acting on the ground surface is equal
to the foundation mation, so only the wave travelling away from the structure exists in the soil layer. The derivation of
the radiation damping formula was presented by Shibata [37]. Meanwhile, the radiation damping due to sway (cy) and
rocking (cg) are shown in Equations 15 to 17, where A, and I, are the circular foundation’s section area and moment of
inertia, V,, is Lysmer’s analog velocity, and V; is shear wave velocity.
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cy = pVsdo (15)

CR = pVLaIO (16)
_ 34Vs

La — (1-v) (17)

The sway-rocking model applied on a base-isolated building is depicted in Figure 4. The cone model method was
applied, and the sway-rocking parameters were calculated by STERA 3D v11.5. The input soil properties for hard,
medium, and soft soils are summarized in Table 6. The cone model parameters are presented in Table 7.

Base isolators

Oil damper

Figure 4. Sway-rocking model applied on base-isolated building

Table 6. Three soil properties according to Caltrans’ soil classification [31]

Soil Unit Weight  Layer Thickness ~ Shear Wave Velocity, Vs

Layer P di Hard Medium  Soft
(KN/m?®) (m) (m/s) (m/s) (m/s)

1 16.0 3 340 170 100

2 17.0 7 430 220 110

3 175 6 520 260 130

4 18.0 14 700 350 170
Bedrock 23.6 0 1000 1000 1000

Table 7. Sway and rocking spring parameters

Base Sway Sway Radiation Rocking Rocking Radiation
Building Dimension Soil Type Stiffness Damping Stiffness Damping
(BxDxt) Kb CH Krb Cr
(m®) (KN/m) (kN.s/m) kNm/rad kNm.s/rad
Hard 1.14x107 1.20x10° 1.28x10° 7.79x107
5F 22.5%22.5x0.6  Medium 2.97x108 1.20x10° 3.29x10°8 7.79x107
Soft 8.58x10° 1.20x10° 9.52x107 7.79x107
Hard 1.16x107 1.20x10° 1.32x10° 7.79x107
10F 22.5x22.5%x0.8  Medium 3.03x10° 1.20x10° 3.37x108 7.79x107
Soft 8.70x10° 1.20x10° 9.71x107 7.79x107
Hard 1.18x107 1.20x10° 1.35x10° 7.79x107
15F 22.5x22.5x1.0  Medium 3.10x10° 1.20x10° 3.46x108 7.79x107
Soft 8.83x10° 1.20x10° 9.89x107 7.79x107

3461



Civil Engineering Journal Vol. 10, No. 11, November, 2024

2.4. Spectrum-Matched Ground Motions

Three artificial ground motions with different earthquake phases as summarized in Table 8 were generated using
STERA WAVE v1.0 [38] to match the design response spectrum of level 2 earthquake intensity (life safety) [28]. The
soil amplification factor to the engineering bedrock was considered in each soil condition based on the equivalent single-
soil layer method to represent multilayer soil properties [36]. The matched-spectra of each ground motion to the target
response spectrum considering hard soil (RS-Hard), medium soil (RS-Medium), and soft soil (RS-Soft) amplifications
are presented in Figures 5-a to 5-c. The time histories of generated ground motions are presented in Figures 5-d to 5-f.

Table 8. Selected ground motions for nonlinear time history analysis

No. ID Phase Information  Year Component
1 Art-EC El Centro 1940  North-South (NS)
2 Art-Kobe Kobe 1995  North-South (NS)
3 Art-Random Random -

(=)
=3
(=1
=

(@) — Ar-EC (b) Ar-EC (© Art-EC
4500 — Art-Kobe E — Art-Kobe — Art-Kobe
—— Art-Random —— Art-Random —— Art-Random
3000 -] === RS-Hard | === RS-Medium | | === RS-Soft

Spectral Acceleration (cm/s?)

1500
0 T ;
0 2 4 6
1500
a @
e 750
2
=1
-2 0
o
5
8 750 L
2 i
< i
1500 . r : i
0 20 40 60 0 20 40 60 0 20 40 60

Period (sec)

Figure 5. Spectral matching results: (a) response spectrum of hard soil, (b) medium soil, and (c) soft soil, (d) ground motion
of hard soil, () medium soil, and (f) soft soil

2.5. Modeling Method in STERA 3D

Figure 6 illustrates the three-dimensional frame models generated using STERA 3D v11.5 [27] to simulate base-
isolated buildings of varying heights. Beams and columns were defined as line elements using three-dimensional beam-
column formulations that included axial, torsional, nonlinear bending, and nonlinear shear springs. The flexural behavior
of beams and columns followed a tri-linear hysteretic loop based on the Takeda model [39], which represents cracking,
yielding, and nonlinear states while accounting for degradation. Beam-column connections were assumed to be rigid,
with shear deformation in the connection area neglected. The floor diaphragm was modeled as rigid for in-plane
deformation. Additionally, floor mass was assumed to be lumped at the center of gravity on each story.

Beam Column
elements elements

Base
isolators

Oil dampers
(a) 5 story BI building (b) 10 story BI building (c) 15 story BI building (d) Model description

Figure 6. Base-isolated building models in STERA 3D v11.5
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Ground springs were used to model sway and rocking springs based on the cone model and were applied to the
building's basement, where the floor diaphragm was restrained at the center of gravity in all degrees of freedom except
in the sway and rocking directions. The base isolation system was idealized with link elements that considered only the
lateral and vertical stiffness. Lead rubber bearings (LRB) and elastic sliding bearings (ESB) were modeled with bilinear
curves, while natural rubber bearings (NRB) were represented using an elastic model. The oil damper was modeled as
a line element and its force-velocity relationship was represented using the Maxwell model, which consists of an elastic
spring and viscous dashpot in series, as described by Papanicolaou & Zaoutsos [40].

3. Results and Discussion
3.1. Introduction

This study involves two primary cases: base-isolated (BI) building models with and without considering SSI effects.
Each case was subjected to three ground motion events, accounting for the amplification factor due to soil wave
propagation across different soil profiles. Aspect ratios of 1.58, 3.15, and 4.73 were used to represent the slenderness of
5-, 10-, and 15-story buildings, respectively, calculated by dividing the total building height (#) by the equivalent radius
of foundation (r,). The analysis results, including the effects of SSI on the natural period, story displacement and drift,
story acceleration, story shear, and base rotation, are presented and discussed.

3.2. Natural Period

Modal analysis was conducted to evaluate the impact of SSI on the natural period of base-isolated buildings. As
illustrated in Figure 7, BI buildings with higher aspect ratios were more affected by SSI in the first and second modes.
For 5-story buildings (aspect ratio of 1.58), the first mode natural periods were 2.799 sec, 2.803 sec, 2.813 sec, and
2.847 sec for BI buildings without SSI and with hard, medium, and soft soils, respectively. Conversely, for 15-story
buildings (aspect ratio of 4.73), the first mode natural periods were 4.027 sec, 4.056 sec, 4.142 sec, and 4.429 sec for Bl
buildings without SSI and with hard, medium, and soft soils, respectively.
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Figure 7. Natural period of BI buildings comparison to the aspect ratio (H/r)

A similar trend was observed in the second mode, with the natural period gradually increasing as the soil became
softer. This indicates that the aspect ratio significantly influences the impact of SSI. Figure 8 further confirmed that the
increase in the natural period was more pronounced for Bl buildings with higher aspect ratios. This was shown by the
percentage increase of the natural period of Bl buildings with SSI (7g,) relative to those without SSI (7%,), calculated
as (Tssy — Tgp)/ Ty The results showed that for the first and second modes, the natural period of the 5-story building
increased by 0.1%, 0.5%, and 1.7% due to hard, medium, and soft soil effects, respectively. In contrast, the natural
period of the 15-story building increased by 0.7%, 2.9%, and 10% for the same soil conditions. These findings align
with studies by Alavi and Alidoost [5] and Hatami et al. [6], which stated that the greatest natural period increase was
shown by Bl buildings with an aspect ratio of 4.0 on soft soil, that was up to 26%. Overall, the results indicate that while
hard soil has a minimal effect on the natural period, medium, and soft soils contribute to more significant increases.
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Figure 8. Relative natural period of Bl buildings with and without considering SSI

At higher modes, where rotational modes occurred, the effects of medium and soft soil were more pronounced in the
5-story model compared to the 10- and 15-story models. From mode 3 to mode 6, the natural period of the 5-story model
increased significantly due to the influence of medium and soft soils, while hard soil had a negligible effect on the
natural period. It was observed that, in mode 3, the natural period of the 5-story building was 0.163 seconds without
considering SSI, and increased to 0.163 seconds, 0.425 seconds, and 0.497 seconds when SSI with hard, medium, and
soft soils were considered, respectively. Meanwhile, the natural period of the 15-story building without SSI was 0.91
seconds and increased to 0.953 seconds, 1.065 seconds, and 1.339 seconds for hard, medium, and soft soils, respectively.
This period increase was also confirmed in Figure 8, where the greatest increase in mode 3 was observed in the 5-story
model, with changes of 0.0%, 160.7%, and 204.9%. In contrast, the natural period of the 15-story building increased by
4.7%, 17.0%, and 47.1% for hard, medium, and soft soils, respectively. These findings align with the study by Jennings
and Bielak [41], who noted that SSI has a smaller effect on the natural period of tall buildings at higher modes.
Conversely, the natural period of shorter buildings increased in higher modes as the soil became softer. This phenomenon
attributed to the rocking of the building rather than the swaying of the base mass [41].

3.3. Story Displacement and Drift

Figure 9 shows the average story displacement of 5-, 10-, and 15-story Bl buildings under three input ground
motions. It was observed that SSI had minimal impact on the story displacement of the 5-story and 10-story buildings,
whereas its effects were more pronounced for the 15-story building, particularly due to soft soil. Additionally, isolation
layer displacement was a crucial indicator for ensuring safety against displacement demands during earthquakes.
Therefore, the design displacement of the LRB (maximum base isolator displacement) from Table 4 was used, as it had
the lowest design displacement among all devices. In this context, the largest displacement was observed due to the soft
soil effect but remained below the maximum allowable base isolator displacement. Specifically, the isolation layer
displacements for the 5-story building without and with the soft soil effect were 35.76 cm and 35.65 cm, respectively.
For the 10-story building, the results were 28.32 cm without and 29.15 cm with the soft soil effect. Similarly, for the 15-
story building, the displacements were 26.75 cm without and 27.66 cm with the soft soil effect. Figure 10 exhibits the
percentage changes of the top story and isolation layer displacements of BI buildings with SSI (&) relative to those
without SSI (85,), calculated as (6, — 85,) /65, The results indicate that the SSI effect slightly increased the isolation
layer displacement of the 10- and 15-story buildings by 2.90% and 3.40% due to the soft soil, while the change in the
5-story building was negligible. Additionally, the hard and medium soil cases showed negligible changes in isolation
layer displacement for all buildings, with values below 1.0%.
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The top story displacement was not significantly affected by SSI, as shown in Figure 9. The largest displacement
response was observed in the BI building on soft soil, which was comparable to that of the BI building without SSI. For
example, the top story displacements of the 5-story building were 42.06 cm without and 41.90 cm with the soft soil
effect. The 10-story building showed displacements of 39.54 cm without and 39.25 cm with the soft soil effect. For the
15-story building, the top story displacements were 39.77 cm without and 40.58 cm with the soft soil effect. These
results indicate that SSI slightly influenced the top story displacement across all Bl building models. Figure 10 shows
that the maximum rate of increase was 2.0% for the 15-story building, while the 5- and 10-story buildings experienced
slight decreases of 0.40% and 0.70%, respectively. These outcomes align with the study by Yanik and Ulus [8], which
noted that the effect of SSI on story displacement was more pronounced under soft soil conditions and could reduce the
top story displacement of Bl buildings, although some increases were observed in certain earthquake response cases.
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Figure 10. (a) Relative top story displacement and (b) Relative isolation layer displacement of Bl buildings with and without
considering SSI

Figure 11 presents the average story drift of 5-, 10-, and 15-story Bl buildings, while Figure 12 shows the rate of
story drift changes due to the effect of SSI. It is calculated as (Aggy; — Agy)/Ap;, Where Agg, is the story drift of Bl
buildings with SSI and those without SSI is represented by Ag;. Story drift is defined as the angle between the lateral
relative displacement of each story and the story below, divided by the story height. If a particular story exceeds the
story drift limit set by code provisions, it may require stiffening. In this study, the largest story drift occurred due to the
soft soil effect across all building cases. For the 5-story building, the soft soil reduced the story drift by 0.40%, from
4.75x107% to 4.72x10°® without and with the soft soil effect, respectively. In the 10-story building, the story drift
decreased by up to 12.10%, from 4.48x107 to 3.94x107 due to the soft soil. The most significant reduction of 24.60%
was observed in the 15-story building, where the story drift decreased from 4.94x107 to 3.72x1073. While the soft soil
consistently reduced story drift, the hard and medium soils generally led to increases, as shown in Figure 12. The results
indicated that hard soil increased the story drift of the 5-, 10-, and 15-story buildings by up to 2.90%, 4.00%, and 1.90%,
respectively. Meanwhile, the medium soil caused an increase in story drift for the 5- and 10-story buildings by up to
2.90% and 5.10%, respectively, but resulted in a 6.70% reduction in the 15-story building.
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3.4. Story Acceleration

The effect of SSI on the story acceleration of Bl buildings was more pronounced in medium and soft soil conditions,
especially for the 10- and 15-story buildings. In these cases, the most significant acceleration occurred at the top stories
and isolation layers. Similar results were found by Zhuang et al. [42] in an experimental study, where story accelerations
were lower in the middle stories compared to the top and bottom stories.

As shown in Figure 13, the largest acceleration in the 5-story building was observed at the isolation layer and
significantly reduced from 331.27 cm/s? without SSI to 318.33 cm/s2 with SSI. Similarly, in the 10-story building, the
peak acceleration of 267.37 cm/s? at the isolation layer was reduced to 249.10 cm/s? due to the soft soil effects. For the
15-story building, the highest acceleration at the isolation layer was 404.37 cm/s? without SSI, decreasing to 351.30
cm/s?2 with the consideration of soft soil effects.
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Figure 13. Average story acceleration of Bl buildings: (a) 5-story, (b) 10-story, and (c) 15-story
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Figure 14 clearly shows the reduction rates due to all soil cases, with the largest reduction observed in the soft soil
for the 5-, 10-, and 15-story buildings. It is calculated using (ags; — ag;)/ag;, Where agg; is the story acceleration of Bl
buildings with SSI and those without SSI is represented by ag;. In the 5-story building, acceleration reductions of 0.40%,
1.40%, and 3.90% were recorded for hard, medium, and soft soils, respectively. Greater reductions were noted in the
10-story building, with decreases of 1.90%, 2.60%, and 6.80% for hard, medium, and soft soil conditions. Similarly, the
15-story building experienced reductions of 2.30%, 10.20%, and 22.50% due to hard, medium, and soft soils,
respectively. This indicates that story acceleration reduction increased as the soil became softer. These findings align
with Yanik and Ulus [8], who reported that SSI could reduce story acceleration, with the most significant effects seen
in soft soil conditions. The current study demonstrated that all soil types could reduce story acceleration, although the

reduction rate varied depending on story height and soil characteristics. Specifically, the reduction rate increased with
greater story height and softer soil conditions.
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Figure 14. Average story acceleration of Bl buildings: (a) 5-story, (b) 10-story, and (c) 15-story
3.5. Story Shear

In this section, the base and story shears of Bl buildings with and without SSI are evaluated. To prevent overstressing
the structural elements from lateral earthquake forces at each story, a shear capacity curve is plotted in Figure 15. This
curve was calculated using pushover analysis for a fixed-base building and compared with the story shears of the Bl
building under earthquake excitations. The results in Figure 15 show that the base and story shears did not exceed the
shear capacity, indicating that the building is safe against shear forces from the input earthquakes.
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Figure 15. Average story shear of Bl buildings: (a) 5-story, (b) 10-story, and (c) 15-story

The effect of SSI on base shear is illustrated in Figure 15. The results indicate that the impact of SSI was negligible
for BI buildings on hard and medium soil, while a slight increase was noted for buildings on soft soil. For example, the
base shear of the 5-story building was 7417.67 kN without SSI and 7401.67 kN with the soft soil effect. In the 10-story

building, base shears were 7841.00 kN without and 7964.67 kN with soft soil. Similarly, the base shears for the 15-story
building were 9920.00 kN without and 10053.30 kN with the soft soil effect.

Furthermore, the rate of change in base shear is presented in Figure 16-a, calculated using (Vsg; — V) / Vg, Where
Vg is the base or story shear of Bl buildings with SSI and V; represents those without SSI. The results indicate that SSI
caused a slight reduction in the 5-story building’s base shear, with decreases of 0.10%, 0.30%, and 0.20% for hard,
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medium, and soft soil, respectively. Similarly, in the 10-story building, reductions of 0.40% and 0.30% were noted for
hard and medium soil, while soft soil resulted in a 1.60% increase. In the 15-story building, SSI led to reductions of
0.50% and 0.01% for hard and medium soil, but soft soil caused a 1.30% increase.
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Figure 16. Relative maximum (a) base shear and (b) story shear of BI buildings with and without considering SSI

These findings show that SSI caused only minor changes in base shear. In comparison, Alavi & Alidoost [5] showed
a greater base shear reduction in response spectrum analysis for a lumped mass model as the soil became softer.
However, a finite element analysis by Forcellini et al. [9] yielded similar results to the current study, showing that SSI
did not significantly reduce the base shear of Bl buildings. This was because soft soil induced large shear strain during
an earthquake, which was absorbed by the isolation devices, resulting in larger base shear at the isolation layer [9].

On the other hand, the effect of SSI on story shear is more pronounced with soft soil, particularly in the 10- and 15-
story Bl buildings. Figure 15 shows that the story shears of the 5-story buildings with and without SSI remained identical.
The story shear reduction is presented in Figure 16-b, calculated using the same method described previously. The
largest story shear reduction in the 5-story building was 2.50% at the fifth story, decreasing from 1279.67 kN without
SSl to 1247.67 kN with SSI on soft soil. For the 10-story building, the largest reduction was 11.70% at the ninth story,
dropping from 2221.33 kN without SSI to 1960.33 kN with soft soil effects. In the 15-story building, the most significant
reduction of 22.50% occurred at the fourteenth story, where shear decreased from 2379.00 kN without SSI to 1842.67
kN with SSI on soft soil. Figure 16-b also indicates that increased soil softness led to greater story shear reductions. For
instance, in the 15-story building, the reduction rates for hard, medium, and soft soils were 2.30%, 10.10%, and 22.50%,
respectively.

3.6. Base Rotation (Rocking Effect)

The rocking effect of Bl buildings may cause additional displacement in the superstructure, represented by the
rotation angle at the base. To examine the impact of the base isolation system on rocking behavior, non-isolated (NI)
buildings with the same structural and soil spring properties as the Bl buildings were analyzed. As shown in Figure 17,
the base-isolated model exhibited smaller rotation angles compared to the non-isolated model in all cases. This reduction
is due to the additional damping provided by the base isolation system, which dissipates a substantial amount of
earthquake energy, thereby minimizing the energy transmitted to the superstructure. Furthermore, the base isolation
system creates a more uniform distribution of inertia forces in the superstructure, reducing the rotational angle in base-
isolated buildings, as the mass moment of inertia is lower compared to non-isolated buildings. This indicates that the
base isolation system effectively reduces rocking behavior in 5-, 10-, and 15-story Bl buildings.
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Figure 17. Average base rotation of non-isolated (NI) and Bl buildings considering SSI
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According to Figure 17, the soft soil effect on the Bl building resulted in the largest rotation angle compared to hard
and medium soils. For instance, the rotation angles of the 5-story building due to hard, medium, and soft soil effects
were 0.12x10"rad, 0.28x10* rad, and 0.52x10 rad. In the 10-story building, hard, medium, and soft soils produced
rotation angles of 0.31x10rad, 0.69x10 rad, and 1.42x10* rad. Similarly, in the 15-story building, rotation angles
were 0.55x10%rad, 1.28x10* rad, and 2.79x10** rad due to hard, medium, and soft soil effects, respectively. These
outcomes align with the experimental study by Zhuang et al. [42], which found that the rotation at the isolation layer
and pile cap increased more on soft soil than on hard soil. Furthermore, the current results also demonstrated that
increasing building height could amplify the SSI effect, leading to a larger rotation angle. This finding is consistent with
the study by Ismail et al. [43], who evaluated the impact of story count on the seismic behavior of mid-rise frame
structures. Their results showed that as the number of stories increased, the foundation’s rotation angle also increased.

The rotation angle results were also influenced by soil amplification, which increased the amplitude of ground
motions, while the low rotational stiffness of the rocking soil spring enhanced soil-structure flexibility, resulting in a
larger rotation angle. However, these results were relatively small compared to the angle of the top superstructure
displacement relative to the building height, as summarized in Table 9. This implies that the rocking effect did not
significantly contribute to an increase in superstructure displacement, as shown in Figure 18. Additionally, rotational
mode shapes first appeared at higher modes, starting from mode 3, as shown in Figure 7. Consequently, the contribution
of higher modes due to SSI to the rocking effect and superstructure displacement was negligible. This aligns with the
findings of Jennings and Bielak [41], who concluded that the effect of SSI on seismic responses predominantly occurs
at the fundamental mode rather than at higher modes.

Table 9. Rotation angle of Bl building considering SSI effect

Hard SSI Effect (SSI-H) Medium SSI Effect (SSI-M) Soft SSI Effect (SSI-S)

Building Base Superstructure Base Superstructure Base Superstructure
(rad) (rad) (rad) (rad) (rad) (rad)
5F 0.12x10* 0.18 0.28x10* 0.20 0.52x10* 0.31
10F 0.31x10* 0.18 0.69%x10* 0.17 1.42x10"* 0.25
15F 0.55x10* 0.22 1.28x10* 0.16 2.79x10* 0.22
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Figure 18. Average superstructure displacement of Bl buildings: (a) 5-story, (b) 10-story, and (c) 15-story

4. Conclusions

This study investigated the effects of soil-structure interaction (SSI) on three reinforced concrete base-isolated (BI)
buildings with varying story heights. Three soil types were also considered to model the sway and rocking springs using
the cone model approach. Based on nonlinear time history and modal analysis, several conclusions were drawn as
follows:

e The effects of SSI led to an increase in the natural period of Bl buildings. The greatest increases in the first and
second modes were observed in the 15-story building, while the smallest increase occurred in the 5-story building.
This indicates that in the sway mode pattern, taller, more slender buildings are more affected by SSI. In contrast,
the largest increase in higher modes, where the rocking mode pattern is dominant, was seen in the shorter, squat
building on soft soil. Additionally, the softer the soil characteristics, the greater the increase in the natural period
across all modes.

e The top story displacement was not significantly affected by SSI due to an increase in base displacement, although
each story’s displacement showed slight variation. However, the presence of a soft soil spring reduced story drift
by 2.80%, 12.10%, and 24.60% in the 5-story, 10-story, and 15-story buildings, respectively. In contrast, hard and
medium soil conditions tended to slightly increase story drift.
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e The presence of SSI reduced story acceleration, with the greatest reduction observed in the Bl building on soft
soil, followed by those on medium and hard soils, respectively. Additionally, tall and slender buildings were more
affected by medium and soft soils compared to shorter, squat buildings.

¢ SSI had a slight effect on base shear, but it significantly reduced story shear forces, with the reduction being more
pronounced in taller, slender buildings on soft soil. Consequently, story force reductions of 2.50%, 11.70%, and
22.50% were observed in the 5-story, 10-story, and 15-story buildings, respectively, due to soft soil. In contrast,
the maximum reduction for hard and medium soils did not exceed 10.10% across all building cases.

¢ The rotational angle was also influenced by the SSI effect, with soft soil producing the largest angle among all soil
cases. The rotational angle increased significantly in Bl buildings with a higher aspect ratio. Additionally, base-
isolated buildings effectively reduced rocking behavior compared to non-isolated buildings.
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