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ABSTRACT

Base-isolated buildings are often modeled under the assumption that they rest on
rigid soil, neglecting the interaction between the soil and structure, which can influence
structural responses due to varying soil properties. However, accurately simulating actual
soil conditions require complex analyses with high computational demands. Therefore,
this study examines the influence of soil-structure interaction (SSI) on reinforced
concrete (RC) base-isolated buildings by adopting a cone model approach, which offers
a simplified yet effective representation of soil dynamic wave propagation. Three base-
isolated buildings with different heights and soil properties were analyzed using modal
and nonlinear time history (NLTH) analysis. The base isolation system consisted of
elastic sliding bearings, lead rubber bearings, natural rubber bearings, and oil dampers.
SS| was modeled for hard, medium, and soft soils. Three artificial ground motions with
varying phase characteristics were generated to match the design response spectrum
specified by the Japanese code. The seismic responses of base-isolated buildings with
SSI were compared to those without SSI. Results showed that softer soil increased the
natural period. In the first and second modes, the natural period lengthened as the
building’s aspect ratio increased. However, in higher modes with rocking behavior, the
shortest building exhibited the longest natural period. SSI generally reduced seismic
responses, lowering story drift, acceleration, and shear force, particularly on soft soil.
However, in tall, slender buildings on soft and medium soils, SSI significantly increased
the base rotation angle. These findings highlight the importance of incorporating SSI into
analysis for more accurate seismic response predictions.

1. INTRODUCTION
Base isolation technique is widely used to improve the seismic performance of

buildings by installing low-stiffness devices between the superstructure and foundation,
effectively decoupling the building from the horizontal component of ground motion

Y Ph.D. Student
2) Professor


mailto:saito.taiki.bv@tut.jp

The 2025 World Congress on
Advances in Structural Engineering and Mechanics (ASEM25)
BEXCO, Busan, Korea, August 11-14, 2025

(Naeim and Kelly 1999). Several studies have shown that this technique can significantly
reduce the seismic responses of buildings. For instance, Ziraoui et al. (2024) and Usta
(2021) compared the seismic responses of base-isolated and non-isolated buildings and
found that base isolation increases the natural period of a building while reducing story
displacement, acceleration, base shear, and moment (Usta 2021; Ziraoui et al. 2024).

Despite the effectiveness of base isolation system, different soil characteristics
introduced varying levels of flexibility into the system that affected the seismic responses
of base-isolated buildings. This phenomenon is known as soil-structure interaction (SSI).
The effects of SSI have been investigated in several studies, which reported that the
natural period of base-isolated building with high aspect ratio (ratio of building height to
the equivalent foundation radius) increased by up to 26%. Additionally, relative
displacement and base shear decrease by 10% to 28% due to the influence of soft soil
(Alavi and Alidoost 2012; Forcellini 2018; Hatami et al. 2015). However, in buildings with
low aspect ratios, the effects of SSI are generally less significant (Du et al. 2018). Despite
these findings, SSI is often neglected due to its complexity and high computational
demands. Instead, a rigid foundation assumption is commonly adopted, which applies
large stiffness in all degrees of freedom, resulting in less accurate representation of the
real condition.

Various modeling methods have been developed to simulate SSI, including the
mass-spring-dashpot, elastic half-space, finite element, and cone model. Each has its
own advantages and limitations. While the finite element method offers high accuracy, it
involves complex simulations and high computational costs. In contrast, the cone model
offers an efficient and effective way of representing soil wave propagation. It simplifies
soil behavior by replacing it with sway and rocking springs along with dampers to simulate
soil and foundation radiation damping (Wolf 1994; Wolf and Deeks 2004a; b). Compared
to the mass-spring-dashpot model, the cone model provides more accurate results under
dynamic loading conditions due to its improved representation of damping effects (Bapir
et al. 2023). It also approximates elastic half-space by limiting the propagation area to a
truncated cone that expands with depth, effectively neglecting distant zones with minimal
structural impact. As a result, the cone model accurately captures both static stiffness
and radiation damping characteristics of an elastic half-space across low and high
frequencies (Meek and Wolf 1993). However, it assumes elastic soil properties and does
not account for plastic deformation, residual displacements, or foundation-soil separation.

In this study, the seismic performance of reinforced concrete (RC) base-isolated
buildings is investigated using nonlinear time history and modal analyses, while
incorporating SSI effects. The cone model is adopted due to its efficiency and its ability
to represent the dynamic soil wave propagation. Three building models (5-, 10-, and 15-
story) were designed in accordance with Japanese design standards and analyzed under
different soil conditions (hard, medium, and soft) using STERA 3D v11.5 software (Saito
2024a; Santoso and Saito 2024). The results compare inter-story drift, displacement,
acceleration, base shear, and base rotation of base-isolated buildings with and without
SSI effects. These findings underscore the importance of including SSI in seismic
analysis to improve the safety and reliability of building designs.
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2. ANALYSIS PROCEDURE

2.1 Cone Model Approach

The SSI effect is idealized using the cone model approach, which is represented
by sway and rocking springs. This method assumes that the soil beneath a massless
circular foundation behaves as an elastic semi-infinite medium that responds to dynamic
loading through a series of truncated conical bars radiating outward from the loading
point (apex) (Wolf and Deeks 2004a). As the depth increases, the cross-sectional area
of the truncated cone also increases. An illustration of the cone model is shown in Fig. 1.
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Fig. 1 Truncated semi-infinite cone model for shear and rocking springs (Wolf and
Deeks 2004a; b)

In the case of sway motion, the shear stress acting on the top and bottom of the
cone is assumed to be equivalent. At the boundary condition, horizontal displacement
occurs at the top of foundation, while it is considered zero at the depth of z. The swaying
stiffness at the " layer (K},) can be expressed by Eq. (1). For layered soil, each layer is
linked in a series, thus the total sway stiffness (K,) can be calculated using Eq. (2).
Meanwhile, the impedance factor of sway at the # layer (a;) and the last layer (a;,) are
given by Eq. (3) and Eq. (4), respectively, where G, Gi, and Gn represent the shear
modulus of soil at the first, i, and last layer. Additionally, zo, zi, and zi.1 are the foundation
depth from the apex, the depth of i layer, and (i — 1), respectively. The distance from
the foundation to the apex, zo, can be calculated using Eq. (5), where ro is the equivalent
foundation radius for sway.
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In the case of rocking motion, the rocking stiffness at # layer, Kj, of the cone model
(given in Eq. (6)) can be derived using the same principle applied in sway motion, where
the moments acting on the top and bottom of the foundation are assumed to be
equivalent. The total rocking stiffness (K,;) is calculated using Eq. (7), where v, is the
Poisson’s ratio at the first layer, and E1, Ei, and En are elastic modulus at the first, i, and
the last layers, respectively. The impedance factor of rocking at i and last layers are
given in Eq. (8) and Eq. (9), represented by «,, and «,,, respectively. The elastic
modulus at " layer, E;, and the distance from the apex to the foundation due to rotational
motion can be obtained using Eq. (10) and Eq. (11), where vu; is the Poisson’s ratio of
the i layer and ro is the equivalent foundation radius for rotation.
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When ground motion is applied to a massless rigid foundation, it generates
downward-propagating waves from the foundation into the soil, known as radiation
damping (Shibata 2010; Wolf and Deeks 2004a). The formulation for radiation damping
due to sway (c~) and rocking (cr) are provided in Eq. (12) and Eq. (13), where Ao and /o
represent the area and moment of inertia of the circular foundation, respectively.
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Meanwhile, Via is Lysmer’s analog velocity, Vs is the shear wave velocity of the soil, and
p is the soil density, as shown in Eq. (14).

c, = pVsA,, (12)
Cr =PVl (13)

3.4V.
v, =%
ta 7z(1—u,) (14)

2.2 Spectral Matching Ground Motions

Three artificial ground motion with varying earthquake phases were generated
using STERA WAVE v1.0 to match the design response spectrum corresponding to level
2 earthquake limit (life safety) (Saito 2024b). To incorporate the SSI effect, a single
amplification factor representing hard, medium, and soft soil conditions was applied to
the design response spectrum based on the equivalent single-soil layer method (AlJ
2011). Subsequently, the response spectrum amplitude of each ground motion was
matched by varying its value across different periods. In some cases, additional wavelets
of energy were either added to or removed from the ground motion to ensure the
response spectrum closely resembles with the target spectrum. The matched spectrum
of each ground motion, considering amplifications for hard soil (RS-Hard), medium soil
(RS-Medium), and soft soil (RS-Soft), are presented in Fig. 2.
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Fig. 2 Matched spectrum considering: (a) hard soil, (b) medium soil, (c) soft soil

2.3 Base Isolated Building Modeling in STERA 3D

Three-dimensional frame models of base-isolated buildings with varying heights
were generated using STERA 3D v11.5. The buildings, consisting of 5, 10, and 15 stories,
were designed as office structures using reinforced concrete. Each story has a typical
weight of 12 kN/m? and height of 4 m, while the base isolation layer weights were
assumed to be 18 kN/m?, 24 kN/m?, and 30 kN/m? for the 5-, 10-, and 15-story buildings,
respectively, each with a height of 1.5 m. The base-isolated building models and the base
isolation system configuration in STERA 3D v11.5 are shown on Fig. 3.

The structural elements details for each base-isolated building case were provided
in the previous study (Santoso and Saito 2024). These elements were modeled as line
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elements using three-dimensional beam-column formulations incorporating axial force,
nonlinear bending, nonlinear shear, and torsional springs. Flexural behavior was
represented using a tri-linear hysteresis loop based on the Takeda model, which captures
cracking, yielding, and nonlinear responses, including strength and stiffness degradation
(Takeda et al. 1970). Beam-column joints were assumed to be rigid, thereby neglecting
joint shear deformation. Floor diaphragms were considered rigid in-plane, and the mass
of each floor was lumped at the center of gravity of each story.
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Fig. 3 Base-isolated building model in STERA 3D v11.5

The base isolation system consisted of a combination of devices, such as elastic
sliding bearing (ESB), lead rubber bearing (LRB), and natural rubber bearing (NRB).
These were modeled using link elements that considered only lateral and vertical
stiffness. LRBs and ESBs were idealized using bilinear models, while NRBs were
assumed to behave elastically. The size of each device was selected based on the long-
term axial load from the columns, ensuring the loads remained within the allowable limits
specified by the manufacturers (Bridgestone Corporation 2024; Oiles Corporation 2024).
To limit the bearing displacements and enhance the damping capacity of the base
isolation system, oil dampers were also installed. These were represented as line
elements with force-velocity behavior represented by the Maxwell model, which consists
of a spring and dashpot connected in series (Papanicolaou and Zaoutsos 2019). The
required relief force for these dampers was set to 40% of the total yield strength of the
isolation devices. The number of dampers was determined by dividing the total required
relief force by the relief force capacity of a single damper, in accordance with the
manufacturer’s specifications (Kawakin Corporation 2024). The design parameters of the
base isolation devices and oil dampers are provided in Table 1 and 2, respectively.

Ground springs were used to simulate sway and rocking behavior using the cone
model. These were applied at the basement level of base-isolated buildings, where the
floor diaphragm was fixed at the center of gravity in all directions except for sway and
rocking. The input properties for the cone model under three soil conditions across the
three base-isolated buildings are presented in Table 3.
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Table 1 Base isolation device specifications (Bridgestone Corporation 2024; Oiles

Corporation 2024).

Device  Building Initial Yield Second Design Effective  Vertical
Stiffness  Strength  Stiffness Displacement Stiffness  Stiffness
Ko F, K> Dy Kerr K,
(kN/mm) (kN) (kN/mm) (mm) (kN/mm)  (kN/mm)
ESB 5F 3.85 253.50 0 450.00 0.56 3290
10F 7.44 468.00 0 697.50 0.67 6190
15F 65.60 719.30 0 652.50 1.10 78102
LRB 5F 7.14 43.30 0.55 414.80 0.65 1670
10F 8.82 43.30 0.69 414.40 0.77 2070
15F 9.63 67.80 0.74 483.20 0.87 2250
NRB 5F, 10F 0.80 - - 451.20 0.80 2470
15F 0.98 - - 547.20 0.98 3000

Table 2 Oil damper specifications (Kawakin Corporation 2024)

Building Initial Damping Second Damping Relief Force Relief Velocity
Cq C. Fr Vr
(kN.s/mm) (kN.s/mm) (kN) (mm/s)
5F, 10F 1.875 0.127 600 320
15F 2.500 0.170 800 320
Table 3 Sway and rocking spring parameters
Building Base Dimension Soil Type Sway Rocking Sway Rocking
Stiffness Stiffness Radiation Radiation
Damping Damping
BxDxt Khb Kb CH Cr
(m?) (kN/m) (kNm/rad)  (kN.s/m)  (kNm.s/rad)
Hard 1.14x107 1.28x10° 1.2x10%° 7.79x107
5F 225x225x0.6 Medium 297x10°® 3.29x10® 1.2x10%® 7.79x107
Soft 8.58x10° 9.52x10" 1.2x10% 7.79x107
Hard 1.16 x 107 1.32x10° 1.2x10%° 7.79x107
10F 225x225x0.8 Medium 3.03x10°® 3.37x10® 1.2x10%® 7.79x107
Soft 8.70x10° 9.71x10" 1.2x10% 7.79x107
Hard 1.18 x 107 1.35x10° 1.2x10%° 7.79x107
15F 225x225x1.0 Medium 3.10x10°® 3.46x10® 1.2x10%® 7.79x107
Soft 8.83x10° 9.89x10” 1.2x10% 7.79x107

3. RESULTS AND DISCUSSION

3.1 Natural Period

A modal analysis was conducted to investigate the influence of SSI on the natural
period of base-isolated buildings. The slenderness of the buildings is represented by
aspect ratios of 1.58, 3.15, and 4.73 for the 5-, 10-, and 15-story buildings, defined as
the ratio between the total building height and the equivalent foundation radius. As shown
in Fig. 4, base-isolated buildings with higher aspect ratio experienced more significant
SSI effects in first and second modes. For instance, in 15-story buildings, the first-mode
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natural periods were 4.027 sec (without SSI), 4.056 sec (hard soil), 4.142 sec (medium
soil), and 4.429 sec (soft soil). In contrast, the 5-story base-isolated buildings had a
natural period of 2.799 sec without SSI, which increased to 2.803 sec, 2.813 sec, and
2.847 sec under hard, medium and soft soil conditions, respectively. Fig. 5 supports this,
showing the percentage increase in natural period due to SSI (Tss/) relative to the period
without SSI (Tas). For the 5-story building, the increase in the first and second modes
were 0.1%, 0.5%, and 1.7% for hard, medium, and soft soils, respectively. Meanwhile,
the 15-story building shows an increase of 0.7%, 2.9%, and 10% under the same
conditions.

In higher modes, the influence of medium and soft soils was more noticeable in the 5-
story model than in the taller 10- and 15-story models. From mode 3 to mode 6, the
natural period of 5-story model increased significantly under softer soil conditions, while
hard soil had a negligible effect. In mode 3, the 5-story building’s period increased from
0.163 sec (without SSI) to 0.163 sec, 0.425 sec, and 0.497 sec under hard, medium, and
soft soils, respectively. For the 15-story building, the natural period increased from 0.91
sec (without SSI) to 0.953 sec, 1.065 sec, and 1.339 sec under the same conditions. It
was also observed that, in mode 3, the percentage increase for the 5-story model was
0.0%, 160.7%, and 204.9%, while the 15-story model showed increases of 4.7%, 17.0%,
and 47.1% due to hard, medium, and soft soils.
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Fig. 4 Comparison of natural periods in base-isolated buildings relative to aspect ratio
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Fig. 5 Relative natural period of base-isolated buildings with and without SSI

3.2 Story Displacement and Dirift

The SSI effect on story displacement was more pronounced in the 15-story building
compared to the 5- and 10-story buildings, particularly under the soft soil condition. In
base-isolated buildings, the displacement of the isolation layer is a crucial indicator for
evaluating seismic performance during earthquakes. For this reason, the design
displacement of LRB, which had the lowest design displacement among all devices, was
used as the displacement limit.

Among the cases analyzed, the largest isolation layer displacements occurred
under soft soil conditions, however, these remained below the displacement limits, as
shown in Fig. 6. This finding is supported by Fig. 7, which illustrates the percentage
change in the top story and isolation layer displacements due to SSI (Jss/) relative to
those without SSI (Js/). The results showed that, for the isolation layer, soft soil caused
a slight increase in displacement, while medium and hard soil exhibited negligible
changes, which are less than 1.0%. Meanwhile, the top story displacement was largely
unaffected by SSI, even in base-isolated buildings subjected to soft soil, the top story
displacements remained close to those without SSI.
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Fig. 7 (a) Relative top story displacement and (b) relative base isolation layer
displacement of base-isolated building with and without SSI consideration

On the other hand, the effects of SSI on story drift are clearly shown in Fig. 8 and
Fig. 9. Story drift evaluation is critical to ensure that the angle between the lateral relative
displacement of a story and the one below will not exceed the code-defined limits. The
results indicated that the largest story drifts occurred under soft soil conditions. However,
rather than increasing the drift, soft soil actually reduced it in all base-isolated building
cases. In contrast, hard and medium soils tended to increase story drift, as depicted in
Fig. 9.
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Fig. 9 Relative maximum story drift of base-isolated buildings with and without SSI

3.3 Story Acceleration

The influence of SSI on story acceleration was notably more significant in medium
and soft soil conditions, particularly for the 10- and 15-story models. In these cases, the
most significant accelerations were observed at the top story and isolation layers, as
shown in Fig. 10. The 5-story building experienced its highest acceleration at the isolation
layer, which decreased considerably from 331.3 cm/s? without SSI to 318.3 cm/s? when
SSI| was considered. Similarly, the 10-story building showed a reduction in peak
acceleration at the isolation layer from 267.4 cm/s? to 249.1 cm/s? under soft soil
conditions. The 15-story building followed the same trend, with the peak acceleration
decreasing from 404.4 cm/s? to 351.3 cm/s? due to soft soil effects.
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The percentage reductions in acceleration across different soil types are presented
in Fig. 11. The reduction rate between the story acceleration of base-isolated building
with SSI (asg)) to those without SSI (az) was most significant under soft soil conditions
across all building cases. For the 5-story building, acceleration was reduced by 0.4%,
1.4%, and 3.9% under hard, medium, and soft soils, respectively. The 10-story building
experienced greater reductions of 1.9%, 2.6%, and 6.8%, while the 15-story building
exhibited even more substantial decreases of 2.3%, 10.2%, and 22.5% under the same
respective soil conditions. These results demonstrate that the reduction in story
acceleration became more pronounced with softer soils and taller base-isolated buildings.
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Fig. 11 relative maximum story acceleration of base-isolated buildings with and without
SSlI

3.4 Story Shear

Story shear is evaluated to ensure that lateral earthquake forces do not overstress
structural components at each story. Therefore, a shear capacity curve was generated
using pushover analysis of a fixed-base model and compared to the story shear demands
obtained from nonlinear time history analysis. As shown in Fig. 12, the story shear
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demand in all cases remains below the shear capacity, confirming that the structures are
safe under the applied seismic loads.

The effect of SSI on base shear is also illustrated in Fig. 12. It was found that for
base-isolated buildings resting on hard and medium soil, SSI had negligible effects.
However, a slight increase in base shear was observed in the presence of soft soil. This
observation is supported by Fig. 13, which shows the rate of change in base shear and
story shear of base-isolated buildings with SSI (Vss/) compared to those without SSI (Va)).
For the 5-story case, base shear slightly decreased by 0.1%, 0.3%, and 0.2% for hard,
medium, and soft soil, respectively. In the 10-story structure, the reductions were 0.4%
and 0.3% for hard and medium soil, while soft soil cause a 1.6% increase. For the 15-
story building, SSI effects led to 0.5% and 0.01% decreases for hard and medium soils,
respectively, but an increase of 1.3% was observed in soft soil case. Overall, these
results suggest that SSI generated only minor changes in base shear. This is likely due
to the large shear strains induced in soft soils during an earthquake, which absorb the
energy and result in slight increase in base shear at the isolation layer.

In contrast, the influence of SSI on story shear is more significant, particularly for
taller buildings resting on soft soil. As seen in Fig. 12, the story shear of 5-story buildings
was unaffected by SSI. Meanwhile, Fig. 13 (b) presents the reduction in story shear,
showing a 2.5% decrease at the top story of 5-story building under the soft soil conditions.
In the 10-story building, the maximum reduction was 11.7% at the ninth story, while the
most significant reduction occurred in the 15-story building, with a 22.5% reduction at the
fourteenth story. Additionally, softer soil conditions led to more substantial reduction in
story shear. Specifically, for the 15-story model, the reduction of 2.3%, 10.1%, and 22.5%
were observed due to hard, medium, and soft soil, respectively.
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Fig. 13 Relative maximum (a) base shear and (b) story shear of base-isolated buildings
with and without SSI

3.5 Base Rotation

Rocking behavior in base-isolated buildings can lead to additional displacements
in the superstructure, typically represented by the rotation angle at the foundation. To
assess the influence of rocking, comparisons were made between base-isolated and
non-isolated (NI) buildings with identical structural and soil spring characteristics. As
presented in Fig. 14, base-isolated buildings exhibited smaller rotation angles than non-
isolated buildings in all cases. This reduction is attributed to the enhanced damping
provided by the isolation system, which absorbs a significant amount of the earthquake
energy, and limits its transmission to the superstructure. Moreover, the isolation system
creates a uniform distribution of inertial force in the superstructure, minimizing the
rotational angle due to a reduced mass moment of inertia in base-isolated building. These
observations indicate that base isolation effectively mitigates rocking behavior in all
building cases.
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Fig. 14 Mean base rotation of base-isolated and non-isolated buildings with SSI

The rotational angle results are also influenced by soil amplification effects, which
increase the amplitude of ground motions. In addition, the reduced rotational stiffness of
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rocking soil springs contributes to increased flexibility, further enlarging the rotational
angle. Nevertheless, these rotation angles remain smaller compared to the top story
displacement relative to the total building height, as shown in Table 4. This suggests that
rocking has a minor contribution to the superstructure displacement. Furthermore,
rotational mode shapes only emerged at higher vibration modes, indicating that the
influence of higher modes on rocking and structural displacement due to SSl is negligible.

Table 4 Rotation angle of base-isolated building with SSI

Building Hard Soil (SSI-H) Medium Soil (SSI-M) Soft Soil (SSI-S)
Base Superstructure Base Superstructure Base  Superstructure
x104 x104 x104
(rad) (rad) (rad) (rad) (rad) (rad)

5F 0.12 0.18 0.28 0.20 0.52 0.31
10F 0.31 0.18 0.69 0.17 1.42 0.25
15F 0.55 0.22 1.28 0.16 2.79 0.22

4. CONCLUSIONS

This research examined the effect of soil-structure interaction (SSI) on three reinforced
concrete base-isolated buildings of varying heights. To simulate sway and rocking
behavior, three soil types were modeled using cone model approach. Based on modal
analysis, SSI effects led to an extended natural period in base-isolated buildings,
particularly under the soft soil condition. The most significant increases in the first and
second modes were observed in the 15-story building, while the 5-story model exhibited
the smallest change. Conversely, the most notable increases in higher-mode periods
occurred in the shorter, squat building on soft soil.

Nonlinear time history analysis indicated that SSI had minimal effect on the top story
displacement, primarily due to increased base displacement. However, soft soil
conditions led to reduced story drift, while medium and hard soils caused slight increases.
Story accelerations decreased in the presence of SSI, with the most substantial
reductions observed in base-isolated buildings on soft soil, followed by those on medium
and hard soils. While SSI had only a slight effect on base shear, it significantly reduced
story shear at the superstructure. Additionally, soft soil produced the largest rotation
angles among all soil cases, with the effect becoming more pronounced in base-isolated
buildings with higher aspect ratios. Nonetheless, base isolation was effective in mitigating
rocking behavior compared to the non-isolated buildings.
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