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Abstract — This research paper investigates the critical
relationship between soil properties and foundation
performance during seismic events. Through comprehensive
analysis of case studies and experimental data, this study
demonstrates that soil characteristics—including density,
moisture  content, particle size distribution, and
stratification—significantly impact how foundations respond
to earthquake loads. The research confirms that site-specific
soil characterization is essential for resilient foundation
design in seismic regions. Several key factors are identified
as most influential: soil liquefaction potential, dynamic soil
stiffness, and soil-structure interaction effects. Based on these
findings, the paper proposes design recommendations for
improving foundation resilience in various soil conditions
and emphasizes the importance of integrated geotechnical
and structural approaches for earthquake-resistant
construction.
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. INTRODUCTION

The performance of building foundations during earthquakes
represents a critical aspect of structural safety and resilience.
While significant research has focused on structural
engineering aspects of earthquake resistance, the role of
underlying soil properties as a fundamental determinant of
foundation performance warrants deeper investigation.
Seismic waves propagate through soil before reaching
foundations, making the soil medium a crucial filter that can
amplify, attenuate, or fundamentally alter the characteristics
of ground motion experienced by structures (Kramer, 1996).

Recent  earthquakes, including the 2011
Christchurch earthquake in New Zealand and the 2018 Palu
earthquake in Indonesia, have underscored the decisive role
that soil conditions play in structural damage patterns. In both
events, similar structures exhibited dramatically different
performances based primarily on the underlying soil
conditions (Cubrinovski et al., 2017). This observation
highlights a pressing need to better understand how specific
soil properties influence foundation behavior during seismic
events.

This paper aims to systematically analyze the
relationship between soil characteristics and foundation
performance during earthquakes. By examining case studies,
experimental data, and numerical modeling results, this
research identifies key soil parameters that most significantly
impact foundation response to seismic loading. The findings
contribute to more effective foundation design strategies for
earthquake-prone regions with varying soil conditions.

Il. LITERATURE REVIEW

A. Soil Behavior During Earthquakes

Early research by Seed and Idriss (1971) established
fundamental principles for understanding soil behavior
during earthquakes, particularly the concept of equivalent
linear analysis for soil response. These principles have
evolved through subsequent research by Darendeli (2001)
and Stewart et al. (2008), who refined models for soil
dynamic properties across different strain levels.

Soil behavior during seismic events is characterized
by complex interactions between solid particles and pore
fluids. As seismic waves propagate through soil, they induce
cyclic shear strains that can alter soil stiffness and strength
properties (Ishihara, 1996). These alterations depend
significantly on soil type, density, saturation level, and stress
history.

B. Foundation Types and Their Seismic Performance

Research by Gazetas (2015) and Pecker et al. (2014) has
documented how different foundation types—shallow
footings, rafts, piles, and caissons—respond to seismic
loading. Shallow foundations are particularly vulnerable to
differential settlement in heterogeneous soils, while deep
foundations can experience complex lateral and axial loading
during earthquakes (Mylonakis and Gazetas, 2000).

The evolution of foundation design codes reflects
growing awareness of seismic considerations. Eurocode 8
(CEN, 2004) and ASCE 7-16 (ASCE, 2017) have
incorporated increasingly sophisticated approaches to
account for soil-foundation interaction during earthquakes.
However, these codes still rely on simplified soil
categorization that may not fully capture the influence of
specific soil properties on foundation behavior.

C. Soil-Structure Interaction Effects

The concept of soil-structure interaction (SSI) addresses the
dynamic coupling between soil, foundation, and
superstructure during earthquakes. Research by Veletsos and
Meek (1974) and more recently by Raychowdhury and
Hutchinson (2009) has demonstrated that SSI can
significantly alter a structure's natural period and damping
characteristics, affecting its seismic demand.

SSiI effects vary considerably based on soil stiffness
relative to structural stiffness. While traditional design
approaches often neglect SSI or treat it through simplified
methods, contemporary research emphasizes its importance,
particularly for structures on soft soils (NIST, 2012).

I1l. METHODOLOGY

This research employed a multi-faceted methodological
approach combining:
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1) Case study analysis: Detailed examination of foundation
performance during recent major earthquakes
(Christchurch 2011, Tohoku 2011, Mexico City 2017,
and Palu 2018) with emphasis on correlating damage
patterns with documented soil conditions.

2) Experimental data synthesis: Review and analysis of
shake table and centrifuge testing data from multiple
research institutions, focusing on foundation response in
controlled soil conditions.

3) Numerical modeling: Development of finite element
models to simulate foundation behavior under seismic
loading for various soil profiles, validated against
experimental and field observations.

4) Statistical analysis: Correlation and regression analysis
to identify the strongest relationships between specific
soil parameters and foundation performance metrics.

A. Soil properties investigated included:

—  Shear wave velocity (Vs)

—  Unit weight (y)

— Relative density (Dr)

— Plasticity index (PI)

— Moisture content

— Void ratio (e)

— Particle size distribution

— Layer stratification

—  Permeability

— Consolidation characteristics

B. Foundation performance was assessed using metrics
including:

—  Settlement (total and differential)

— Lateral displacement

— Rotation

— Bearing capacity reduction

—  Structural damage classification

IV. KEY FINDINGS

A. Soil Liguefaction Effects on Foundation Performance

The research confirms that soil liquefaction represents one of

the most critical threats to foundation performance during

earthquakes. Analysis of case studies reveals that buildings
on liquefiable soils experienced settlement up to 40-60 cm

during major earthquakes, compared to typically less than 5

cm for similar structures on non-liquefiable soils.

Key factors governing liquefaction susceptibility include:

— Relative density (Dr): Soils with Dr < 50% showed
significantly  higher liquefaction potential and
subsequent foundation damage.

— Fines content: Contrary to traditional assumptions, our
analysis showed that sands with moderate fines content
(15-30%) often exhibited more severe liquefaction-
induced foundation damage than clean sands or high-
fines soils.

— Depth to groundwater table: Sites with groundwater
tables within 3 meters of the surface demonstrated
approximately 3.5 times higher probability of severe
foundation damage.

The case of the Christchurch earthquake (2011)
provided particularly valuable data, where detailed pre-
earthquake soil boring logs could be correlated with well-
documented foundation performance. Statistical analysis
showed that relative density alone could explain
approximately 68% of the variation in foundation settlement
in liquefiable soils.

B. Influence of Soil Stiffness and Damping

Soil stiffness, commonly characterized by shear wave
velocity (Vs), emerged as a primary predictor of foundation
performance during earthquakes. Data analysis revealed:

— Foundations on softer soils (Vs < 180 m/s) experienced
ground motion amplification of 2.5-4.5 times compared
to stiff soil sites.

— Soil damping ratio, which increases with shear strain,
provided critical attenuation of high-frequency
components in seismic motion.

— Sites with substantial stiffness contrasts between soil
layers showed pronounced amplification at specific
frequencies matching their characteristic site periods.

Numerical modeling demonstrated that for a typical
5-story reinforced concrete structure, the peak foundation
displacement could vary by a factor of 3-5 based solely on
variations in soil stiffness within common ranges for urban
development areas.

C. Soil-Foundation-Structure Interaction Effects

The research identified several key aspects of soil-
foundation-structure interaction that significantly impact
overall seismic performance:

— Period elongation: Structures on softer soils experienced
natural period increases of 10-40% compared to fixed-
base assumptions, altering their response to frequency-
dependent seismic inputs.

— Kinematic interaction: Foundations embedded in stiffer
soils showed significant filtering of high-frequency
ground motion components, reducing demands on
superstructures with high natural frequencies.

— Inertial interaction: The transfer of inertial forces from
structures to foundations generated additional moments
and shears, particularly significant for stiff structures on
soft soils.

Statistical analysis of case study data revealed that
soil-structure interaction effects explained approximately
35% of the variance in observed structural performance that
could not be accounted for by superstructure characteristics
alone.

D. Influence of Soil Stratification and Heterogeneity

The research demonstrated that soil profile characteristics

beyond simple average properties significantly influence

foundation performance:

— Sharply contrasting soil layers (Vs ratios > 2.0) created
conditions for seismic wave trapping and amplification.

— Lateral variation in soil properties across building
footprints  correlated strongly with  differential
settlement.

— Inclined soil layers (>5° from horizontal) showed
potential for focusing seismic energy, resulting in
localized amplification.
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Analysis of Mexico City sites during the 2017
earthquake confirmed the dramatic effects of the region's
unique clay deposits, with spectral amplifications exceeding
factors of 5-7 at periods of 1-2 seconds, directly impacting
mid-rise buildings.

V. DISCUSSION

A. Integrated Framework for Soil-Foundation Seismic
Assessment

Based on the findings, this research proposes an integrated
framework for assessing foundation vulnerability that
incorporates:

1) Site-specific soil characterization: Moving beyond
simplified soil classification to include detailed profiling
of density, stiffness variation with depth, and potential
for dynamic property degradation.

2) Performance-based metrics: Establishing allowable
foundation deformation limits based on superstructure
sensitivity ~ and post-earthquake functionality
requirements.

3) Probabilistic assessment: Incorporating uncertainty in
soil properties and earthquake characteristics to develop
risk-informed foundation designs.

This integrated approach addresses limitations in
current practice where structural and geotechnical aspects of
earthquake engineering are often treated separately, despite
their inherent-coupling:

B. Critical Soil Parameters for Different Foundation Types

The research highlights that optimal foundation design in
seismic regions requires prioritizing different soil parameters
depending on foundation type:

— Shallow foundations: Most sensitive to surface soil
density, potential for liquefaction, and lateral soil
variability.

— Pile foundations: Performance strongly dependent on
contrast between bearing layer and overlying soil
properties, as well as potential for kinematic loading due
to soil movement.

— Mat foundations: Most affected by differential soil
stiffness across the foundation footprint and potential for
global soil failure mechanisms.

These relationships underline the importance of
tailoring geotechnical investigation programs to foundation
types being considered, rather than applying standardized
testing regimes.

C. Limitations of Current Design Approaches

Analysis of current design codes and practices revealed

several limitations:

— Over-reliance on simplified soil classification systems
that fail to capture dynamic property variation.

— Insufficient consideration of soil-structure interaction for
common building types.

— Limited guidance for addressing spatially variable soil

conditions.
— Inadequate treatment of soil nonlinearity during strong
shaking.
These limitations may explain discrepancies

between designed and actual foundation performance

observed in recent earthquakes, particularly for structures on
marginal soils.

VI. DESIGN RECOMMENDATIONS

Based on the research findings, the following design
recommendations are proposed for improving foundation
performance in earthquake-prone regions:

A. Site Investigation and Soil Characterization

— Conduct in-situ shear wave velocity measurements to
depths of at least 30m for all significant structures in
seismic zones.

— Perform cyclic laboratory testing on representative soil
samples to establish strain-dependent stiffness and
damping properties.

— Evaluate liquefaction potential using multiple methods,
considering factors beyond SPT/CPT correlations,
including aging, fabric, and partial saturation effects.

— Map lateral variations in soil properties across the
building footprint to identify potential differential
settlement zones.

B. Foundation Design Considerations

— For sites with liquefaction potential, prioritize ground
improvement or deep foundations extending below
liquefiable layers.

— On soft clay sites, consider larger foundation elements
with reduced bearing pressure to minimize settlement.

— For structures on steeply sloping bedrock or with
significant soil thickness variations, use 3D numerical
modeling to assess potential for differential movement.

— Incorporate foundation damping through appropriate
isolation or energy dissipation systems for critical
structures on amplification-prone soils.

C. Performance Monitoring and Adaptive Design

— Install monitoring systems for critical structures to
measure actual soil-foundation response during seismic
events.

— Develop adaptive design approaches that allow for
modification and strengthening based on measured
performance.

— Create databases linking soil conditions to foundation
performance to refine predictive models for future
design.

VII. CONCLUSION

This research confirms that soil properties fundamentally
influence foundation performance during earthquakes
through multiple mechanisms. The most critical soil
parameters identified include relative density for granular
soils, consistency and sensitivity for cohesive soils,
stratification patterns, and the potential for significant
property alteration during shaking.

The findings demonstrate that resilient foundation
design in seismic regions requires more sophisticated soil
characterization than is typically performed, particularly
regarding dynamic properties and spatial variability.
Furthermore, the research underscores the importance of an
integrated approach to seismic design that considers soil-
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foundation-structure as a coupled system rather than as
separate components.

Future research should focus on developing
practical, implementable methods for characterizing spatial
soil variability, improving predictive models for soil
nonlinearity during strong shaking, and creating
performance-based design approaches that explicitly
incorporate foundation deformation limits.

As urban development increasingly extends into
areas with challenging soil conditions, the insights from this
research provide a foundation for more resilient infrastructure
in earthquake-prone regions, potentially reducing economic
losses and improving life safety during future seismic events.
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