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Abstract 

High-rise buildings increasingly rest on soft and compressible clayey-sandy soils, where soil–structure interaction (SSI) 

significantly affects dynamic behavior, seismic safety, serviceability, and collapse resistance. Traditional fixed-base approaches 

neglect the flexibility of soil and foundation systems, leading to inaccurate predictions of natural periods, damping ratios, internal 

forces, overturning moments, torsional response, and second-order effects. This review aims to synthesize and evaluate more 

than seventy-three major scientific contributions spanning geotechnical earthquake engineering, structural dynamics, and 

foundation engineering, with particular focus on the implications of SSI for safe capacity-based design of tall buildings subjected 

to multidirectional extreme loading. The review covers analytical formulations, finite-element approaches, centrifuge testing, 

nonlinear time-history analyses, and performance-based design methods. Special attention is devoted to shallow foundations, 

raft foundations, pile foundations, and hybrid pile-raft systems, with systematic comparison of their effects on vertical stiffness, 

horizontal stiffness, torsional stiffness, and rocking stiffness. Comparative results from major international researchers are 

tabulated and discussed. The results consistently demonstrate that soil compressibility amplifies displacement demand, extends 

structural periods, and intensifies rocking and torsional effects, particularly for slender towers. Among all foundation systems 

examined, pile–raft foundations provide the most balanced performance in terms of stiffness, settlement control, and energy 

dissipation. Engineering recommendations are proposed for safe capacity-based design of tall buildings subjected to seismic, 

wind-induced, blast, and machine-generated multidirectional vibrations. 
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1. Introduction 

1.1. Background 

The rapid growth of urban populations and the increasing 

scarcity of competent founding strata have forced engineers to 

construct high-rise buildings Figure 1 on soft and compressi-

ble soils, particularly clayey sandy deposits characterized by 

nonlinear and heterogeneous behavior [1-4] Traditionally, 

buildings were analyzed assuming fixed-base conditions, ne-

glecting the deformability of soils and foundations. However, 

pioneering works by Veletsos and Wei [5], Veletsos et Meek 

[6] et Wolf [7] demonstrated that SSI (Soil Structures Interac-

tion) significantly modifies structural dynamic characteristics. 

Gazetas [8], Gazetas [9] and Gazetas [10] further established 

practical impedance formulations for dynamic foundation 

analysis. Under such conditions, the interaction between the 

soil medium, the foundation system, and the superstructure 

becomes a dominant parameter governing structural perfor-

mance. Early structural analyses generally assumed fixed-

base conditions, neglecting foundation flexibility and soil de-

formability. However, investigations by Veletsos et Meek [6], 

Gazetas [9] and Wolf [7] demonstrated that SSI may consid-

erably alter the dynamic characteristics of structures. Major 

earthquakes such as the 1985 Mexico City earthquake, the 

1995 Kobe earthquake, the 1999 Kocaeli earthquake, and the 

2011 Tohoku earthquake confirmed the importance of SSI ef-

fects in tall structures founded on soft soils [11-13]. 

 
Figure 1. 3D-view of tall buildings under extreme multidirectional dynamic loading. 

1.2. Context of Capacity Based Design 

Modern performance-based and capacity-based design ap-

proaches require accurate estimation of structural ductility de-

mand, foundation rocking response, torsional amplification, 

interstory drift, dynamic amplification factors, and P–Δ insta-

bility effects. In other, compressible clayey sandy soils exhibit 

shear modulus degradation, cyclic pore pressure accumulation, 

nonlinear hysteretic damping, frequency-dependent stiffness, 

and plastic deformation under cyclic loading. These phenom-

ena strongly influence the response of shallow and deep foun-

dations under multidirectional loading [14-17]. Figure 2 pré-

sent the seismic activity in the world regions. 
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Figure 2. Seismic activity in the world regions. 

1.3. Objectives 

This review aims to: 

1) Synthesize more than 73 major scientific contributions 

related to SSI in tall buildings; 

2) Evaluate the influence of compressible clayey–sandy 

soils; 

3) Compare shallow, raft, pile, and hybrid foundation sys-

tems; 

4) Analyze the influence of vertical, horizontal, torsional, 

and rocking stiffness; 

5) Assess SSI effects on second-order phenomena and in-

ternal force redistribution; 

6) Present analytical equations, empirical regressions, and 

comparative tables; 

7) Provide recommendations for safe capacity-based de-

sign. 

2. Literature Review 

2.1. Historical Development of SSI Theory 

The theoretical foundations of SSI originated from the elas-

tic half-space solutions developed by Lamb [18], Reissner [19] 

and Biot [20]. Lysmer [21] proposed analytical solutions for 

rigid footings on elastic media, while Richart et al. [22] for-

malized vibration theories for soil–foundation systems. Ve-

letsos and Meek [6] demonstrated that foundation flexibility 

increases structural natural periods. Wolf [7] and Gan et al. 

[23] developed the substructure method and cone models, 

while Gazetas [9] proposed practical impedance equations 

widely used in engineering practice. 

2.2. Vertical Foundation Stiffness 

Soft clayey soils exhibit lower hear modulus (G) values, 

leading to larger settlements and increased vibration ampli-

tudes [4]. The vertical dynamic stiffness of a rigid circular 

foundation resting on an elastic half-space is given by Gazetas 

[9]: 

4

1
v

Gr
K


=

−
                 (1) 

where: G = soil shear modulus; r = equivalent radius; and ν = 

Poisson’s ratio. 

2.3. Horizontal Foundation Stiffness 

Pais et Kausel [24] showed that embedment significantly 

improves horizontal resistance due to passive confinement ef-

fects. The horizontal stiffness controlling translational re-

sponse is: 
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h

Gr
K


=

−
                   (2) 

2.4. Rocking Foundation Stiffness 

Rocking flexibility becomes critical for slender high-rise 

buildings because it amplifies overturning moments and sec-

ond-order effects [25]. Rocking stiffness is expressed as: 

( )

38

3 1
r

Gr
K


=

−
                  (3) 

2.5. Torsional Foundation Stiffness 

Asymmetric buildings are highly sensitive to torsional SSI 

effects under multidirectional seismic loading [26]. The tor-

sional stiffness of a circular foundation is: 

316

3
t

Gr
K =                   (4) 

2.6. Influence of Soil Compressibility 

Mylonakis et Gazetas [13] demonstrated that SSI may am-

plify seismic demand when resonance occurs between the 

dominant soil period and the structural period. Paolucci [27] 

observed drift amplifications exceeding 35% for tall buildings 

founded on soft deposits. Hardin et Drnevich [14] proposed 

the nonlinear shear modulus degradation relationship: 

max

1

1
r

G

G 



=

+
                  (5) 

where: Gmax = maximum shear modulus; γ = shear strain and 

γr = reference strain. 

2.7. Foundation Systems 

2.7.1. Shallow Foundations 

Shallow foundations exhibit significant rocking and settle-

ment under seismic excitation [24]. Embedment increases ra-

diation damping and reduces displacement amplitudes. 

2.7.2. Raft Foundations 

Raft foundations distribute stresses uniformly and reduce 

differential settlement [28]. They also improve rotational sta-

bility. 

2.7.3. Deep Foundations 

Pile foundations provide increased lateral stiffness and im-

proved settlement control [29]. However, they may amplify 

kinematic interaction. 

(i). Introduction to Deep Foundations in Soil 

Structure Interaction 

Deep foundations are widely used for high-rise buildings, 

bridges, offshore platforms, nuclear facilities, and industrial 

structures subjected to severe static and dynamic loading con-

ditions. Their primary role is to transfer structural loads 

through weak superficial soils toward deeper competent strata 

while controlling settlement, rotation, and lateral deformation 

[3, 30]. In the context of soil structure interaction, deep foun-

dations significantly influence dynamic stiffness, structural 

natural frequencies, radiation damping, inertial interaction, 

rocking behavior, torsional response, and seismic energy dis-

sipation. The dynamic behavior of pile foundations differs 

substantially from shallow foundations because the load trans-

fer mechanisms involve both shaft resistance and tip re-

sistance distributed along the pile length [31, 32]. Deep foun-

dations are generally classified as end-bearing piles, friction 

piles, drilled shafts, caissons, barr ettes, pile groups, and pile 

raft hybrid systems. The response of deep foundations under 

multidirectional loading depends on the soil stiffness profile, 

pile slenderness ratio, pile spacing, pile cap rigidity, embed-

ment depth, frequency of excitation, and soil nonlinearity. 

(ii). Historical Development of Dynamic Pile Theory 

The dynamic analysis of piles originated from the work of 

Winkler [33], who modeled soil as independent elastic springs; 

Biot [20], who developed elastic continuum formulations; No-

vak [31], who established dynamic impedance functions for 

piles; Gazetas et Dobry [32], who investigated pile group in-

teraction; and Wolf [7], who formalized substructure SSI 

methods. Novak [31] demonstrated that pile stiffness is fre-

quency-dependent and complex-valued due to radiation 

damping and material damping. Wolf and Deeks [26] later 

showed that pile impedance governs the transfer of dynamic 

energy between soil and superstructure. 

(iii). Vertical Stiffness of Deep Foundations 

High vertical stiffness produces the educed settlements, the 

smaller vertical vibration amplitudes, and increased natural 

frequencies. However, excessively stiff piles may transfer 

larger seismic accelerations, increase superstructure base 

shear and produce stress concentration in pile caps. Soft 

clayey soils significantly reduce G, thereby decreasing Kv and 

increasing axial deformations [4]. 

In fundamental mechanisms, vertical pile stiffness governs 

axial settlement, vertical vibration amplitudes, compression 

wave propagation, and dynamic load transfer. The vertical 

stiffness arises from shaft friction resistance, end-bearing re-

sistance, and soil confinement effects. The vertical dynamic 

stiffness of a single pile may be approximated by Novak [31]: 

v s

EA
K K

L
= +                  (6) 
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where: E = Young’s modulus of pile material; A = pile cross-

sectional area; L = pile length; and Ks = soil stiffness contri-

bution. 

In the elastic continuum solution, Gazetas et Dobry [32] 

proposed: 

04v vK Gr=                   (7) 

where: G = soil shear modulus; r0 = equivalent pile radius; ηv 

= dynamic correction factor. 

The factor ηv depends on frequency ratio, pile slenderness, 

soil layering and damping ratio. 

(iv). Horizontal Stiffness of Deep Foundations 

Pile groups in soft clay often experience reduced efficiency 

because overlapping stress zones diminish soil resistance [30]. 

High horizontal stiffness results in reduced lateral drift, im-

proved seismic stability, educed P–Δ effects. However, very 

stiff systems may amplify floor accelerations, increase struc-

tural demand and reduce energy dissipation. 

In lateral load transfer mechanisms, horizontal stiffness 

controls the lateral displacement, the base shear transfer, the 

structural sway, the wind-induced motion. The lateral re-

sistance of piles depends on the soil reaction modulus, the pile 

bending rigidity, the pile-head restraint, the pile spacing. The 

Winkler beam-on-elastic-foundation equation is: 

4

4
0

d y
EI ky

dx
+ =                (8) 

where: EI = pile bending stiffness; k = subgrade reaction mod-

ulus; y = lateral displacement. 

In the term of dynamic horizontal stiffness, Gazetas and 

Dobry [32] showed that pile groups exhibit reduced horizontal 

stiffness due to shadowing interaction effects. Novak [31] pro-

posed:  

04h hK Gr=                  (9) 

where: ηh = horizontal impedance coefficient. 

(v). Rocking Stiffness of Deep Foundations 

Rocking stiffness governs foundation rotation, overturning 

resistance, dynamic stability and redistribution of seismic en-

ergy. Controlled rocking may dissipate seismic energy benefi-

cially [34]. However, excessive rocking may lead to structural 

instability; residual tilt; soil yielding and pile damage. Soft 

compressible soils reduce rocking stiffness considerably. 

Rocking occurs when overturning moments induce rotational 

motion of the foundation system. Rocking stiffness is essential 

for: tall slender towers; wind-sensitive structures; seismic-re-

sistant buildings and Offshore platforms. The rocking stiffness 

of a pile group may be expressed as: 

2
r ih

K K s=                (10) 

where: Kh = lateral stiffness of individual pile and si = distance 

from pile to rotation center. 

Gazetas [9] proposed for embedded foundations: 

( )

38

3 1
r

Gr
K


=

−
                (11) 

For pile groups, rocking stiffness increases significantly 

with pile spacing and cap rigidity. 

(vi). Torsional Stiffness of Deep Foundations 

High torsional stiffness provides: reduced torsional drift; 

improved structural symmetry; better seismic performance. 

However, excessive torsional rigidity may increase stress con-

centration and irregular pile layouts may induce differential 

torsional response. Torsional SSI becomes particularly severe 

in supertall asymmetric towers. Torsional loading develops 

due to: asymmetric structural geometry; eccentric loading; tor-

sional seismic excitation; uneven soil conditions. Torsional 

stiffness controls rotational response around the vertical axis. 

The torsional stiffness of a circular pile group may be approx-

imated as: 

t

GJ
K

L
=                    (12) 

where: J = polar moment of inertia and L = pile length. 

Novak et Sachs [35] demonstrated that torsional impedance 

decreases under cyclic degradation. For pile groups: 

2
t ih

K K r=                  (13) 

where: ri = radial distance from group centroid. 

(vii) Dynamic impedance and frequency dependence 

Dynamic pile stiffness is frequency-dependent: 

( ) sK K i C = +                (14) 

where: Ks = static stiffness; C = damping coefficient; ω = ex-

citation frequency. 

This complex impedance includes: elastic stiffness; radia-

tion damping and material damping. At resonance frequencies, 

stiffness degradation and amplification become critical. Pile 

groups exhibit interaction due to overlapping stress bulbs. 

Poulos and Davis [30] defined group efficiency as:  

g

s

Q

nQ
 =                   (15) 

where: Qg = group capacity; Qs = single pile capacity and n = 
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number of piles. 

Interaction effects reduce: horizontal stiffness; rocking 

stiffness and energy dissipation capacity. 

2.7.4. Hybrid Pile–raft Systems 

Pile–raft systems combine the benefits of rafts and piles and 

are increasingly adopted for supertall structures [28, 36]. 

3. Materials And Methods 

3.1. Methodological Framework 

This review synthesizes finite element analyses, boundary 

element methods, centrifuge tests [37], full-scale monitoring 

[38], shake-table experiments, and nonlinear time-history sim-

ulations. The reviewed studies span from 1965 to 2025. 

3.2. Governing Equation of Motion 

The global dynamic equilibrium equation of an SSI system 

is: 

      ( )M u C u K u F t+ + =           (16) 

where: [M] = mass matrix; [C] = damping matrix; [K] = stiff-

ness matrix; and u = displacement vector. 

3.3. Effective Structural Stiffness 

The equivalent stiffness accounting for foundation flexibil-

ity is: 

1

1 1
ef f

s f

K
K K

−
 

= + 
 
 

              (17) 

where: Ks= superstructure stiffness an Kf = foundation stiff-

ness. 

3.4. P–Δ Amplification 

The second-order stability coefficient is: 

P

Vh



=                  (18) 

where: P = axial load; Δ = lateral displacement; V = story 

shear and h = story height. 

Flexible foundations increase Δ, thereby amplifying insta-

bility effects. 

4. Results 

4.1. Influence of Soil Type 

The results in Table 1 clearly show a strong dependency of 

dynamic structural response on soil stiffness and nonlinear be-

havior. As soil conditions transition from dense sand to softer 

and more compressible materials, there is a consistent increase 

in period elongation, settlement, and drift amplification. 

Dense sand produces only minor period increases (5–10%) 

with low settlement and drift amplification, reflecting its high 

stiffness and limited soil–structure interaction (SSI) effects. In 

contrast, medium sand shows moderate increases across all re-

sponse parameters, indicating a more noticeable but still con-

trolled SSI influence. Soft clay exhibits the most critical be-

havior, with period increases reaching 20–45% alongside high 

settlement and drift amplification. This highlights the pro-

nounced effect of low stiffness, cyclic degradation, and excess 

pore pressure generation, which significantly weaken the soil–

foundation system. 

Clayey–sandy soils present intermediate but highly variable 

behavior, with moderate to high settlement and significant 

drift amplification. This reflects their heterogeneous nature, 

where partial drainage conditions and nonlinear stiffness deg-

radation lead to complex SSI effects. 

Overall, the table confirms that decreasing soil stiffness sys-

tematically increases dynamic flexibility, amplifies displace-

ment demand, and intensifies serviceability concerns, con-

sistent with classical SSI findings reported by. Dobry and 

Gazetas [39], Kramer [4], Gazetas [9] and Mylonakis and 

Gazetas [13]. 

Table 1. Dynamic response as a function of soil type [4, 9, 13]. 

Soil Type Period Increase Settlement Increase Drift Amplification 

Dense Sand 5–10% Low Low 

Medium Sand 10–20% Moderate Moderate 

Soft Clay 20–45% High High 

Clayey–Sandy Soil 15–35% Moderate–High Significant 
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4.2. Comparative Foundation Performance 

Table 2 highlights clear differences in how foundation sys-

tems manage stiffness, stability, and settlement under seismic 

and dynamic loading. The progression from isolated footings 

to pile–raft systems show a consistent improvement in overall 

performance, particularly in terms of load distribution and soil 

structure interaction control. Isolated footings exhibit only 

moderate vertical stiffness, low rocking resistance, and poor 

settlement control. This reflects their limited ability to redis-

tribute loads and resist differential movements, making them 

more sensitive to soil variability and dynamic effects. Raft 

foundations provide improved performance, with high vertical 

stiffness and better settlement control. However, their rocking 

resistance remains only moderate, indicating that while they 

improve load spreading over a larger area, they still allow no-

ticeable rotational flexibility under seismic loading. Pile foun-

dations show a significant enhancement in behavior, with very 

high vertical stiffness, high rocking resistance, and very high 

settlement control. This demonstrates the effectiveness of 

deep foundations in transferring loads to deeper, stiffer soil 

layers and reducing both vertical and rotational deformations. 

The pile–raft system performs best overall, offering opti-

mized stiffness distribution, very high rocking resistance, and 

excellent settlement control. This hybrid behavior reflects a 

balanced interaction between raft flexibility and pile stiffness, 

leading to superior seismic and serviceability performance. 

Overall, the table confirms that increasing foundation depth 

and structural integration substantially improves stiffness, sta-

bility, and settlement performance Finn, [40]. with pile raft 

systems providing the most efficient and resilient solution 

among the considered options. 

Table 2. Foundation System Comparison. 

Foundation Type Vertical Stiffness Rocking Resistance Settlement Control SSI Sensitivity 

Isolated footings Moderate Low Low High 

Raft foundation High Moderate High Moderate 

Pile foundation Very High High Very High Moderate 

Pile–raft System Optimized Very High Excellent Low 

 

4.3. Comparative Findings of Major 

Researchers 

Table 3 summarizes the major contributions of key re-

searchers in soil–structure interaction (SSI) and foundation 

dynamics, highlighting the evolution of understanding in this 

field. Collectively, these studies demonstrate a consistent pro-

gression from foundational theoretical models to more ad-

vanced interpretations of nonlinear and performance-based 

behavior. 

Veletsos and Meek [6] established that soil–structure inter-

action increases the natural period of structures, providing one 

of the earliest clear insights into how soil flexibility alters dy-

namic response. Building on this, Gazetas [9], Eurocode 8 [41] 

developed widely used dynamic impedance formulations that 

quantify soil–foundation stiffness and damping characteristics. 

Wolf [7] contributed significantly by formalizing the sub-

structure method, which remains a cornerstone in SSI analysis 

by separating soil and structural components for more effi-

cient modeling. Later [12, 42-44]. showed that SSI can signif-

icantly modify ductility demand, emphasizing its implications 

for performance-based seismic design. 

[13] further demonstrated that SSI does not always reduce 

demand and may, in certain cases, amplify seismic response, 

challenging earlier simplified assumptions. In foundation en-

gineering, [28] highlighted the advantages of piled raft sys-

tems as an efficient solution for settlement control and load 

distribution. 

Finally, [29] advanced the concept of controlled rocking 

systems, showing that intentional rocking can improve seis-

mic resilience and energy dissipation when properly designed. 

Overall, the table reflects a shift from linear elastic interpreta-

tions toward a more nuanced understanding of nonlinear, per-

formance-based soil–structure interaction behavior and ad-

vanced foundation systems. 

Table 3. Summary of major contributions. 

Author Main Findings 

Veletsos and Meek [6] SSI increases natural period 

Gazetas [10] 
Developed dynamic impedance 

equations 

Wolf [7] 
Developed substructure SSI 

method 
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Author Main Findings 

Stewart et al. [12] SSI modifies ductility demand 

Mylonakis and Gazetas [13] SSI may amplify seismic demand 

Poulos [28] 
Pile raft systems improve perfor-

mance 

Anastasopoulos [29] 
Controlled rocking improves re-

silience 

4.4. Interpretation of Results 

The reviewed studies consistently indicate that soft soils 

amplify displacement demand, foundation flexibility in-

creases structural periods, rocking motion significantly modi-

fies overturning moments, torsional effects become critical in 

asymmetric towers, and soil–structure interaction (SSI) may 

reduce acceleration but increase drift. 

The balance between flexibility and stiffness is essential. 

Excessively rigid systems increase force transmission, while 

excessively flexible systems increase displacement demand. 

The literature consistently demonstrates that deep foundations 

significantly improve seismic stability, pile–raft systems pro-

vide optimal stiffness distribution, soft soils reduce all dy-

namic stiffness components, rocking flexibility strongly af-

fects second-order effects, and torsional soil–structure inter-

action (SSI) becomes critical for irregular towers. In other, the 

following comparative tables synthesize major international 

research results related to: Compressible clayey sandy soils; 

wind-induced vibration; seismic shock loading; foundation 

flexibility; rocking and torsional effects; dynamic amplifica-

tion and high-rise and supertall buildings. The tables summa-

rize the principal findings of internationally recognized re-

searchers and research institutions [45-51]. 

Table 4. Comparative deep foundation stiffness formulations. 

Author Vertical Stiffness Horizontal Stiffness Rocking Stiffness Torsional Stiffness 

Novak [31] Dynamic impedance Dynamic impedance Frequency-dependent Frequency-dependent 

Gazetas [10] Elastic continuum Elastic continuum Closed-form solution Closed-form solution 

Wolf [7] Cone model Cone model Substructure method Substructure method 

Poulos [28] Pile–raft interaction Group interaction Rotational stiffness Group torsion 

 

Table 4 compares key deep foundation stiffness formula-

tions proposed by major researchers, highlighting how differ-

ent analytical approaches represent vertical, horizontal, rock-

ing, and torsional behavior. Collectively, the table reflects the 

evolution from simplified impedance models to more ad-

vanced interaction-based and hybrid foundation formulations. 

Novak [31] introduced dynamic impedance concepts that cap-

ture both vertical and horizontal stiffness as frequency-de-

pendent quantities, extending the analysis to rocking and tor-

sional responses through dynamic formulations. This work 

laid the foundation for frequency-domain SSI modeling of pile 

systems. Gazetas [9] advanced the field by deriving elastic 

continuum-based solutions, including widely used closed-

form expressions for rocking and torsional stiffness. These 

formulations improved practical applicability while maintain-

ing strong theoretical rigor. Wolf [7] contributed the cone 

model and substructure method, providing a versatile frame-

work for representing soil–pile interaction and enabling con-

sistent treatment of vertical, horizontal, rocking, and torsional 

stiffness within a decomposed system approach. Poulos [28] 

Mylonakis [52] further extended the understanding of deep 

foundation behavior by focusing on pile–raft interaction and 

group effects, emphasizing how pile systems and raft founda-

tions interact to govern vertical, rotational, and torsional stiff-

ness in practical design conditions. Overall, the table demon-

strates a progression from frequency-dependent impedance 

formulations to more comprehensive interaction-based and 

system-level models, reflecting increasing sophistication in 

the analysis of deep foundation stiffness behavior. 

Table 5 summarizes the major contributions of key re-

searchers in soil structure interaction (SSI), highlighting both 

methodological developments and key insights into seismic 

and foundation behavior. Together, these works form a coher-

ent progression in understanding how soil flexibility and foun-

dation systems influence structural response. Veletsos and 

Meek [6] demonstrated that SSI increases the natural period 

of structures, establishing a fundamental dynamic effect of 

soil flexibility. Gazetas [10] advanced the field by developing 

widely used dynamic impedance equations that quantify soil–

foundation stiffness and damping in dynamic analyses. Wolf 

[7] introduced the substructure method, providing a practical 

and widely adopted framework for SSI analysis by separating 

soil and structural components. Stewart et al. [12] further 

showed that SSI significantly modifies ductility demand, re-

inforcing its importance in performance-based seismic design. 

Mylonakis and Gazetas [13] highlighted that SSI may, in some 
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cases, amplify seismic demand rather than reduce it, empha-

sizing the non-uniform nature of SSI effects. Randolph and 

Wroth, [53] and Poulos [28] contributed to foundation engi-

neering by demonstrating the performance advantages of pile–

raft systems in improving settlement control and overall be-

havior. Finally, Anastasopoulos [29] showed that controlled 

rocking systems can enhance seismic resilience by improving 

energy dissipation when properly designed. Overall, the table 

reflects a clear evolution from foundational theoretical devel-

opments to more advanced, performance-oriented and nonlin-

ear interpretations of soil structure interaction and foundation 

systems. 

Table 5. Comparative international research results on SSI effects in compressible soils. 

Authors Soil Type Structure Type Loading Type Main SSI Observation Quantitative Result 

Veletsos & Meek 

[6] 
Soft clay 

Tall frame 

structures 
Seismic 

Structural period 

elongation 

+15% to +40% increase in 

natural period 

Gazetas [10] 
Compressible 

sandy clay 

Embedded 

foundations 

Dynamic vibra-

tion 

Foundation damping in-

creases significantly 
20–35% damping increase 

Mylonakis & 

Gazetas [13] 

Soft cohesive 

soils 

High-rise build-

ings 
Earthquake 

SSI may amplify seismic 

response 

Base drift amplified up to 

30% 

Stewart et al. [12] 
Soft alluvial 

soils 

Multistory 

buildings 
Seismic 

Ductility demand modified 

by SSI 
Drift increase up to 25% 

Paolucci [27] Soft deposits Slender towers Earthquake 
Displacement amplifica-

tion observed 

35–50% displacement in-

crease 

Wolf & Deeks 

[26] 
Clayey soils 

Flexible founda-

tions 

Harmonic vi-

bration 

Radiation damping domi-

nates 

Frequency-dependent 

damping observed 

Poulos [28] 
Clayey–sandy 

soils 
Piled raft towers Wind + seismic 

Pile-raft systems improve 

stability 
Settlement reduction >50% 

Randolph [53] Soft layered soils Pile groups 
Dynamic load-

ing 

Group interaction reduces 

stiffness 
10–30% stiffness reduction 

Gajan & Kutter 

[26] 
Soft clay 

Rocking foun-

dations 
Earthquake 

Controlled rocking dissi-

pates energy 

Base shear reduction up to 

40% 

Anastasopoulos 

[29] 

Compressible 

clay 

Rocking sys-

tems 
Seismic shock 

Rocking isolation benefi-

cial 

Collapse prevention im-

proved 

 

Table 6 presents a comparative overview of recent studies 

on wind-induced vibrations in tall buildings considering soil–

structure interaction (SSI), highlighting how foundation flex-

ibility and soil conditions influence dynamic wind response. 

Overall, the findings consistently show that SSI plays a critical 

role in modifying structural response, sometimes amplifying 

and sometimes mitigating wind effects depending on soil and 

structural characteristics. Venanzi et al. [54] observed that for 

buildings ranging from 150 to 250 m with raft foundations, 

SSI alters internal force distribution and can increase drift by 

15–20%, indicating a notable amplification of serviceability 

demands. Similarly, Liu et al. [55] reported that in high-rise 

systems equipped with tuned mass dampers, SSI can reduce 

the effectiveness of vibration control devices, leading to in-

creased acceleration responses. Prendergast et al. [56] demon-

strated that for tall buildings on soft soils with embedded foun-

dations, soil damping can become dominant, contributing up 

to 60% of total damping and significantly influencing vibra-

tion attenuation. In contrast, Fernández et al. [57] showed that 

compressible soils may increase overturning moments by up 

to 18% under dynamic wind loading, highlighting adverse SSI 

effects on stability. Zhang and Far [58] further emphasized the 

dual nature of SSI in high-rise systems with deep foundations, 

where drift may increase up to 32%, indicating that SSI can 

be either beneficial or detrimental depending on system con-

figuration. Zhang et al. [59] reported that in supertall towers 

(>300 m) supported by large pile groups, RMS acceleration 

can be amplified by approximately 25%, showing the sensi-

tivity of very tall structures to foundation flexibility. Finally, 

the CAARC numerical model in 2023, [60] demonstrated that 

flexible soil support can alter aeroelastic instability modes and, 

in some cases, reduce instability risks, emphasizing the com-

plex interaction between wind loading and SSI in benchmark 

studies. 

Overall, the table confirms that SSI significantly influences 
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wind-induced vibrations in tall buildings, affecting drift, ac-

celeration, damping, and stability in ways that depend strongly 

on soil stiffness, foundation type, and structural height. 

Table 6. Influence of wind-induced vibrations on tall buildings with SSI. 

Authors Building Height Foundation Type Wind Effect Main Observation Quantitative Findings 

Venanzi et al. [54] 150–250 m Raft foundation Wind vibration 
SSI modifies internal 

force distribution 
15–20% drift increase 

Liu et al. [55] High-rise towers 
Tuned mass 

damper + SSI 
Wind 

SSI reduces effective-

ness of TMD 

Acceleration increase 

observed 

Prendergast et al. 

[56] 

Tall buildings on 

soft soils 

Embedded founda-

tion 

Wind-induced 

vibration 
Soil damping dominant 

Damping contribution 

up to 60% 

Fernández et al. 

[57] 
100 m building Compressible soils 

Dynamic wind 

loading 

SSI modifies overturn-

ing moments 

Moment increase up to 

18% 

Zhang & Far [58] 
High-rise build-

ings 
Deep foundations Seismic + wind 

SSI may be beneficial or 

detrimental 

Drift increase up to 

32% 

Zhang et al. [59] 
>300 m supertall 

towers 
Large pile groups Wind excitation 

SSI strongly affects 

RMS acceleration 

RMS acceleration am-

plified by 25% 

CAARC numerical 

model [60] 

CAARC bench-

mark tower 

Flexible soil sup-

port 

Aeroelastic vi-

bration 

Soil support alters insta-

bility modes 

Reduced aeroelastic in-

stability 

 

Table 7 compares the influence of different foundation 

types on dynamic stiffness characteristics and overall seismic 

performance, highlighting clear trends in how foundation sys-

tems govern soil–structure interaction (SSI) behavior. The re-

sults show a consistent improvement in stiffness and dynamic 

response as foundation systems become more embedded and 

structurally integrated with the soil. Isolated footings exhibit 

only moderate vertical stiffness and low horizontal, rocking, 

and torsional stiffness, leading to large settlements and signif-

icant rocking under dynamic loading. This reflects their lim-

ited capacity to engage the surrounding soil effectively, result-

ing in relatively poor overall seismic performance. Raft foun-

dations provide improved behavior, with high vertical stiff-

ness and moderate horizontal, rocking, and torsional stiffness. 

This leads to better drift control compared to isolated footings, 

as load distribution is improved through a larger contact area 

with the soil [61]. Deep pile foundations demonstrate a sub-

stantial enhancement in performance, with very high stiffness 

across all components and excellent seismic stability. Their 

ability to transfer loads to deeper, stiffer soil layers signifi-

cantly reduces deformation and improves overall dynamic re-

sponse. Pile–raft hybrid systems show the best overall behav-

ior, combining optimized vertical stiffness with very high hor-

izontal, rocking, and torsional stiffness. This balanced interac-

tion results in superior dynamic performance, making them 

highly efficient for both settlement control and seismic re-

sistance. Embedded foundations also perform well, with high 

stiffness in most directions and improved radiation damping 

characteristics. While torsional stiffness is comparatively 

moderate, their ability to dissipate energy through soil inter-

action enhances dynamic stability. Overall, the table clearly 

demonstrates that increasing foundation depth and soil en-

gagement significantly enhances dynamic stiffness and seis-

mic performance, with pile–raft systems offering the most bal-

anced and effective response among the considered founda-

tion types. 

Table 7. Comparative effects of foundation type on dynamic stiffness. 

Foundation Type 
Vertical Stiff-

ness 

Horizontal 

Stiffness 

Rocking Stiff-

ness 

Torsional Stiff-

ness 
Dynamic Performance 

Isolated Footings Moderate Low Low Low Large settlements and rocking 

Raft Foundation High Moderate Moderate Moderate Good drift control 

Deep Pile Foundation Very High High High High Excellent seismic stability 
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Foundation Type 
Vertical Stiff-

ness 

Horizontal 

Stiffness 

Rocking Stiff-

ness 

Torsional Stiff-

ness 
Dynamic Performance 

Pile–Raft Hybrid Optimized Very High Very High Very High Best overall dynamic response 

Embedded Foundation High High High Moderate Improved radiation damping 

 

Table 8 presents a global comparison of dynamic amplification 

factors observed in different regions, highlighting how local soil 

conditions and hazard types significantly influence soil–structure 

interaction (SSI) effects. The results emphasize that amplification 

behavior is highly site-dependent and strongly governed by soil 

stiffness, stratification, and the nature of dynamic loading. In Mex-

ico City, the presence of soft lacustrine clay leads to extreme reso-

nance amplification during earthquakes, as documented by Seed et 

al. [12] making it one of the most well-known cases of severe SSI 

effects. Similarly, in Japan (Tohoku region), soft coastal deposits 

contribute to large rocking responses under seismic shocks, as 

highlighted by Mylonakis and Gazetas, emphasizing the role of 

foundation flexibility in earthquake-prone coastal zones. In Turkey, 

compressible alluvial soils have been associated with severe SSI-

induced drift during earthquakes, as reported by Stewart [57] indi-

cating significant amplification of structural deformation demands. 

In contrast, the Netherlands, characterized by soft organic clay, 

shows wind-driven dynamic behavior where foundation damping 

becomes dominant, as observed by Prendergast et al. [56] reducing 

some vibration effects but still influencing system response. China 

presents cases of soft urban deposits where structure–soil–structure 

interaction leads to amplification effects between adjacent build-

ings, as shown by Gan et al. [23], high lighting the importance of 

urban density in SSI behavior. In Italy, layered soft soils have been 

linked to critical foundation rotation effects during earthquakes, as 

discussed by Conti and Viggiani, [62] emphasizing the role of stra-

tigraphy in rotational stiffness reduction. In the UAE and broader 

Gulf region, sandy but compressible soils contribute to long-period 

amplification under wind loading, particularly affecting tall build-

ings, as reported in studies on supertall structures, showing that 

even granular soils can produce significant dynamic effects when 

soil compressibility is present. Overall, the table demonstrates that 

dynamic amplification is not only a function of seismic or wind 

intensity but is strongly controlled by local geotechnical conditions 

and foundation–soil interaction mechanisms, reinforcing the need 

for site-specific SSI analysis in performance-based design. 

Table 8. Comparative dynamic amplification factors observed worldwide. 

Region Soil Condition Main Hazard Amplification Observed Key Researchers 

Mexico City Soft lacustrine clay Earthquake Extreme resonance amplification Seed et al. 

Japan (Tohoku) Soft coastal deposits Seismic shock Large rocking response Mylonakis & Gazetas 

Turkey Compressible alluvium Earthquake Severe SSI-induced drift Stewart et al. 

Netherlands Soft organic clay Wind vibration Foundation damping dominant Prendergast et al. 

China Soft urban deposits 
Adjacent tower interac-

tion 

Structure-soil-structure interaction 

amplification 
Gan et al. 

Italy Layered soft soils Earthquake Foundation rotation critical Conti & Viggiani 

UAE / Gulf Re-

gion 
Sandy compressible soils Wind loading Long-period amplification Tall building studies 

 

Table 9 highlights the comparative influence of soil–struc-

ture interaction (SSI) on key structural response parameters by 

contrasting fixed-base and flexible foundation conditions. The 

results clearly demonstrate that incorporating SSI generally in-

creases flexibility-related responses while often reducing force-

based demands. The natural period increases by approximately 

10% to 45% when SSI is considered, reflecting the additional 

flexibility introduced by soil compliance and foundation de-

formability. This elongation of the period is directly associated 

with changes in dynamic behavior and resonance characteristics. 

Interstory drift also increases significantly, typically by 15% to 

40%, indicating that SSI amplifies deformation demands even 

when global force levels may be reduced. Similarly, rocking ro-

tation becomes significant under SSI conditions, transitioning 

from negligible values in fixed-base models to pronounced ro-

tational motion in flexible foundations. Foundation settlement 

shows the most substantial relative change, with increases of up 
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to 300%, emphasizing the strong dependence of vertical defor-

mation on soil compressibility and foundation type. In contrast, 

base shear generally decreases by about 10% to 35%, demon-

strating the well-known SSI effect of force redistribution and 

energy dissipation into the soil system. Torsional response is 

also amplified under SSI, with increases ranging from 20% to 

50%, particularly in irregular or asymmetric structures where 

soil flexibility can intensify rotational coupling effects. Like-

wise, RMS wind acceleration increases by approximately 15% 

to 30%, indicating that SSI can also enhance serviceability-level 

responses under wind loading. Overall, the table confirms that 

SSI tends to reduce force demands such as base shear while 

simultaneously increasing displacement-based responses, in-

cluding drift, rotation, and acceleration. This dual effect high-

lights the importance of incorporating SSI in performance-

based design to ensure accurate prediction of both strength and 

serviceability limits. 

Table 9. Comparative influence of SSI on structural parameters. 

Structural Parameter Fixed Base Flexible Foundation with SSI Typical Increase 

Natural Period Lower Higher +10% to +45% 

Interstory Drift Lower Higher +15% to +40% 

Rocking Rotation Negligible Significant Strong amplification 

Foundation Settlement Low Moderate–High Up to 300% 

Base Shear Higher Sometimes reduced −10% to −35% 

Torsional Response Moderate Amplified +20% to +50% 

RMS Wind Acceleration Lower Higher +15% to +30% 

 

Table 10 illustrates the comparative effects of different 

compressible soil categories on the dynamic response of high-

rise buildings, emphasizing how decreasing shear modulus di-

rectly intensifies soil–structure interaction (SSI) severity and 

associated structural consequences. Dense sand, characterized 

by a high shear modulus, exhibits low SSI severity, resulting 

in only minor amplification of structural response. In this case, 

the soil provides sufficient stiffness to limit excessive defor-

mation and effectively restrain dynamic interaction effects. 

Medium sand presents moderate stiffness conditions, leading 

to moderate SSI severity and a corresponding moderate increase 

in structural drift Prakash, [63]; Pecker, [64] and [65-72]. This 

indicates a noticeable but still controlled level of soil-induced 

flexibility in the system response. Soft clay, with a very low shear 

modulus, produces severe SSI effects, including large settlements 

and pronounced rocking behavior. The significant reduction in 

stiffness allows substantial foundation deformation, which 

strongly influences overall structural stability. Clayey–sandy 

soils, with low to moderate shear modulus, result in high SSI se-

verity and significant torsional amplification. The heterogeneous 

nature of these soils contributes to uneven stiffness distribution, 

increasing the likelihood of asymmetric dynamic response. Or-

ganic soft soils, characterized by extremely low shear modulus, 

exhibit very severe SSI effects, including resonance phenomena 

and potential instability risk. These soils provide minimal support 

stiffness, allowing strong dynamic interaction between the soil 

and structure, which can critically amplify structural response. 

Overall, the table clearly demonstrates a direct correlation be-

tween decreasing soil stiffness and increasing SSI severity, high-

lighting the critical importance of soil classification in predicting 

and mitigating the dynamic behavior of high-rise buildings. 

Table 10. Comparative effects of compressible soils on high-rise buildings. 

Soil Category Shear Modulus (Approx.) SSI Severity Main Structural Consequences 

Dense Sand High Low Minor amplification 

Medium Sand Moderate Moderate Moderate drift increase 

Soft Clay Very Low Severe Large settlements and rocking 

Clayey–Sandy Soil Low–Moderate High Significant torsional amplification 
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Soil Category Shear Modulus (Approx.) SSI Severity Main Structural Consequences 

Organic Soft Soil Extremely Low Very Severe Resonance and instability risk 

 

4.5. Regression Equations and Their 

Interpretation for SSI of High-rise 

Buildings on Compressible Soils 

Regression equations are widely used in soil–structure inter-

action (SSI) studies to correlate: soil properties, foundation ge-

ometry, structural slenderness, dynamic loading characteristics, 

and seismic and wind responses. These equations are generally 

derived from experimental studies, numerical simulations, cen-

trifuge tests, full-scale monitoring, and finite-element analyses. 

The following sections present the principal regression equa-

tions synthesized from major international studies related to 

high-rise buildings subjected to seismic shocks, vibrations, and 

wind loading on compressible clayey–sandy soils. 

4.5.1. Regression Equation for Period Elongation 

One of the most important SSI effects is the elongation of 

the structural natural period due to foundation flexibility. The 

generalized regression equation synthesized from multiple 

studies from Veletsos and Meek [6], Gazetas [9], Stewart and 

al. [12] et Mylonakis and Gazetas [13] is: 

0.40.7
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      (19) 

where: TSSI = natural period considering SSI; Tfixed = fixed-

base natural period; H/B = slenderness ratio; Es = soil modu-

lus; Ec = structural modulus. 

This equation indicates that taller and more slender buildings 

experience larger period elongation, softer soils amplify SSI ef-

fects, and flexible foundations reduce global stiffness. In engi-

neering terms, an increased structural period reduces spectral 

acceleration; however, it significantly increases displacement 

demand, and wind-sensitive towers become more flexible and 

more susceptible to serviceability problems. 

4.5.2. Regression Equation for Interstory Drift 

Amplification 

Several studies [26, 27, 40] proposed empirical relation-

ships for drift amplification: 
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           (20) 

where: ΔSSI = drift considering SSI; Δfixed = fixed-base drift; 

Ts = dominant soil period; Tb = building period. 

Interpretation 

When: Ts ≈ Tb, resonance occurs. The consequences in-

clude severe drift amplification, increased nonstructural dam-

age, larger P–Δ effects, and an increased risk of instability. 

Soft clay deposits often produce drift increases of 20–50 per-

cent and significant serviceability problems. 

4.5.3. Regression Equation for Foundation 

Settlement 

Settlement amplification due to SSI and dynamic loading 

may be expressed as [41, 42]: 
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            (21) 

where: S= settlement; q = applied pressure; B= foundation 

width; Es = soil modulus; Id= dynamic intensity parameter; α 

and β = empirical coefficients. 

Interpretation 

Settlement increases with: larger foundation pressure; 

softer soils and stronger seismic or vibratory excitation. In 

other dynamic loading accelerates: soil densification; cyclic 

degradation; pore pressure accumulation. 

4.5.4. Regression Equation for Rocking Rotation 

Rocking rotation is strongly correlated with soil flexibility 

and overturning moments. A generalized regression model 

adapted from Gajan et Kutter [25] and Anastasopoulos [34] is: 

0.85

0.015r
r
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K B


 
=  

 
            (22) 

where: θr = rocking rotation; M = overturning moment; Kr = 

rocking stiffness; B = footing width. 

Interpretation 

This equation shows that: Low rocking stiffness produces 

larger rotations; soft compressible soils amplify rocking; large 

overturning moments increase instability risk. 

4.5.5. Regression Equation for Base Shear 

Reduction 

Several studies observed that SSI may reduce base shear 

demand. An empirical regression relationship is: 

1 0.18 1SSI SSI

fixed fixed

V T
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           (23) 
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where: VSSI = base shear considering SSI; Vfixed = fixed-base 

base shear. 

Interpretation 

Period elongation shifts the structure toward lower spectral 

accelerations. However: Lower base shear does not neces-

sarily imply safer behavior and drift and instability may still 

increase. 

4.5.6. Regression Equation for Wind-induced RMS 

Acceleration 

Wind engineering studies proposed the following regres-

sion relationship: 

0.32 1
RMS
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U
a C

f K

  
=    

  

         (24) 

where: aRMS = RMS acceleration; U = wind velocity; fn = nat-

ural frequency; ζ = damping ratio and Kh= horizontal stiffness. 

Interpretation 

Wind-induced acceleration increases when: Horizontal 

stiffness decreases; Soil becomes softer; Structural frequency 

decreases. The consequences include occupant discomfort, 

human perception problems, and increased facade vibration. 

4.5.7. Regression Equation for Torsional 

Amplification 

Asymmetric towers founded on compressible soils exhibit 

torsional amplification. A synthesized regression model is: 
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          (25) 

where: ϕSS = torsional rotation with SSI; Er = eccentricity ratio 

and Kt = torsional stiffness. 

Interpretation 

Torsional amplification increases when: eccentricity in-

creases; torsional stiffness decreases and soil flexibility in-

creases. This effect is severe for: irregular towers; offset core 

systems and asymmetric foundations. 

4.5.8. Regression Equation for P–Δ Amplification 

Second-order effects are amplified by SSI-induced dis-

placement. A generalized relationship is: 

1P

P

Vh
 


= +                  (26) 

where: λPΔ = amplification factor; P = axial load; Δ = lateral 

displacement; V= shear force and h = structural height. 

Interpretation 

SSI indirectly increases: in structural instability; in column 

moments; in core wall demands; and collapse probability. Tall 

slender towers are especially vulnerable. 

4.5.9. Regression Equation for Dynamic Impedance 

Frequency-dependent stiffness is often represented by: 
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where: K0= static stiffness; ω = excitation frequency; r = foun-

dation radius; Vs= shear wave velocity; and a, b = empirical 

constants. 

Interpretation 

Dynamic stiffness: Increases with excitation frequency; de-

pends strongly on soil wave propagation velocity; governs res-

onance phenomena. 

Table 11. Comparative table of regression Models. 

Response parameter Regression variable Main influencing factors 

Natural period TSSI/Tfixed Soil stiffness, slenderness 

Drift amplification ΔSSI/Δfixed Soil period resonance 

Settlement S Soil modulus, pressure 

Rocking rotation θr Rocking stiffness 

Base shear reduction VSSI/Vfixed Period elongation 

Wind acceleration aRMS Horizontal stiffness 

Torsional amplification ϕSSI/ϕfixed Eccentricity, torsion 

P–Δ amplification λPΔ Displacement demand 
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Table 11 summarizes comparative regression models used 

to describe key soil–structure interaction (SSI) response pa-

rameters and their main influencing factors. The results show 

that most structural responses can be effectively expressed as 

ratios between SSI and fixed-base conditions, highlighting the 

systematic influence of soil flexibility on dynamic behavior. 

The natural period ratio (TSSI/Tfixed) is primarily governed 

by soil stiffness and structural slenderness, reflecting the com-

bined effect of foundation flexibility and building geometry 

on dynamic elongation. Similarly, drift amplification 

(ΔSSI/Δfixed) is strongly influenced by soil–structure resonance 

effects, which can significantly increase deformation demand 

when soil and structural periods interact. Settlement (S) is 

mainly controlled by soil modulus and applied pressure, indi-

cating a direct relationship between geotechnical properties 

and vertical deformation response. Rocking rotation (θr) de-

pends largely on rocking stiffness, emphasizing the role of ro-

tational soil–foundation compliance in overall stability. 

Base shear reduction (VSSI/Vfixed) is closely linked to period 

elongation, as increased flexibility leads to lower inertial force 

demands. Wind-induced RMS acceleration (aRMS) is governed 

by horizontal stiffness, showing that reduced lateral stiffness 

increases serviceability-level vibration responses. 

Torsional amplification (ϕSSI/ϕfixed) is influenced by struc-

tural eccentricity and torsional stiffness, highlighting the sen-

sitivity of asymmetric structures to SSI effects. Finally, P–Δ 

amplification (λPΔ) is driven by displacement demand, rein-

forcing its dependence on overall system flexibility and geo-

metric nonlinearity. Overall, the table demonstrates that SSI 

effects can be consistently captured through regression rela-

tionships linking structural response amplification or reduc-

tion to fundamental soil and structural parameters, providing 

a useful framework for performance-based design and predic-

tion. 

4.6. Global Interpretation of Combined Results 

The regression equations collectively demonstrate that SSI 

effects are governed primarily by: soil deformability; founda-

tion flexibility; structural slenderness; dynamic loading fre-

quency; resonance effects; foundation geometry. 

4.6.1. Engineering Conclusions from the Regression 

Models 

The synthesized regression relationships indicate that: Soft 

compressible soils amplify displacement-related effects; SSI 

often reduces force demand but increases deformation de-

mand; Rocking and torsional flexibility become critical for su-

pertall buildings; Wind-sensitive structures are strongly af-

fected by foundation flexibility; Pile–raft systems provide op-

timal dynamic performance. 

4.6.2. Interpretation of Comparative Results 

The worldwide literature consistently demonstrates that 

compressible soils strongly influence the seismic and aerody-

namic behavior of high-rise buildings. The principal observa-

tions are: 

Foundation Flexibility Increases Structural Periods 

Most authors reported period elongation ranging from 10% 

to 45%. This effect becomes critical for slender towers 

founded on soft cohesive soils. 

SSI May Reduce Base Shear but Increase Drift 

Although SSI sometimes reduces acceleration and base 

shear through energy dissipation, the associated increase in 

lateral displacement and rocking may become dangerous for 

tall structures. 

Wind-induced vibrations become more severe on soft soils 

Wind-induced accelerations and serviceability discomfort 

are amplified by foundation flexibility and low-frequency soil 

response. 

Rocking becomes a dominant mechanism 

Controlled rocking may dissipate seismic energy benefi-

cially, but excessive rocking amplifies P–Δ effects, overturn-

ing moments, residual displacement, and structural instability. 

Pile–raft systems provide the best global performance 

Most recent studies conclude that pile–raft systems opti-

mize settlement control, dynamic stiffness, energy dissipation, 

and structural stability. 

5. Discussion 

5.1. Influence of Foundation Flexibility 

Foundation flexibility alters structural frequencies, modal 

participation, internal force redistribution, and dynamic damp-

ing. Gazetas [9] et Wolf [7] showed that SSI effects become 

more pronounced as soil stiffness decreases. 

5.2. Influence on Internal Forces 

Soil–structure interaction (SSI) modifies base shear distri-

bution, column axial forces, core wall bending moments, tor-

sional moments, and overturning moments. Flexible founda-

tions may increase interstory drift by 15–40% [27]. 

5.3. Second-order Effects 

Rocking foundations amplify P–Δ effects in slender struc-

tures, and this amplification may lead to structural instability, 

excessive residual displacement, and increased collapse prob-

ability. 

5.4. Design Implications 

Capacity-based design should explicitly incorporate nonlin-

ear soil–structure interaction (SSI), frequency-dependent im-

pedance, soil degradation, foundation uplift, torsional interac-

tion, and multidirectional excitation. Ignoring SSI may lead to 
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unsafe underestimation of displacement demand. 

5.5. Engineering Recommendations 

Based on the the reviewed literature on international com-

parative studies: 

1) Use nonlinear time-history analysis for high-rise build-

ings founded on soft soils; 

2) Include rocking stiffness in seismic models; 

3) Adopt pile–raft systems for supertall structures; 

4) Perform site-specific geotechnical investigations; 

5) Include multidirectional loading combinations; 

6) Use centrifuge testing for critical infrastructure; 

7) Implement performance-based geotechnical design. 

8) Include frequency-dependent pile impedance functions; 

9) Explicitly model rocking and torsional stiffness; 

10) Use pile–raft systems for supertall buildings; 

11) Perform site-specific dynamic soil characterization; 

12) Evaluate cyclic degradation and liquefaction suscepti-

bility. 

13) Fixed-base analysis should not be used for high-rise 

buildings on compressible soils; 

14) Wind engineering must explicitly include SSI effects; 

15) Rocking and torsional stiffness must be modeled; 

16) Pile-group interaction effects should be incorporated; 

17) Dynamic soil characterization should be site-specific; 

18) Hybrid pile–raft foundations are recommended for 

buildings taller than 150–200 m; 

19) Performance-based geotechnical design should be man-

datory in seismic regions. 

6. Conclusion 

This review demonstrates that soil structure interaction 

strongly influences the dynamic behavior and structural safety 

of high-rise buildings founded on compressible clayey–sandy 

soils. Foundation flexibility significantly modifies natural pe-

riods, damping ratios, internal forces, torsional response, 

rocking behavior, and second-order effects. Among the stud-

ied systems, pile–raft foundations provide the most balanced 

solution in terms of stiffness, stability, and economy. Modern 

capacity-based design approaches must integrate nonlinear 

SSI effects to ensure resilience and collapse prevention under 

multidirectional extreme loading. 

Future research should focus on: AI-assisted SSI prediction 

models; digital twin monitoring systems; multi-hazard load-

ing; advanced constitutive soil models and sustainable foun-

dation technologies. 
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