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Abstract: Soil-structure interaction (SSI), which characterizes the dynamic interaction between a
structure and its surrounding soil, is of great significance to the seismic assessment of structures.
Past research endeavors have undertaken analytical, numerical, and experimental studies to gain a
thorough understanding of the influences of SSI on the seismic responses of a wide array of structures,
including but not limited to nuclear power plants, frame structures, bridges, and spatial structures.
Thereinto, large-span spatial structures generally have much more complex configurations, and
the influences of SSI may be more pronounced. To this end, this paper aims to provide a state-
of-the-art review of the SSI in the seismic assessment of large-span spatial structures. It begins
with the modelling of soil medium, followed by the research progress of SSI in terms of numerical
simulations and experiments. Subsequently, the focus shifts towards high-lighting advancements in
understanding the seismic responses of large-span spatial structures considering SSI. Finally, some
discussions are made on the unresolved problems and the possible topics for future studies.

Keywords: soil-structure interaction; state-of-the-art review; large-span spatial structure; seismic
assessment

1. Introduction

Soil-structure interaction (SSI) has become one of the most concerning research top-
ics in the field of earthquake engineering, especially with the development of complicated
structures, i.e., high-rise buildings and large-span spatial structures. The concept of SSI
can be traced back to 1936 [1], with the initial emphasis laid on the interaction between
the soil and underground structures. In the subsequent decades, extensive investigations
delved into SSI, expanding its scope to encompass structures both above and below the
ground. Generally speaking, SSI can be categorized into two types, namely the kinematic
interaction and inertial interaction. Specifically, the kinematic interaction involves the
impact of vibrational feedback from the superstructure on the amplitude and spectral
composition of foundation motion. This reduces the acceleration amplitude of the founda-
tion below that of the neighboring free field, simultaneously enhancing the components
around the fundamental frequencies of structures. Additionally, the flexibility of the
soil foundation contributes to the frequencies and modes of vibration of the superstruc-
ture, with softer foundations generally prolonging the structural period. The inertial
interaction encompasses the dissipation of energy resulting from the vibrations of the
superstructure subjected to inertial forces, attributed to phenomena such as reflection and
diffraction [2,3]. A technical report published by the Federal Emergency Management
Agency (FEMA) of the U.S. Department of Homeland Security (DHS) [4] distilled both
interactions into three primary effects: the flexible foundation effect, kinematic effect,
and foundation damping effect.

Structure—soil-structure interaction (SSSI), a specialized case of SSI, has played a
pivotal role in assessing the impact of reactor vibration waves on neighboring nuclear
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power plant (NPP) complexes through the soil medium for over half a century. It is
considered a fundamental dynamic characteristic of NPP reactors [5]. Concurrently, with
the ongoing trend of urbanization giving rise to denser complexes to accommodate a
growing population, the SSSI effect is gradually becoming integral to the design of large-
scale civil structures. This integration is commonly referred to as site—city interaction
(SCI). Additionally, the SSSI effect between underground structures and nearby above-
ground structures is gaining attention in the ongoing development and utilization of urban
underground spaces. This is particularly significant, exemplified by the amplifying effect
on low-rise buildings near high-rise structures [6].

When considering the effects of soil and foundations on the seismic response of
superstructures, the primary factors can be broadly categorized into four main groups:
structural type, foundation form, site effects, and seismic excitation. To date, frame struc-
tures and bridge engineering are focal points in SSI research. In both numerical and
experimental investigations of SSI, more than half of the addressed superstructures involve
multi-layer frame structures and adjacent steel or concrete structures [7]. Sections 3 and 4
will go into more detail on these structures. The dynamic characteristics of the majority of
bridge structures are significantly impacted by SSI/SSSI [8,9], as has been demonstrated
in subsequent earthquakes [10]; therefore, it has been currently integrated into the bridge
design guidelines of many nations and is being used to guide the engineering practice
of numerous bridges [11], whereas fewer studies are referring to the SSI effect of large-
span spatial structures [12-17]. Large-span spatial structures include shell structures, grid
structures, cable-suspended structures, etc., whose vibration subjected to seismic loads
is three-dimensional. Since the dynamic characteristics of large-span spatial structures
are different from bridges or high-rise buildings, the relatively mature SSI-effect research
results for the latter two cannot be directly applied to the design calculation of the former.
Meanwhile, when the vertical projection surface of the structure is large or too long and
the foundation form adopts an independent pile foundation, it may produce a foundation—
soil-foundation interaction (FSFI) effect; therefore, it is necessary to conduct more in-depth
studies to investigate the SSI effect of large-span spatial structures. The foundation is a
load-bearing structure that connects the superstructure and soil. According to Chinese
regulations [18], the foundations are classified as pile foundations, extended foundations,
and raft foundations, and the influence of the coefficient of which varies for superstructures
according to the SSI/SSSI effect as well [19,20]. One of the key elements altering structural
seismic damage is the site effect [21]. Based on the investigation of the 1985 Michoacan,
Mexico, earthquake, local site effects were accountable for the uncommonly high ground
accelerations [22]. This was because Michoacan is situated on top of a basin with a deep
layer of soft soil that causes certain frequencies of ground movements to be dramatically
amplified on the surface [23], while the basin has a focusing effect on the propagation of
seismic waves within the soil layer [24]. It has been noted that topographic features (such as
basins, canyons [25,26], summits, etc.) and soil properties make up the majority of the site
conditions. Most of the research on SSI/SSS1 is predicated on the assumption of being plain;
nevertheless, there are projects constructed on slopes in practice. Moreover, it has been
noticed that structures on adjacent slopes are more vulnerable [27], which cannot be disre-
garded when the ratio of the net distance of the structural foundation from the slope peak
to its height is less than 5 [27]. Apart from the slope—foundation-structure system [28,29],
the SSSI effects of structures on [30] and near [31] slopes have also been explored, which
are known as the topography-soil-structure interaction (TSSI) and topography-structure—
soil-structure interaction (TSSSI). Soil properties are a decisive component of SSI, and the
numerical modelling techniques for soil determine the ability to realistically predict the
propagation of seismic waves [32,33], as will be specified in the next section.

Seismic excitation refers to the entire process of seismic wave propagation from the
source upward to the foundation-structure/surface, where the soil traversed by the seismic
wave is defined as the free field [34] which is proposed to calculate the vibration response
of soil under shear wave excitation, on the premise of assuming that the soil layer is
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horizontal and homogeneous along the horizontal plane. A function consisting of source
effects, travel path effects, and local site effects expresses the free-field ground motion
under seismic excitation. Source distance and source count are two categories for the
source effect. Based on the distance from the epicentre, earthquakes can be categorized
into far-field and near-field ground motion [35], corresponding earthquake groupings are
included in the code for the seismic design of buildings [36]. Compared with the former,
the latter typically has a longer period and higher amplitude [37], which aggravates the
seismic effect of non-flat sites [38]. Meanwhile, the continuous vibration caused by multiple
sources probably exacerbates the damage to surface structures [22]. The travel path effect
consists of the incoherence effect, wave-passage effect and the attenuation effect [39]. The
correlation of seismic waves across separate spaces and times during their propagation is
what describes the coherence of seismic waves. When seismic waves travel through uneven
soil, the superposition of waves in different spaces on account of reflection and refraction
results in the formation of different phases and elimination of interference, which is the
incoherence effect. When the structure is so enormous that the time difference between
the seismic wave arriving at each point is insurmountable, an occurrence known as the
wave-passage effect arises. The attenuation effect is the steady decline in amplitude created
by the geometric diffusion of seismic waves in the site’s space. Throughout the process
of site propagation, seismic waves may shift in space also to time, especially for some
large spatial formations [40,41]. The spatial characteristics of ground motion comprise the
aforementioned three effects as well as local site effects.

This paper provides a state-of-the-art review of the classification of SSI and the cur-
rent state of theoretical research. Additionally, it summarizes previous numerical and
experimental studies, along with existing research results. The work also delves into the
significance of accounting for SSI effects in the seismic design of large-span spatial struc-
tures, discussing potential avenues for further studies. It is important to note that while
this paper briefly reviews the SSI effect and does not delve into the influence of SSI on
structural vibration control, it underscores the importance of considering the SSI effect in
the actual design of seismic mitigation or isolation.

2. Modeling of Soil Medium

To simulate soil on SSI, two types of solutions are widely utilized [42], including
the direct approach, which is typically realized through the finite element method (FEM)
and the substructure approach. The concept of the foundation impedance function is
introduced by the boundary substructure approach, whose applications to various sites
and foundations are discussed in detail in the technical report (NIST/GCR 12-917-2) [43].
Springs and dampers are used to mimic the stiffness and damping at the soil-foundation
interface. The Winkler model and its variants are typically employed in conjunction with
the elastic half-space model for deep foundation systems, while the latter model is typically
used for shallow foundation systems.

2.1. Winkler Model

Understanding the mechanical properties of the soil surrounding underground con-
struction or foundation is crucial in the exploration of SSI. In the case of pile foundations,
a widely used method to simplify soil behavior is the Winkler foundation beam model,
which essentially comprises a system of closely spaced discrete spring and dampers that
serves as a substitute for the dynamic impedance imposed by the soil on the pile body [44].
The Winkler model, being a one-parameter model, has limitations as it inaccurately as-
sumes that discrete springs cannot replicate continuous soil deformation. In contrast to
real-world scenarios, the model predicts only vertical displacement at a point of application.
To overcome this limitation, various enhancements have been introduced, incorporating
additional parameters such as tension, shear force, and bending moment. This has led to
the development of two-parameter and three-parameter Winkler models, including notable
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variants like the Filonenko-Borodich model, Hetenyi model, Pasternak model, and Kerr
model [45].

In extending the elastic foundation formulas, Jemielita [46] synthesized monomial
multiparameter formulas into differential formulas for multiple parameters and introduced
the n Shear layer-Bending layer-Spring layer (n SBS-layers) concept, where each layer is
composed of three sub-layers: the shear layer, bending layer, and spring layer. Expanding
on the SBS differential formula, Zhao et al. [47] proposed model types tailored to various
superstructures along with their mechanical parameters. Additionally, by integrating the
Terzaghi model addressing seepage consolidation, they asserted that the Winkler-Terzaghi
model effectively addressed the challenge of soil discontinuity.

2.2. Elastic Half-Space Model

The elastic half-space model is anchored by three translational springs and three
rotational springs, with added dampers to account for soil damping and replicating the
deformation behavior of the surrounding soil. In light of this, SSI predominantly involves
motion interaction and inertia interaction. In instances of high seismic intensity, the impact
of inertia interaction takes precedence. Therefore, selecting an appropriate foundation
resistance function becomes crucial in accurately characterizing the inertia interaction [48].

Except for the ring augmented by Veletsos and Tang [49], Gazetas [50] provided
impedance functions for nearly all foundations, all based on homogeneous soil. Chen [51]
introduced the impedance function for layered foundations, employing the Cone model,
which essentially substitutes a cone with a specific tensor angle for the semi-infinite body.
As earthquakes involve multiple frequencies of seismic waves superimposed, utilizing
the parameters suggested by Gazetas [50] directly for calculating dynamic stiffness and
damping [52] may not be viable. Instead, more precise algorithms are essential to address
the nonlinear behaviors of SSI.

2.3. Finite Element Method (FEM)

The finite element method (FEM) stands out as one of the most effective ways to
depict SSI, given its capacity to accurately replicate nonlinear soil behaviors [45]. Therefore,
this subsection explicitly details both FEM and its derived methods. To enhance accuracy
in FEM, three critical aspects must be considered: the soil constitutive model, artificial
boundary conditions, and mechanical properties of contact interfaces. While the previously
discussed substructure method also addresses the assessment of Foundation Input Motion
(FIM) [43] in the free field, it is crucial to note that FEM, by simulating the variation of
soil as seismic waves traverse the site, demands special attention to the input mode of
the seismic wave, particularly concerning the artificial boundary. The soil constitutive
model is typically categorized into linear—elastic, elastoplastic, and viscoelastic models.
The linear—elastic model, based on the generalized Hooke’s law, is straightforward but has
limitations, such as its inability to describe hysteresis, nonlinearity, and dynamic response
deformation accumulation in soil [53]. To address the above limitations, the elastoplastic
model, with its primary objective of articulating variation curves for the shear modulus
ratio and damping ratio [54], incorporates yield criteria, the flow rule, and hardening
rule [55]. Viscoelastic models are divided into two elementary branches: the equivalent
linear model and the time-domain hysteretic nonlinear model. To linearize the nonlinear
problem, Seed and Idriss [56] initially introduced the equivalent linear model, substituting
the equivalent shear modulus and equivalent damping ratio for the original ones. Despite
its simplicity and applicative advances, this model is restricted by soil strain and seismic
acceleration [57]. For typical constructions, the region where strain exceeds the critical
value is usually within a certain fraction of the foundation width on both sides [58]. The
shear strain in this part can be adjusted to enhance the calculation accuracy [59]. Masing’s
nonlinear constitutive model, first proposed in 1926 [60], has undergone modifications
to produce various types of Masing models, with notable examples being the Hardin-
Drnevich [61] and Ramberg—-Osgood [62] models. Subsequently, Martin and Seed [63]
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established the Davidenkov model, presenting a calculation method following Masing’s
rules [64]. Based on the double criterion, Pyke [65] proposed the multiple rule, which has
been implemented in the Masing model.

When employing FEM, it is essential to implement artificial boundaries that simulate
the radiation damping of an infinite foundation. This serves the purpose of transforming
an unbounded domain into a bounded one, thereby preventing the reflection of scattered
waves at the interception boundary [66]. Global and local artificial boundaries are two
categories of artificial boundaries [67]. The former, including the infinite element method
(IEM) [68], BEM, etc., offers high levels of precision but is computationally intensive. The
other consists of a viscous boundary [69], paraxial boundary [70], Higdon boundary [71],
transmission boundary [72-74], viscous-spring artificial boundary [75], and so on. Among
these viscoelastic boundaries, which exhibit excellent precision and stability in handling
both static and dynamic problems [76], have been shown to consider both the large-scale
basin effect and local nonlinear effect [77]. Also, it is one of the artificial boundaries
recommended by the seismic design of nuclear power plants in China [75].

Seismic input can be categorized into three methods, namely the displacement in-
put [78], acceleration input [79], and seismic motion input [80]. Since seismic motion input
is derived from the viscoelastic artificial boundary, which has a greater fit, it is prioritized
while employing the viscoelastic boundary [81]. This method works when the seismic wave
propagates in a single homogeneous field [82]; however, it is less effective if the seismic
wave traverses two or more soil layers with differing wave impedances. For dealing with
this problem, there are generally two methods: the frequency [83] and the time [84] domain
method. Although the former is more exact [85], its application in intricate foundations
is incalculable. To derive the equivalent input seismic load of the artificial boundary;,
researchers employ SHAKE91, DEEPSOIL, EERA, etc., learning from the substructure
method [86].

The contact interface refers to the soil mass adjacent to the structure with a thickness of
5~10 times the average particle size [87], the mechanical properties of which are intricate,
affected by normal stress, structural surface roughness, the particle size of sand, sand type,
and homogeneity coefficient of the soil particles [88]. There are three broad approaches to
thinking about the contact interface: the shear tests for empirical formulas, soil constitutive
model, and mechanical model of contact interface that can be more accurate than the
former [89]. For creating an interface model, there are two mainstream methods [90],
either utilizing functional equations (Lagrangian or Penalty function) to turn the contact
problem into non-contact or establishing a constitutive model of contact element [91],
including the zero-thickness Goodman element [91] and Desai thin-layer element [92]. The
former element serves when shear failures occur at the contact interfaces, while the other is
employed in a situation where shear failure happens to the nearby soil.

As previously stated, for FEM, when the infinite or semi-infinite field is estimated, it
is necessary to construct a large large-size mesh structure to simulate the near-field and
an artificial boundary is set to absorb the seismic waves from the far-field [93], which
may generate a large computational requirement for some large-size models, whereas the
boundary element method (BEM) only necessitates the establishment of the mesh of the
contact interface between the foundation and the soil. Hence, one of the ways proposed to
facilitate the resolution of the dynamic response of the SSI with a complex contact surface is
the finite element method—-boundary element method (FE-BE coupling method) obtained
via introducing BEM based on FEM. The FE-BE coupling method is a method for calculating
the superstructures and soil foundation following different methods. Generally, BEM is
used to simulate the dynamic behavior of layered soils [94,95], while FEM is employed for
superstructures. In some circumstances, only the far-field is calculated using FEM, which is
defined as the scaled-boundary finite element method (SBFEM) [96].

The primary objective of BEM is to address Laplace’s equation, facilitating the conver-
sion of integral equations within the boundary region of the far-field and the SSI system
into boundary integral equations [97]. Once the boundary has been discretized via fre-
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quency [98] or time domain [99] methods, the simplified dynamic response equation can
be derived [93].

The wave propagation in unbounded fields has been effectively modelled in both the
time and frequency domains using the semi-analytical stiffness-based finite element method
(SBFEM) [100]. SBFEM stands out due to its exemption from artificial boundary conditions
or the fundamental solution requirement, a characteristic not shared by the boundary
element method (BEM). This allows seamless coupling with the near-field through the
finite element method (FEM) and compensates for the limitations of BEM in mimicking
anisotropic soil behavior [101]. SBFEM also generates symmetric dynamic stiffness and
unit impulse response matrices, improving computing efficiency [102]. In the extension
of the sequential boundary field element (SBFE) to model three-dimensional layered soils,
Birk [103] suggested employing a scaling line rather than a proportionate center point.
Furthermore, an alternative approach, the indirect boundary element method (IBEM), has
been proposed for assessing the seismic response of anisotropic soils [104].

3. Advances in Numerical Simulations on SSI
3.1. Site Effect

The topography and soil properties of a site have discernible impacts on SSI, with the
latter playing a pivotal role [105]. When soil nonlinearity is taken into account, the effects
of SSI and SSSI extend to a broader range of applications, surpassing the scope covered by
the linear elastic model [106].

The propagation of seismic waves within a field varies based on soil properties.
Typically, dense soil tends to amplify seismic waves [107], while soft soil may exhibit a
similar effect or act as a filter. However, relying solely on soil properties for estimates
is inherently inaccurate. The filter effect was exemplified by the softening of soil and
the deceleration of waves, as observed in Chen et al.’s investigation into the impact of
nonlinearity on SSI [108]. In this study, the arrival time of seismic waves was delayed at
the free surface due to the filter effect. It is noteworthy that calculations solely based on
soil properties may lead to inaccuracies, especially considering the interlayer reflection
coefficient is less than 0 for the weak layer at the bottom, potentially resulting in a transition
from forward displacement to reverse displacement. To substantiate the amplification effect
of weak soil, Chen et al. [23] conducted an assessment of the seismic response in areas with
varying shear velocities (Vs). Their findings indicated that the amplification coefficient
of surface acceleration decreased with an increase in the seismic intensity. This trend
was attributed to heightened ground motion, which accentuated soil nonlinearity [109].
Notably, not all amplification factors exceeded 1, particularly in cases where the soft soil
thickness was less than 4 m. For instance, when the coverage thickness exceeded 6 m, this
was verified through both centrifugal simulation [107] and seismic analysis at an actual
site [109]. However, the amplification factor was also contingent on the distribution of the
weak layer. If a thin, weak soil layer was situated on top of the field, ground acceleration
would be exacerbated. In cases where the soft soil was positioned in the middle, its role
could vary depending on the depth of burial and thickness. A deeper and thicker layer
might act as a seismic isolation layer, while a shallow and thin weak layer could produce
the opposite effect [109]. It is crucial to emphasize that, analogous to the phenomenon
observed in the 1923 Kanto Earthquake [110], excessively violent ground motion, leading
to soil degradation, could result in the dramatic failure of the weak layer, significantly
amplifying surface acceleration.

As outlined in [54], a slope devoid of a soft layer demonstrated an amplification
effect on vertical ground motion. However, the impact predicted using a nonlinear model,
characterized by greater energy consumption, was found to be less significant than that
determined using a linear model. The amplification coefficient of ground motion exhib-
ited a decrease correlating with a reduction in the shear wave velocity of the overlying
soil, aligning with prior research findings. Notably, it is essential to recognize that the
compressive modulus resulting from vertical earthquakes is considerably less than the
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shear modulus. Despite this, it is crucial to note that the effects of soil nonlinearity on
the propagation of P waves in soil are often overlooked. Nevertheless, previous studies
have demonstrated that soil exhibits nonlinearity under the influence of strong vertical
earthquakes [111]. Shahbazi et al. [112] conducted a comparative analysis of the impact of
soft and hard soil on the seismic responses of superstructures, yielding results consistent
with those aforementioned. Incorporating SSI considerations, flexible structures built on
hard soils were estimated more conservatively. However, it became evident that SSI could
not be overlooked when assessing structures characterized by higher stiffness situated on a
soft foundation. Furthermore, the dissipative effect of the weak layer proved advantageous
in the seismic design for superstructures, particularly when hard soil was positioned above
a suitable soft layer capable of supporting the structure without undergoing considerable
settlement or liquefaction.

Considering the most unfavorable site conditions, the subsequent review will focus
on the numerical studies of the seismic responses of the structures erected on soft soil.

To compare the seismic responses of a structure before and after the involvement of
soil, Xu et al. [113] constructed a 15-story concrete building using FLAC 3D considering
different shear strengths and ground motions, as illustrated in Figure 1. Within the range
of shear strengths considered in this study, the computational results revealed that SSI
significantly amplified the maximum base shear, lateral displacement, and inter-story drift.
Notably, when the shear strength of the soil was elevated from 65 kPa to 105 kPa, the
influence of SSI on the maximum base shear, lateral displacement, and inter-story drift
increased by 60%, 100%, and 44%, respectively.

Beam structure

l Vﬂlg |

Column: 700x700 mm T

Beam: 550x550 mm i

Interface

= elements

Slab : 250 mm Shear wave velocity
Vs=150m/s 3
Maximum shear modulus ——
Gmax = 33100 kPa
Poisson’s ratio n= 0.4
Soil density = 1470 kg/m?

Quiet boundary
coupled with free-
field boundary

Column: 750x750 mm
Beam: 600x600 mm
Slab : 250 mm

Column: 800x800 mm
Beam: 650x650 mm
Slab : 250 mm

’%,\ o D
(a) (b)

Figure 1. 15-story flexural concrete structure without and with considering SSI [113]: (a) fixed-base
model; (b) SSI model.

Mercado et al. [114] conducted a comparative analysis to assess the impact of linear
and nonlinear fields on SSI, as depicted in Figure 2. The results indicated that the SSI effect
primarily manifested in an increase in the peak horizontal acceleration of the structure.
When compared to the results calculated using the linear model, the nonlinear model
exhibited a decrease in the peak acceleration and inter-layer drift of the superstructure,
implying that the application of a linear model might be overly conservative. Previous
research has also underscored that the error of the equivalent linear model grows with the
increment of the site period [59].



Buildings 2024, 14, 1174

8 of 33

30-Story Building with
Soil-Structure Interaction
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Figure 2. Finite element model of the tall buildings considering SSI [114].

In specific scenarios, particularly when a building is designed in proximity to a slope,
the TSSI effect cannot be overlooked. Alitalesh et al. [29], utilizing FLAC 3D, simulated a
model as shown in Figure 3 to investigate the influences of soil and slope conditions on
both SSI and TSSI. The results indicated that the SSI and TSSI effects were more pronounced
when the upper overburden soil layer (h_1) was thinner. Notably, in cases where a soft layer
overlays a hard layer, seismic waves were amplified in the upper layer, further affirming
the findings observed by Chen et al. [23] in uneven terrains. Additionally, it was revealed
that the impact of the slope height on TSSI was more substantial than that of the slope angle.
Moreover, when assessing the SSI effect in soils with varying shear wave velocities, it was
observed that SSI could be disregarded for flexible superstructures with rigid foundations,
aligning with the conclusions drawn by Shahbazi et al. [112].

SUucIC free ﬁeld

. 0
% / 2/1{/////// ///

77 7

r"/
gl
98

Figure 3. Illustration of TSSI with stratified soil layers [29].

Through adjustments to the geological parameters, slope angle, and slope height,
Erfani et al. [115] examined the TSSI and its impact on the seismic response of structures.
Their study revealed that slope stiffness decreased with an increase in slope angle, resulting
in a simultaneous increase in structural inter-story drift. The effect of the seismic waves
reflected by the slope on the structure diminished as the structure moved farther from the
slope border. However, although the extra vertical seismic waves generated by the reflection
also decreased, the interlayer drift increased, resembling the SSI effect. Notably, when
Vs = 150 m/s, the influence of TSSI approached that of SSI, illustrating that the contribution
of soil properties to SSI was more significant than that of topographic conditions.



Buildings 2024, 14, 1174

9 of 33

Shamsi et al. [116] applied MIDAS GTS/NX to develop the model of SSI, TSSI, and
TSSSI, as shown in Figure 4. In this study, a 15-story steel frame was adopted as the
benchmark model, and the influences of various parameters were investigated, including
the slope height (H), the distance of the structure from the slope (X), the angle of the slope
(7), and the distance between the two structures (D). Studies have demonstrated that the
effect of X was greater than that of the soil condition, i and H. When numerical simulation
results of SSI and TSSI models were examined, it turned out that the slope effect could
essentially be omitted when X/H exceeded 2.5~5, and the ratio that referred to the H
and soil parameters was more conservative in comparison to earlier research [27]. Where
the ratio of inter-story shear and displacement of TSSI and SSI superstructures was more
than 1, attributed to the difference in soil shear wave velocity, the precise amplification
coefficient still had to be determined based on site conditions. According to the numerical
simulation results, TSSSI had more serious damage on the structure immediately adjacent
to the slope, triggering the structure to move towards the slope, but this impact is only
cause for concern when D < 0.5a, while the slope effect of the structure far from the slope
could be barely noticeable when D = 0.54.

Seismic
Excitation
-

Scismic
Excitation
<+

Bedrock Bedrock

Slope Crest

(b)

Seismic
Excitation
b

Bedrock

Figure 4. Illustration of SSI under different terrain conditions [116]: (a) SSI; (b) TSSI; (c) TSSSI.

3.2. Seismic Excitation

Seismic acceleration amplitude, vibration frequency, displacement direction, and in-
cident angle constitute the primary factors influencing SSI. In the context of selecting
seismic waves, Zhan et al. [117] conducted a study examining the impact of large-scale soft
sites subjected to far-field earthquakes. The findings revealed a noticeable prevalence of
long-period ground motion in such scenarios. In contrast to artificial waves, the ampli-
fication effect on ground motion caused by far-field large earthquakes in large-scale soft
sites appeared more pronounced, with the amplification coefficient increasing alongside
the ground motion intensity. This observation diverges from the conclusions drawn by
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Chen et al. [23] based on previously used amplification coefficients, possibly attributed
to variations in the spectral composition of seismic waves. An optimized algorithm, as
proposed by [118], can effectively determine the site period as follows:

[N (4 \*2H,
o ()
ith

Hp =Y hy— %him )
where £ is the thickness of the ith soil layer, v, denotes the shear wave velocity of the ith
soil layer, H;i, presents the midpoint depth of the ith soil layer, and N signifies the total
number of soil layers, illustrated in Figure 5. The deep soft soil site with a longer period
(1.13~1.28 s) amplified the far-field vibration with a similar peak spectral period, whereas
it significantly filtered the ground motion with a larger peak spectral gap (shorter period
less than 0.3 s or larger period more than 2.5 s). Subsequent investigations have indicated
that distinct seismic waves exhibit comparable effects on a given SSI model when adjusted
to the same amplitude and selected based on the response spectrum [59].

ith =1 h]_ Ve
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Figure 5. Illustration of the horizontally layered site.

Beyond the amplification of unfavorable stability given the similarity of the soil and
seismic wave period, when the frequency of the foundation and superstructure matched
that of the seismic wave, it could induce a worse situation, where the structure resonated
as a seismic response and reached its peak. Especially for frame construction [119], the
destruction of the substructure would be worse than that of the pile foundation. Citing
ref. [120], if the seismic wave was an oblique wave incident, the superstructure could
resonate at a certain frequency owing to phase fluctuation, which correlated to the stiffness
ratio of the foundation and soil or superstructure. When the pile foundation was in a
sedimentary clay layer, the foundation stiffness was significantly higher than that of soil,
resulting in the vibration of the upper frame by the long-period motion of the ground rather
than with the basic period of the foundation. Ergo, the displacement of the pile foundation
did not originate from the vibration caused by the upper structure but rather from the
soil driving, creating quite low interlayer displacement and damage. The displacement
between the superstructure and the foundation was smaller the higher the damping ratio
of the superstructure was [112]. Furthermore, the looseness of the backfill layer opposed to
the original soil could trigger the surface ground vibration to be further exacerbated [31].

In addition, Zhou et al. [121] investigated the seismic behavior of a concrete chimney
under multidimensional earthquakes. It was observed that the structure would be more
vulnerable under three-dimensional ground motion than under one-dimensional or two-
dimensional ground motion. Meanwhile, the incidence angle would have an impact on the
seismic response of the SSI, especially in the case of major earthquakes, which would not be
insignificant due to the smaller foundation size, and the most unfavorable input angle is 45°
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when the PGA is greater than 0.2 g. Dams [122] and frame structures [123] experienced a
similar situation, although considering the type of seismic wave, the thickness and qualities
of the soil, etc., the unfavorable angle may be larger or less than 45°. Hua [124] reached
an analogous conclusion following research of the field under the action of 3D seismic
waves that both the thickness of the soil layer and the angle of the incident wave affected
the surface amplitude. They would be at maximum when the SH wave was incident
perpendicular to the plane in which the P wave and SV wave reside, which was roughly
fourfold the incident amplitude when the P wave was incident at an angle of 36° and the
SV wave was at an angle of 54°. He further noticed that when the soil layer thickened,
the surface amplitude climbed, and then fell, and then returned. Notably, the influence of
vertical ground motion on foundation-structure settlement is virtually negligible unless
the frequency of the vertical ground vibration approaches the resonance frequency. The
nonlinearity introduced in the soil due to vertical motion is also less pronounced compared
to that induced by horizontal motion [125].

3.3. Foundation Form

The stiffness of the foundation significantly influences the SSI effect, with the dy-
namic response at the interface between a flexible foundation and superstructure typically
surpassing that of a rigid foundation below [120]. The emphasis on analyzing soil and
pile-soil contact in seismic response studies stems from the notable impact of nonlinearities
in soil properties and pile-soil interfaces, which often outweigh those associated with
superstructure materials [126]. Wu et al. [126] observed that the soil adjacent to the pile tip
and pile side exerts varying effects on the seismic response of the superstructure, with the
former significantly influencing higher-order modes of the structure and the latter affecting
lower-order modes more prominently. Additionally, Zamani and Shamy’s study [125] on
the soil beneath the foundation revealed that the acceleration amplification factor of the
soil beneath a rigid foundation exceeded that of the free field at the same depth, indicating
an adverse effect of the foundation on soil motion.

Previous studies on seismic predictions for structures have demonstrated that the
inclusion of SSI alters the internal force distribution within the foundation [108]. Con-
sequently, the amplification or reduction factor for the same structure under different
foundations varies compared to assumptions made for a rigid foundation. Hokmabadi and
Fatahi [19] assessed the sensitivity of foundations to SSI using FLAC 3D. The findings are
summarized as follows: (a) the SSI effect effectively reduced the base shear, with the degree
of influence being higher for the pile-raft foundation and pile foundation models than
for shallow foundations; (b) the maximum sway angles for pile foundations and pile-raft
foundations were, on average, 44% and 54% smaller than those for shallow foundations.
The sway angles were attributed to the inertial force of the superstructure under seismic
forces, causing settlement on one side of the foundation and bulging on the other; (c) the
SSI effect exhibited clear amplification of lateral deformation and interlayer displacement,
though the amplification was less pronounced for pile foundations and pile-raft founda-
tions compared to shallow foundations. Furthermore, the study revealed that soft soil
responded differently to various seismic waves. For instance, under low and medium
acceleration, soft soil demonstrated a noticeable amplification impact on seismic waves.
However, under excessively large acceleration, the soft soil inhibited the propagation of
seismic waves towards the soil surface.

To explore the impact of the foundation type on the seismic response of a mid-rise
building considering SSI, Zhang and Far [127,128] created two different foundation types,
the end-bearing piled foundation, and classical compensated foundation, as shown in
Figure 6. When the shear wave velocity was 150 m/s or 320 m/s, it was demonstrated
that the SSI effect magnified the interlayer shear of the piled foundation-supported
structure, and yet, for soil with Vg = 600 m/s, the SSI effect was not obvious, and
the amplification factor was even less than 1. When a structure is erected on soft clay
(Vs =150 m/s or 320 m/s), the use of a compensated foundation makes it more vulnera-
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ble to ground motion. The SSI effect substantially hinders the dynamic response of the
structure. Additionally, the interlayer drift experiences significant amplification when SSI
is considered for both pile and compensatory foundations. This observation aligns with
the findings of Tabatabaiefar et al. [129], namely that SSI had a pronounced effect on the
inter-story drift of frame structures.

Frame-shear wall
structure

EA 2] Frame-shear wall
4 structure

Basement

30m

30m

Soil

(a) (b)

Figure 6. Models of frame—shear wall buildings considering SSI [128]: (a) end bearing piled
foundation-supported structure; (b) classical compensated foundation-supported structure.

3.4. Superstructure

Computational models developed by Monsalve et al. [130], as depicted in Figure 7,
reveal that the SSI effect enhances the inter-story drift ratio and acceleration of high-rise
buildings. Simultaneously, it extends the period of low-order modes with minimal impact
on high-order modes. Furthermore, it is noteworthy that the inclusion of a shear wall can,
to some extent, mitigate the increase in inter-story drift while facilitating the expansion of
story acceleration.
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Figure 7. Models of the tall buildings without and with shear walls considering SSI [130]: (a) a
building model; (b) a building model with shear walls.
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In the study conducted by Mercado et al. [131], the results underscored the signif-
icant influence of the structure’s geometry and the shear wave velocity of the soil on
the lengthening of structural periods induced by the SSI effect. Notably, structures with
larger aspect ratios and foundations in looser soil exhibited a more pronounced extension
of periods. These findings align with observations in 1999, where Stewart et al. drew
similar conclusions based on an analysis of 77 strong-motion data sets collected from
57 construction sites [132]. They measured the response of the SSI effect on structure in

terms of the first-mode period lengthening ratio, T /T (T denotes the first-mode period

without soil modelling, and T denotes the first-mode period with SSI), and their observa-
tions revealed that the dimensionless ratio of structure-soil stiffness 1/¢, was the most

significant influence factor of T /T, which could be expressed as

1/0 = hi
Vs-T

®)

where 1 denoted the effective height of the structure. Other parameters, including the
structural aspect ratio, foundation type, etc., were negligible.

To investigate the sensitivity of structures with various parameters to distinct soils un-
der the action of four different seismic waves, Zhang and Far [128] established frame struc-
tures with a range of stories (20, 30 or 40 floors) and height-width ratios (HWR = 4, 5, 6),
as shown in Figure 8. Their findings stated that the rise-span had a minor impact on SSI, but
the story height could not be omitted. Iida et al.’s survey on steel-framed and reinforced-
concrete-framed structures located in Tokyo Bay [119], where resonance occurred due to
the proximity of the periods, might help to explain the phenomenon that the latter effect
increased nonlinearly and the mid-rise building was more susceptible to the SSI effect than
the low-rise and high-rise building.
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Figure 8. Numerical models with and without considering SSI [128]: (a) fixed-base model; (b) flexible-
base model.

Similar to Alexander et al. [133], Liang et al. [134] found that the SSSI effect might
alter the structural response at specific frequencies by 30~50%. Their simulation, utilizing
the integral equation boundary element method (IBEM) in two dimensions, indicated that
when the limit was surpassed, a building could be treated as an individual entity, with
the scaling factor contingent on the distance between structures. The study made it clear
that the distance between structures significantly impacted the scope and magnitude of
the SSSI effect, persisting even when two flexible foundations were spaced up to 10 times
their respective radii apart [120]. This finding is consistent with lida’s investigation into the
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1985 Michoacan, Mexico, earthquake [135]. Additionally, Vicencio and Alexander’s [106]
research confirmed that the influence of SSSI could be disregarded in conventional seismic
calculations when the distance between structures exceeded almost twice the foundation
size. However, the significance of this observation was not definitively tied to soil properties;
the lower the shear wave velocity of the soil, the greater the ratio [116].

Another crucial factor influencing the SSSI effect is the height ratio between structures.
In Vicencio and Alexander’s study [106], SSSI exhibited a significant amplification effect on
the lower building, potentially reaching 400%, while causing a suppression effect of nearly
50% on the taller building, especially when the height ratio between the two structures
exceeded 1.5 times. Farahania et al. [136] further emphasized this principle, stating that
the seismic response of low-rise buildings could be effectively mitigated by increasing the
net distance between structures. However, for high-rise buildings, this effect was deemed
negligible as the SSI effect was much more intense than the SSSI effect.

Following converting one of the models from the Trombetta et al.’s [137] tests on the
SSSI effect in urban neighborhoods (cSSSI model) into a prototype structure with a scaling
factor (1:55), as illustrated in Figure 9, Bolisetti and Whittaker [138] carried out a numerical
analysis. The simulated structure exhibited that when the combined arrangement was
performed in the ¢SSSI model, SSSI failed to impact the global seismic response of the low-
rise and mid-rise structures. In contrast, the SSSI did affect the peak acceleration response
of the foundations, particularly in the presence of a deep foundation, which had a restraint
effect on the neighboring low-rise building with shallow foundations. In Section 4.3, the
experimental results that correlate to this numerical simulation will be enumerated.

29.5m

Figure 9. Numerical models of the cSSSI arrangement in SASSI (left) and LS-DYNA (right) [138].

To assess the influence of SSSI on the extensive clusters of buildings, Vicencio and Alexan-
der [139] introduced a simplified reduced-order model illustrated in Figure 10. The findings
indicated that while the SSSI effect on structures located at the corners was not maximized, it
did amplify the seismic response of structures parallel to the excitation orientation.
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Figure 10. Change in acceleration power due to 3D SSSI [139]: (a) L shape arrangement; (b) a city
block of twelve equispaced identical buildings.

4. Advances in Experimental Studies on SSI
4.1. Site Effect

Rayhani and Naggar [140,141] conducted vibration tests on a rigid structure at a depth
of 30 m (1:80 scale) using the C-CORE 5.5-m radius beam centrifuge. That rigid structure
was deemed to be a reasonable simulation of a 10-story building. The experimental
setup included transducers for settlement measurement and accelerometers, as depicted
in Figure 11. Glyben clay was employed during the tests to investigate the influence of
soil shear strength on SSI effects. The undrained shear strength of the clay (RG-01) in
Figure 12a was 40~60 kPa, with an average shear wave velocity of 73 m/s. The undrained
shear strength of the clay (RG-02) in Figure 12b was 40~50 kPa for the top, and 85~95 kPa
for the medium, with an average shear wave velocity of 100 m/s. Through a sturdy
container, the superstructure was embedded in the clay. The results revealed that the
SSI effect amplified the surface peak acceleration significantly, especially in instances of a
minor input seismic amplitude. Furthermore, uniform clay (RG-01) amplified structural
acceleration less than layered clay (RG-02), but RG-01 amplified near-surface acceleration
over RG-02, which might be the consequence of the nonlinearities of the deeper and weaker
clay. Also, when the seismic intensity increased, the amplification coefficient of the SSI
effect on the amplitude and spectrum of seismic acceleration was minimized allowing
researchers to hypothesize a connection between the degradation of the shear modulus and
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the rise in soil damping under extreme vibration. The acceleration of the free field and clay
near the surface under the structure is slightly smaller than the experimental results in the
period of 0.2~0.5 s, which might be owed to the rigid boundaries of the model that caused
the computed SSI effect to be smaller. The experimental results matched well with those
obtained using numerical simulations in FLAC 3D.
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Figure 11. Centrifuge model configuration at prototype scale [140]: (a) Model RG-01; (b) Model
RG-02.

Displacement
transducers

Figure 12. Models of shaking table tests [128]: (a) fixed-base model; (b) SSI model.

To compare the change in the inter-story shear of the same structure built on different
foundations (rigid and soft), Zhang and Far [128] scaled a 15-story frame structure at a ratio
of 1:30 and performed shaking table tests, as well as scaled a soil field with V5 = 200 m/s
at the same ratio. The results revealed that SSI could not be ignored, especially when the
shear wave velocity of the soil was lower. To validate the accuracy, the model developed in
ABAQUS was compared with the findings obtained from this experiment.

Brennan [28] designed a TSSI centrifuge as in Figure 13, at a 1:50 scale to investigate
the slope amplification factor under various conditions. The soil mass affected by TSSI
occurred 0.31 H (the slope height was assumed to be H) longitudinally from the soil
surface and 0.63 H from the lateral slope, according to the centrifuge test discoveries,
with an amplification factor of roughly 1.5~2.0. The range of influence and amplification
factors obtained from the experiment were found to be smaller than the numerical results,
likely attributed to the errors in the scaled model and the distinct properties of the soil.
Nonetheless, this experiment substantiated that the slope height significantly influenced the
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TSSI effect, reinforcing the conclusions drawn from the numerical simulations. Additionally,
the soil exhibited a filtering or amplification effect on seismic waves at various frequencies.
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Figure 13. Experimental model of TSSI [28]: (a) dimensions; (b) accelerometer positions.

4.2. Foundation Form

Through shaking table tests, Shahbazi et al. [112] investigated the response of soil-pile—
structure interaction under seismic action using a skid that mimicked the superstructure.
The experimental setup consisted of two groups of four piles each, totaling eight helical
piles, with distinct lengths and diameters in the two groups, as illustrated in Figure 14.
The experiment spanned five days, with the seismic response of the pile group (featuring
fixed and pinned connection types) measured during the final two days. The experimental
findings indicated comparable seismic response characteristics for both connection types.
Assuming a limit of 200 m/s for the soil shear wave velocity, the viscosity of the soil
surrounding the piles was found to increase the shear wave velocity. Consequently, the
stiffness and intrinsic frequency of the pile group were higher, resulting in a smaller
displacement between the structure and piles. However, these effects could be disregarded
when the wave velocity exceeded the threshold.

Figure 14. Schematic 3D view of pile groups and skids on shake table [112].
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As depicted in Figure 15, Wang et al. [142] conducted a shaking table test on a six-story
concrete frame at a 1:30 scale to assess the influence of the subsurface structure on SSI with
varying foundation types, ranging from independent to box foundations. According to the
experimental results, the SSI effects with the two different foundations caused a variation of
up to 20% in the acceleration response of the soil. Due to the robust confinement provided
by the box foundation to the superstructure, the overall acceleration response of the box
foundation-supported structure was smaller than that of the independent foundation.
However, the top layer of the box foundation exhibited a more pronounced amplification
effect on the seismic response, characterized by a noticeable whiplash effect. Additionally,
the researchers noted that the foundation type had a limited impact on the horizontal
spectral characteristics of the structure but a more substantial influence on the acceleration
amplitude and vertical spectrum.

| /

0.620
| 0.100,0.100,0.100,0.100,0.100,0.100
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j0214”
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Figure 15. Superstructure diagram and test site [142]: (a) frame structure with independent founda-

tion (unit: m); (b) frame structure with integral box foundation (unit: m); (c) soil container.

4.3. Superstructure

To assess the influence of soil-foundation—structure interaction (SFSI) and SSSI on
the seismic response of structures, Trombetta et al. [137,143,144] conducted centrifuge
experiments, as depicted in Figure 16. In Figure 16A, test-1 and test-2 were executed by
adjusting the separation between two structures: a low-rise frame structure with a shallow
embedded foundation and a mid-rise frame structure with a substantial basement. The tests
affirmed that the SFSI effect indeed extended the period and increased damping. Moreover,
the structure with a basement, capable of inhibiting permanent deformation, was found
to be more susceptible to the SFSI effect. Test 2, on the other hand, demonstrated that
the presence of deep footing influenced the moment-rotation behavior of the neighboring
shallow foundations. As the constraints on shallow foundations increased, the system
damping decreased, and the ratio of energy dissipated in superstructure vibration to the
total energy dissipated increased. This scenario was less favorable for the seismic response
of low-rise buildings. Building on the insights from Test 2, the researchers investigated
the impact of SSSI on the seismic response of multiple structures by rearranging buildings.
The findings indicated that for small and medium earthquakes, accounting for the SSSI
effect was essential. With the intensification of ground motion, the nonlinearity of the SFSI
increased gradually, while the SSSI effect diminished gradually, possibly due to a shift
in the form of energy release. Additionally, this test confirmed that the vulnerability of
structures to the SSSI effect depended on their nature and placement and was unrelated to
the strength of the seismic wave.
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Figure 16. Shaking table test models of SFSI and SSSI: (A) setup of Tests 1 and 2 [143]; (B) setup
of Tests 3 and 4 [144]; (C) diagram of iSSSI (Test 3), aSSSI (Tset 4), and ¢SSSI (Test 4) (from left to
right) [137].

Aldaikh et al. [145] conducted a thorough investigation into the SSSI effects on
three adjacent buildings through a shaking table test. To minimize the potential errors
associated with genuine soil, a block cellular polyurethane foam was utilized, known for
its linear and elastic propagation of seismic waves. In Figure 17b, the central building
was replaced with an aluminium plate at the center of the foam box, while identical
structures were installed on both sides, as depicted in Figure 17c. The test results
indicated that the dynamic properties of the adjacent structures had discernible effects
on the central building. Specifically, when the surrounding buildings were 10% to 20%
higher than those at the center, the SSSI amplification coefficient on the seismic response
of the central building could reach up to 170%. Conversely, when the surrounding
buildings were 10% to 20% lower, the seismic response of the central building could be
reduced by around 30%.

As depicted in Figure 18, Li et al. [146] reduced the scale of two 12-story cast-in-place
concrete frame structures to 1:15, placing them on soft ground with a 200 mm separation.
The test involved applying two seismic waves along the X and Y directions, and the impact
of SSSI on the seismic response of the structures was assessed by varying the initial peak
acceleration. The following conclusions were drawn from the test results: (a) the input
excitation exceeded the acceleration response at the top of the free-field foundation; (b) as
the initial excitation increased, the soil acceleration amplification coefficient, attributed to
the combined effects of SSSI and SSSI, decreased and became similar in both the X and Y
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directions; (c) at the pile-soil interface, a disparity in the amplitude of the contact pressure
was observed, with greater values at the top or end of the pile and minimal visibility at the
pile shaft.

Figure 17. Configurations of experimental models on shaking table [145]: (a) block cellular
polyurethane foam (soil model); (b) central building model; (c) parallel buildings model.
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5. Research Advances on SSI for Large-Span Spatial Structures

In large-span spatial structures, the interaction between upper roofs and lower
supporting structures is pivotal. The upper roofs act as a stiffness constraint on the
lower structures, while the latter has an amplification effect on the former [147]. It
has been demonstrated that when calculating the seismic response of the roof alone,
compared to considering the entire large-span space structure with the lower structure
in modal analysis, there are distinct differences in the frequencies of the first 10 orders.
Simultaneously, nodal accelerations, roof displacements, and internal forces of rods
show visible elevations [148]. This indicates that relying solely on the analysis of roofs is
unreliable. Existing specifications [36] advocate for the co-calculation of the steel roof
and lower supporting structure, emphasizing the need for considering damping ratio
values in seismic design for large-span spatial structures. It is important to note that
these recommended values were provided without taking into account the influence of
different lower support structures and SSI effects.

Simultaneously, in the case of multi-degree-of-freedom (MDOF) structures, every
mode contributes to the overall seismic response [149]. In the time history analysis of long-
span structures, the most commonly employed method is the mode superposition method,
where the key lies in determining the dominant modes [150]. Feng et al. [151] proposed the
adoption of the mode contribution ratio to identify the dominant modes of spatial structures
under seismic loads, a method that demonstrates greater precision compared to selecting
the first 25~30 modes or using the effective mass method. The mentioned studies on SSI
make it abundantly clear that SSI influences the modes of the structure, especially when
the foundation type is a pile foundation or pile-raft foundation. Consequently, the higher-
order modes of the structure exhibit more variation in the presence of SSI, underscoring
the significance of considering the soil effects when conducting design or research.

Another crucial aspect of seismic investigation in the realm of large-span spatial
structures is the consideration of multidimensional, multipoint, and nonstationary ex-
citation. Typically, seismic response analysis of structures relies on the assumption of
uniform excitation, utilizing the consistent input of ground motion. This approach pre-
dominantly considers the temporal variability of ground motion while omitting its spatial
variation. However, the influence of Multiple Support Excitation (MSE) has garnered
increased attention as the structural span expands [152]. Neglecting MSE could potentially
lead to seismic design flaws [153]. Although early seismic response studies by Su and
Dong [154] on a single-layer latticed shell with a diameter of 100 m suggested that the
torsional effect induced by the travelling wave effect of vertical earthquakes could be
mitigated by the substantial safety reserve in rods during actual engineering, subsequent
seismic response studies on long-span structures and cable structures have revealed the
inevitability of spatial variability [41,154]. This variability, observed in existing engineering
practices [155-161], can either be amplified or discounted.

Since 2009, the authors’ research group has been diligently addressing gaps in our un-
derstanding of the seismic response of SSI for large-span spatial structures. This subsection
provides an overview of the ongoing work, along with a summary of the corresponding
achievements. Utilizing advanced pile-soil models originally tailored for nuclear power
plants and high-rise buildings, Luan [12] introduced a three-dimensional uncoupled pile—
soil interaction model. This model incorporates the dynamic characteristics of spatial lattice
structures subjected to strong seismic effects. Its feasibility was substantiated through
a thorough comparison with a fully coupled analysis model. The initial assessment of
the SSI effect was conducted using this model in the context of plane truss structures.
The assumption of a single-layer site was in accordance with the U.S. code. The results
indicated that the seismic responses of the structure on site Class E were notable when
compared to those on site Class B, C, and D, and the SSI effect could be ignored. Sun [13]
defined the relative stiffness 1 between the supporting columns and upper roof, and
took the site categorization of Chinese code as the soil condition to calculate the ; limit
value of truss structures constructed on various sites, which ought to incorporate the SSI.
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While measuring the structural self-resonance frequency of truss structures erected on site
Class I, II, and 1III, the SSI effect had to be taken into consideration when B; > 3, and if
evaluating the internal force response of the members, it had to be involved when 1 > 6.
For Class I and Class II sites, the SSI effect was hard to disregard when p; > 1, while
for Class III sites, the limit value of ;1 was 6 for the numerical calculation of top chord
nodes’ acceleration. Since then, this pile-soil model has been applied to reticulated shell
structures, where the displacements at the top of structures increased with decreasing soil
stiffness when the superstructures remained unaltered, although the maximum bending
moment of the main ribs might decrease. Similarly, Sun [13] determined the limit value of
B1 that had to be contemplated in terms of the SSI effect utilizing a double-layer Kiewitt
dome reticulated shell structure with a span of 60 m as an example. The double-layer shell
structure established on site Class II and III had B; limits of 0.6 and 0.1, each, whereas
the SSI effect was negligible for the structure on site Class I when calculating the internal
force of members. Parallel to such, while computing the effect of seismic acceleration of the
mesh shells, the structure erected on site Class I could neglect the SSI effect as well. The
limitations for structures built on site Class II and III were 0.2 and 0.1, respectively. Note
that the site Class Iy, Class I;, Class II, and Class III of Chinese code are equivalent to the
site Class A, Class B, Class C (D), and Class D of the U.S. code, respectively.

It was demonstrated that the SSI effect played a favorable role in increasing overall
damping and extending the structural period. Considering the relatively dense natural
frequency of large-span spatial structures, the impact on vibration modes within the
reticulated shell structure exceeded that in the truss structure, notably concentrated in
the first five orders. Regardless of the SSI effect or the assumption of a rigid foundation,
Wang [14] emphasized that the initial vibration mode of a reticulated shell structure
tended to be horizontal due to its arched configuration, resulting in increased vertical
stiffness and decreased horizontal stiffness. However, the SSI effect expedited the
emergence of the vertical vibration mode, particularly manifesting sooner when the soil
stiffness was lower. In models with a stiff or rigid base, the vertical vibration mode
typically appeared in the 11th order; for medium-soft soil, it was in the 7th order; and
for soft soil, it was in the 5th order.

Wang [14] and Wei [15] examined the dynamic stability of single-layer and double-
layer reticulated shell structures under step loads, simple harmonic loads, and seismic
waves, respectively, aiming to broaden the awareness of the dynamic characteristics of
mesh shell structures whilst including SSI. For the single-layer reticulated shell structures,
the incorporation of SSI could significantly reduce the seismic responses in terms of both
the step and seismic loads, with the reduction ratio exceeding 20%. In other words, the
assumption of a rigid foundation fundamentally enhanced the dynamic stability of the
superstructure. Concerning simple harmonic loads as the input, the primary determining
factor was whether the load frequency fell within the resonance range. The dynamic critical
load of the structure was found to be less dependent on whether the SSI effect was consid-
ered or not. Additionally, analyzing attentively how the shell structure performed under
various seismic effects and on different types of sites, it was discovered that, generally, the
structural dynamic instability load tended to show lower values with the smaller the soil
stiffness. Yet, the dynamic response of the shell under different sites and seismic waves
varied significantly, and this tendency was not strictly linear and had a greater relationship
with choices of seismic waves. Moreover, the failure mechanism was connected to the
member section and the rise-span ratio. The structure was prone to strength fracture when
the member section was smaller, and, in the opposite scenario, the structure was susceptible
to buckling failure. Although the site influences the structural failure mechanism, it did
not play an irreplaceable role. Wei [15] came to a similar conclusion for their research on
the double-layer reticulated shell structure. Involving SSI resulted in a 10% increase in
acceleration at the structural apex but a decrease in the lateral displacement. Furthermore,
by applying sinusoidal loading, it was found that the plastic ratio of members, the maxi-
mum displacement of the structure, and the torsion angle were all amplified collectively
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when the first period of structural self-resonance and the first-order self-resonance period
of the soil coincide. Furthermore, for the sites with different periods, consideration ought
to be given as well to the impact of the higher-order vibration mode on the structural
response of shells. While the distribution of members’ plasticity had been estimated, the
area where the maximum displacement appeared differed significantly between the two
cases of the structure without and with consideration for the SSI. It indicated that, even
though the weak point remained virtually unaltered, the implications of the higher-order
vibration modes on the structural impact were unavoidable after adopting SSI. A simplified
simulation of SSI was established from Chinese code to attempt to explore the failure
mechanism of the double-layer reticulated shell structure under the SSI effect, which con-
tained the sites of Class 10, I1, II, III, and IV, respectively, and concluded that, for structures
built on soft ground, extending the period of the structure may approximate the superior
period of the input ground vibration, expanding the structural inertia during an earthquake
and aggravating its hazard. Furthermore, an analysis based on numerical simulations
of existing seismic design provisions indicates that the current seismic codes are suitable
for high-rise buildings but may not apply to large-span structures. Instead, the torsional
increase coefficients induced by SSI should be carefully considered when identifying the
critical nodes in large-span spatial structures. Additionally, a pragmatic reference method
for accurately evaluating the seismic performance of double-layer spherical reticulated
shell structures was introduced in the form of a failure criterion.

A modified S-R (Sway-Rocking) model was offered by Wang [17] and Liu [16] based
on the analysis of previous pile-soil simplified models by this group for the embedded
method, the “m” method [162], and the resistance function method. The conclusion was
that the resistance function is more accurate compared with other simplified methods
for group pile foundations used for large-span spatial structures [12]. Shaking table tests
were performed to confirm that the modified model had a better match with the assumed
soil field, as illustrated in Figure 19. Liu [16] examined the seismic response of a single-
layer cylindrical reticulated shell with various seismic wave incidence angles, foundation
types (pile and independent foundations), and the presence or absence of seismic isolation
bearings with the modified model, as illustrated in Figures 20-22. He also used shaking
table tests to verify the results of the numerical simulation. The outcomes were consistent
with our research group’s earlier findings, which demonstrated that the SSI effect prolonged
the structural period and elevated free-field acceleration by 5% to 30% at the foundation
bottom and the soil surface. Simulated evaluation additionally proved that the incident
angle profoundly impacted the seismic response of the structure. For example, in the case
of P-wave incidence, maximum acceleration in both horizontal and vertical directions could
be input proportionately to the ratio of 1:0.65 recommended by the Code for the seismic
design of buildings [36] when the incidence angle was between 50° and 80°. However, when
the incidence angle was between 0° and 50° and between 80° and 90°, the spatial effect
of the seismic wave incidence required to be considered was increased. For the S-wave,
the seismic response appeared to be enhanced when the input angle ranged between 30°
and 60°. The ratio of the peak acceleration in the two horizontal directions at the base of
the column fell between 1:0.3 and 1.3. As the intensity of the input seismic wave grew, the
mutual coupling between the two horizontals was strengthened and the ratio approached
1:0.85. This range was further narrowed though, when seismic isolation bearings were
applied, and, for S-waves, the interval to be pondered was 45°~60°. Based on the S-R
modified model, Wang [17] carried out an initial investigation of the seismic response of a
suspended dome structure with independent foundations. When the soil was considered,
the structural frequency fluctuated similarly to that of the reticulated frames and shells, but
its members’ and nodes’ acceleration responses deviated. The upper reticulated shell node’s
three displacements increased significantly after the SSI effect was considered, and, with
softer soil, the displacements were larger, despite changes being unnoticeable. Meanwhile,
the three accelerations of nodes dropped considerably, and the acceleration gradually
decreased with the soil stiffness reduced. Meanwhile, the maximum compressive stresses
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of the braces, the maximum tensile stresses of the diagonal members and ring cables, and
the initial prestress loss of the ring cables all significantly decreased at the same time as
the maximum compressive stresses of the ring and radial members of the reticulated shell
increased.

Figure 19. Shaking table test of single-column mass structure—soil interaction [17]: (a) soil container
with experimental model; (b) single-column mass structure.

ing table test of single-layer latticed ¢
soil interaction

soil interaction

(b)

Figure 20. Shaking table test of single-layer latticed cylindrical shell structure—pile—soil interaction
under vertical incidence of seismic waves [16]: (a) vertical arrangement; (b) parallel arrangement.

e-layer latticed cylindrical shell structure-

soil interaction soil interaction

(b)

Figure 21. Shaking table test of single-layer latticed cylindrical shell structure-independent
foundation—soil interaction under vertical and oblique incidence of seismic waves [16]: (a) vertical
arrangement; (b) parallel arrangement.

."l e e

test of single-layer latticed cylindrical shell structure-
independent foundation-soil interaction considering seismic isolation

Shaking table

(b)

Figure 22. Shaking table test of single-layer latticed cylindrical shell structure-independent
foundation—soil interaction considering seismic isolation [16]: (a) soil container with experimen-
tal model; (b) layered rubber bearing and its connection.
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The author’s group is presently engaged in evaluating the SSI effect on suspended
dome structures at actual sites, aiming to provide a deeper understanding of the seismic
response of prestressed structures. The Chinese code is adopted as a basis for site classi-
fication and wave selection to analyze the effects of SSI on the dynamic response of the
structure and provide an approximate spectrum of impact. The superstructure depends
on an actual construction, the Lanzhou Olympic Sports Center, as illustrated in Figure 23.
Earlier studies primarily focused on a simplified model employing a continuous spring
unit to replicate the influence of soil on the structure. The soil model was derived from a
hypothetical site and lacked refinement, potentially leading to a scenario where the seismic
response of the structure deviated from the actual seismic conditions. The two subclasses
10 and I1 of the site Class I, which have a large stiffness and approximate rigid foundation
assumption, are not included in the current research scope. Existing results indicate that
the sites that need to take the SSI into account primarily are sites Class II, III, and IV. To
generate more reliable FEM, the soil models for site Class II, III, and IV in the ongoing
study rely on real locations. Seismic waves are selected using two methods: employing
standard response spectra and utilizing seismic waves that were measured at the modelled
site. It is anticipated that these improvements will enhance the credibility of structural
seismic responses at the site, providing empirical coefficients for the SSI effect. These
coefficients can be utilized in subsequent endeavors, particularly in the investigations of
prestressed structures.

Suspended dome with . Pile foundation
supporting structure

Vs = 170 m/s i

Vs = 280 m/s
Vs =400 m/s

Vs = 600 m/s

Soil
Vs = 1050 m/s material
sorted
by color

90m

Vs = 2600 m/s

Vs = 3000 m/s

I 300 m: }

Figure 23. Model of Lanzhou Olympic Sports Center considering SSI.

6. Conclusions and Future Research Directions

In this paper, Section 2 elucidated prevalent solutions for SSI effects, while
Sections 3 and 4 comprehensively reviewed site conditions, seismic excitation, the foun-
dation type, and superstructure arrangement’s impact on the seismic response of the entire
system. These discussions were conducted under the two main categories of numerical
and experimental studies for general structures. Section 5 delved into the significance of
considering SSI for large-span spatial structures, providing an updated overview of the
state of research on SSI effects in this context. In conclusion, this section will summarize key
insights drawn from prior investigations and propose research directions for SSI systems
involving large-span spatial structures.

6.1. Synthesis of Research Conclusions

(1) Chinese Codes mandate the consideration of the SSI effect for site Class II, III,
and IV. For site Class I, SSI can be neglected in the absence of particular topographic
conditions, as confirmed by studies on frame structures. However, for specific types of
space structures erected on site Class I, the SSI effect cannot be dismissed when the stiffness
ratio of the supporting structure to the upper roof surpasses a specified limit. Additionally,
it is imperative to account for the thickness and burial depth of the weak layer, as these
factors play decisive roles in influencing seismic wave effects.
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(2) While the soil effect generally dominates in most scenarios, it is crucial to note
that this is not universally applicable. The impact of a slope on the SSI system is largely
contingent on the ratio of the distance between the structure and the slope to the height of
the slope. Although values across different papers may vary, there is a common agreement
that the slope effect can be disregarded when the ratio exceeds 5. However, a consensus is
yet to be reached on the specific amplification factor of the slope effect, and this necessitates
examination in light of the specific characteristics of the site.

(3) According to the response spectrum, seismic waves could be selected to reduce
the calculation error. Furthermore, a distinct spatial effect is observed, indicating that the
seismic responses of structures do not increase linearly with various incidence angles. The
determination of the most unfavorable incidence angle under three-dimensional seismic
wave input is structure and site-dependent.

(4) Foundations exhibit diverse responses to SSI, with shallow and compensatory
foundations being more susceptible compared to pile and pile-raft foundations. Addition-
ally, the SSI effect has the potential to alleviate the base shear force, with pile and pile-raft
foundations demonstrating higher discount factors than shallow foundations.

(5) In the case of frame structures, SSI may lead to a reduction in low-order modal
frequency and an extension of the structural period. However, owing to their unique
structural characteristics, large-span spatial structures should also consider the effects
of SSI on high-order modes. Additionally, prior research has established that different
superstructures exhibit varying degrees of sensitivity to SSI effects, primarily manifested in
the increase or decrease in peak horizontal acceleration, inter-story drift ratio, and lateral
displacement of the structure.

(6) Incorporating the nonlinear properties of soil becomes imperative when dealing
with long site periods, as the application of a linear soil model introduces greater errors
with increasing site periods. The direct method, devoid of the need for the superposition of
multiple simplifying assumptions, allows for accurate nonlinear analysis of the SSI system,
maintaining optimal accuracy. Unfortunately, its extensive computational demands render
it impractical for use in large-scale models within engineering practice.

6.2. Prospective Research Directions

In light of the aforementioned considerations regarding the importance of integrating
SSIin the design of large-span spatial structures, and acknowledging the ongoing debate
on the applicability of existing research findings from other structures to the study of space
structures, coupled with the recognized need for additional numerical and experimental
simulations, this section will delve into potential future research directions for large-span
spatial structures considering SSI. These directions are based on insights gleaned from
previous investigations on other structure types, as well as the ongoing and completed
research within the authors’ research group.

(1) A more comprehensive and in-depth experimental or theoretical study would
be beneficial to explore this aspect of the influence coefficient. Code for seismic design of
buildings [36] stipulates that, for buildings constructed on sites Class III and IV, when SSI
are included, the horizontal seismic shear tends to be diminished. Nonetheless, the group’s
research [14-17] revealed that, in certain circumstances, the horizontal seismic response
was heightened rather than discounted, attributed to the influence of the higher-order
vibration modes.

(2) Different numerical simulations have implemented various hypotheses and degrees
of simplifying as dynamic interaction spans a wide range of research areas. Hence, the
structural and foundation responses offered through several computational models might
vary greatly from one another. Most SSI effects generated from two-dimensional modeling,
such as dams or frame structures, may not be appropriate for spatial structures since
their seismic vibrations are three-dimensional [163]. Meanwhile, there are a variety of
spatial structures, along with numerous influencing factors. Certain large projected scale
spatial structures (span > 120 m, length > 300 m, cantilever > 40 m) are obliged to
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contain multidirectional and multipoint inputs, which involve seismic wave reflection and
diffraction. Thus, a more systematic study is necessary for various structural forms.

(3) It is imperative to recognize that diverse subsurface structures influence SSI. Recent
articles often employ high-rise buildings and bridges as superstructures to investigate the
impact of underground foundation design on the seismic response of SSI systems, with
a significant focus on pile foundations and pile-raft foundations. However, the seismic
assessment of large-span constructions with different foundation types, particularly in the
context of larger underground spaces, is not thoroughly explored. It is advisable to delve
deeper, as the presence of a basement imposes greater constraints on the superstructure
compared to pile foundations.

(4) Studies conducted thus far on SSI in large-span structures commonly overlook sce-
narios in which both the superstructure and the soil simultaneously undergo plasticity. The
equivalent strain of the soil experiences significant development during rare earthquakes,
particularly in sites with soft soil layers, while certain members of the superstructure
gradually enter plasticity. To accurately simulate the outcomes of seismic responses and
determine whether structures eventually face dynamic instability, strength damage, or
support failure, it is crucial to incorporate more sophisticated nonlinear or equivalent linear
soil models and robust superstructure models that consider the plastic damage of materials
in similar situations.

(5) There remains a discrepancy between experimental results and real ground vibra-
tions, primarily attributed to the predominantly small-scale nature of previous experimental
studies on SSI. A critical aspect of this process involves the selection of laboratory soil
material. Using genuine soil introduces significant challenges; accurately scaling density
and particle size, rearranging internal filler during vibration, and addressing other com-
plexities pose inherent difficulties [145]. Alternatively, using a substitute would hinder the
accurate simulation of soil nonlinearity. Furthermore, research on the topographic effects is
confined by the limitations of the test site. The author’s group conducted a comprehensive
examination of the spatial effects of a single cylindrical reticulated shell under oblique
incidence of seismic waves through numerical analysis and experiments. [16] Unfortunately,
due to the model spans of the sizes of test models being relatively small, the travelling
wave effect was not further involved. Furthermore, to ensure the generalizability of test
results for practical engineering applications, larger-scale shaking table tests or field testing
may be necessary, especially for broader spans.

(6) Further, as highlighted in this introduction, mitigating the impact of SSI is imprac-
tical when assessing the vibration control for large-span spatial structures. The vibration-
damping effectiveness of the tuned mass damper (TMD) system, founded on the as-
sumption of a rigid foundation, may prove suboptimal on flexible foundations and could
potentially yield adverse effects, as evidenced by tests. Hence, further investigations are
imperative to scrutinize the influence of SSI, validate their feasibility, and assess their
damping effects.
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