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Abstract

Soil liquefaction threatens structures in seismic zones, reducing bearing capacity and
causing damage. This research examines how relative density affects Firuzkuh sand’s
liquefaction resistance under conditions that replicate the 1999 Kocaeli earthquake. Soil
samples with relative densities of 0.30 (loose), 0.40 (medium-dense), and 0.50 (medium-
dense) underwent 1-g shaking table tests with scaled building models. Cement-stabilized
sand columns arranged in a triangular configuration were employed for ground
enhancement. Measurements of acceleration, pore-water pressure, and settlement were
conducted. Results indicate that increased relative density markedly enhances
liquefaction resistance. The peak pore pressure ratio (ru) decreased from 1 in loose sand
to 0.55 in dense sand under similar conditions. Foundation settlement was reduced from
up to 9 mm in the most critical configuration to under 0.5 mm in the best-performing
configurations. The density—settlement relationship was not monotonic: medium-dense
sand (Dr = 0.40) produced the largest settlement in some configurations, while loose sand
(Dr=0.30) performed well when column length was sufficient. This study advocates for a
minimum relative density of 0.50 for clean sands in regions anticipating strong, prolonged
shaking akin to the Kocaeli earthquake. The results furnish empirical backing for
performance-based ground improvement design in seismically active regions like
Turkey’s Marmara area.

Keywords: liquefaction; relative density; shaking table; earthquake; deep mixing; pore
water pressure

1. Introduction

The 1999 Kocaeli (Izmit) earthquake in Turkey left behind clear evidence of what
liquefaction can do to the ground and to buildings. In Adapazari, investigators found
severe ground failures, buildings tilting, and foundations sinking that were tied in part to
liquefaction and cyclic softening of shallow saturated soils [1]. Similar damage showed
up at the Hotel Sapanca site, where the earthquake triggered settlements and lateral
ground movements [2]. Liquefaction happens when earthquake shaking raises pore-
water pressure in saturated, susceptible soils, which drops the effective stress and
weakens the soil’s ability to resist shear deformation [3-5]. These events make it clear why
liquefaction hazards need to be evaluated and mitigated in seismic regions like Turkey.
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Densification is one of the main ways engineers reduce liquefaction risk in granular
soils. Methods like vibro-compaction and dynamic compaction work by rearranging and
packing soil particles more tightly, which raises penetration resistance and cyclic
resistance and makes loose deposits less likely to liquefy [6,7]. The link between soil
density and liquefaction resistance is well documented in both laboratory testing and
field-based assessments [3,8]. However, determining the relationship between a specific
target relative density (Dr) and an engineering performance such as excess pore-water
pressure, settlement, and cyclic deformation under a given earthquake motion is still a
challenge. This especially applies when the soil carries structural loads and affects the
whole soil-foundation-structure system.

Most of what we know about liquefaction triggering comes from cyclic laboratory
tests and empirical relationships built from field case histories. The simplified framework
developed by Seed and Idriss, later updated through the NCEER/NSF workshops, relies
mainly on field measurements, SPT, CPT, and shear-wave velocity to estimate liquefaction
resistance [3,9]. These methods are essential in practice, but they can’t reproduce the
integrated response of soil, foundations, and structures through an entire earthquake time
history. Physical model testing fills that gap by letting us study the system under
controlled conditions. In particular, 1-g shaking-table and centrifuge studies have been
used to look at liquefaction-induced foundation settlement and soil-structure interaction
[10-12].

The effects of relative density on liquefaction resistance have been studied for
decades. Seed et al. developed widely used relationships based on field performance and
standardized SPT resistance, and later studies have linked soil density and penetration
resistance to both liquefaction triggering and post-earthquake deformation [8]. Tokimatsu
& Seed showed that earthquake-induced settlement of sand depends on the cyclic stress
ratio, maximum shear strain, SPT resistance, and earthquake magnitude [13]. Ishihara &
Yoshimine took this further by relating post-liquefaction volumetric strain to sand density
and the factor of safety against liquefaction, giving engineers a practical basis for
estimating settlement [14].

Most of these approaches, though, focus on soil behavior at the element scale, field
correlations, or free-field ground response. They don’t directly show how specific
laboratory-controlled relative densities, say 0.30, 0.40, and 0.50, affect a loaded soil-
foundation-structure system under a full earthquake record. Physical modeling studies
have made it clear that structural loading and foundation response matter. Liu & Dobry,
for instance, studied a shallow foundation on liquefiable sand and looked at how
densification beneath the foundation influenced seismic response and settlement [11].
Dashti et al. used centrifuge tests to examine the mechanisms behind earthquake-induced
settlement of buildings with shallow foundations on liquefiable soils [12]. Field and
centrifuge evidence also show that how well ground improvement works depends on the
characteristics and depth of the improved zone [15].

The waveform of the input motion is another critical factor. Liquefaction doesn’t just
depend on peak acceleration; the duration and cyclic nature of the loading also play a role.
That means when we interpret how saturated soil-structure systems respond in physical
models, we need to be careful about how we select and scale the earthquake motions. lai
established similitude relationships for 1-g shaking-table tests involving saturated soil—-
structure—fluid systems, which give us a theoretical basis for making sense of model-scale
dynamic response [10].

This research fills that gap through a series of controlled 1-g shaking-table
experiments to see how relative density affects the seismic response of saturated sand. We
looked at model foundations for 10- and 15-story structures and used the 1999 Kocaeli
earthquake record. Three relative densities were tested: 0.30, 0.40, and 0.50. To capture the
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system’s behavior, we tracked four key measurements: how excess pore-water pressure
builds up and dissipates (using the pore-pressure ratio, ru), how much the foundations
settle, the shear stress—strain response, and the dynamic properties of the soil.

This study isn’t trying to prove that denser sand resists liquefaction better; we
already know that. The real contribution is experimental: measuring how specific relative
densities affect a range of performance parameters in a coupled soil-foundation-structure
system under a realistic earthquake record. By examining pore-pressure ratio, settlement,
shear deformation, dynamic soil properties, and structural acceleration together, the
study provides a clearer picture of how relative density influences both the development
and consequences of liquefaction. Those results can then help engineers make
performance-based decisions about what densification level makes sense for sites with
similar seismic loading.

The aim is for these findings to take this fundamental understanding of density
effects and change it into practical insights supported by data for performance-based
design. This helps engineers choose suitable densification targets to meet particular
performance objectives during a given seismic event.

The novelty of this study is not the general finding that denser sand is more resistant
to liquefaction. Rather, it is the experimental measurement of how specific relative
densities (Dr=0.30, 0.40, and 0.50) affect a coupled soil-foundation-superstructure system
under a realistic earthquake record. Most previous work has focused on element-scale
tests, empirical field correlations, or free-field ground response. Shaking-table studies that
combine improved liquefiable sand, different relative densities, cement-sand columns,
and building models under the 1999 Kocaeli motion are still limited. This study helps fill
that gap by linking relative density to pore-pressure ratio, settlement, shear deformation,
and dynamic soil properties in the same experimental program.

2. Methodology

All tests used the same homogeneous sand profile; the only variables were relative
density, column length, and input motion. This study measured how the relative density
of saturated sand affects its resistance to liquefaction under realistic earthquake loading,
using the 1999 Kocaeli earthquake as the reference event. The experimental program
combined physical modeling on a 1-g shaking table, controlled soil preparation, and
instrumented monitoring of pore pressure, settlement, and dynamic response.

2.1. Physical Modeling and Scaling Laws

The tests were carried out on a hydraulic uniaxial shaking table at Urmia University.
The platform measures 2 m x 3 m, has a maximum payload of 5 tons, and can produce
accelerations up to 1.5 g, frequencies up to 20 Hz, and displacements up to 240 mm. Two
servo-controlled motors drive it and can operate independently or together, helping
maintain uniform vibration across the platform. The shaking table can simulate both
harmonic and real earthquake motions.

To keep the model’s dynamic behavior consistent with prototype conditions, Iai’s
generalized similitude law for 1-g shaking table tests was used [10]. A geometric scale
factor of A = 20 was chosen, meaning each dimension in the model represents one-
twentieth of its prototype value. This factor set the relationships for length, time,
acceleration, stress, and the other parameters listed in Table 1.
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Table 1. Scaling Factors Used in the Shaking-Table Model (A = 20).
Parameter Symbol Prototype/Model Scale Factor Scale Factor Value (A = 20)
Length L A 20
Density p 1
Acceleration a 1
Stress o A 20
Shear strain £ 205 4.47
Pore-water pressure u A 20
Displacement d LS 89.44
Shear modulus G 205 447
Frequency f A0S 0.1057
Time t 205 4.472
Permeability k 075 9.457
Rate of water flow q 2075 9.457

This table shows the scaling factors used for the shaking table model, with a
geometric scale factor of 20. It lists how each parameter—Ilike length, stress, time, and
displacement—is scaled from the prototype to the model. Length, stress, and pore
pressure all scale by 20, while density and acceleration don’t change. Shear strain and
shear modulus scale by 4.47, displacement by 89.44, and time, permeability, and flow rate
by 9.457.

The soil was placed inside a flexible laminar shear box with internal dimensions of
1.36 m x 0.86 m x 0.70 m. The box consists of 18 aluminum frames stacked vertically and
separated by low-friction roller bearings. Each frame can slide horizontally, which allows
the soil column to deform in shear and approximates free-field conditions. A 2 mm thick
PVC geomembrane lines the inside to keep the soil saturated and prevent leakage. This
type of laminar container has been used extensively in shaking table studies to reduce
boundary reflections and produce realistic one-dimensional shear deformation [16-18].

The Iai scaling relationships (time scale factor = V1) were then used to adjust this
data’s amplitude and timing, ensuring that the model accurately reflected the duration
and frequency of the actual earthquake.

It should be noted that 1 g shaking table tests cannot satisfy all similarity
requirements simultaneously. Under Iai’s generalized similitude law [10], length, stress,
and pore-water pressure scale by A = 20; acceleration and density scale by 1; time scales
by VA =4.47; and shear strain and shear modulus scale by VA = 4.47. The main deviations
from perfect similarity are in the stress state (the 1 g condition cannot reproduce prototype
confining stresses), strain rate effects, and drainage path length. As a result, absolute
values such as settlement in millimeters should not be directly extrapolated to prototype
scale without correction. Relative comparisons between tests remain valid because the
same scaling law was applied consistently throughout.

2.2. Soil Properties and Model Preparation

The liquefiable soil was Firuzkuh sand (Code 161), a clean, uniformly graded sand
classified as SP under the Unified Soil Classification System. It was chosen because its
properties are well documented and it has been used as a benchmark material in previous
geotechnical studies [17,19]. The key index properties are summarized in Table 2.
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Table 2. Physical Properties of Firuzkuh Sand (Code 161).
Property Symbol Value Standard/Method Notes
Specific gravity G 2.658 (ASTM-D854, 2023) [20] Provided by the supplier
Minimum void ratio Cmin 0.548 (ASTM-D4253, 2016) [21]  Uniformly graded sand
Maximum void ratio Cmax 0.874 (ASTM-D4254, 2014) [22] Lose packing
Mean grain size Ds, 0.27-0.30 mm (ASTM-D422, 2007) [23] Fine to medium sand

Estimated from the

Coefficient of uniformity Cy 1.70-2.10 (ASTM-D6913, 2025) [24] .
grading curve
Soil classification - SP (Poorly graded sand) USCS Non-plastic
Minimum dry unit weight  ¥Ygmin 14.9-15.3 kN/m? Calculated Based on e,
Maximum dry unit weight ¥gmax 17.6-18.1 kN/m? Calculated Based on e,
Saturated unit weight Ysat 19.2-19.6 kN/m? Estimated Depends on Dr
Particle shape Sub-rounded to rounded Visual inspection Natural silica sand

Table 2 lists the physical properties of Firuzkuh sand (Code 161). It includes specific
gravity (2.658), minimum and maximum void ratios (0.548 and 0.874), mean grain size
(0.27-0.30 mm), coefficient of uniformity (1.70-2.10), and soil classification (SP, poorly
graded sand). Dry unit weights range from 14.9-15.3 kN/m? (minimum) to 17.6-18.1
kN/m? (maximum). The saturated unit weight is 19.2-19.6 kN/m?. Particle shape is sub-
rounded to rounded. The table also lists the ASTM standard used for each test. The
liquefiable layer was intentionally built as a homogeneous, uniform sand profile. No silt,
clay, or gravel layers were included, and the same sand was used in every test. This was
done to isolate relative density as the main variable. Natural deposits are usually layered
and heterogeneous, so this uniform profile is an idealization, not a direct model of field
conditions.

The main variable in this study was the initial relative density of the sand. Three
target states were tested: loose (Dr = 0.30), medium-dense (Dr = 0.40), and medium-dense
(Dr=0.50). The soil profile consisted of a 200 mm dense base layer (Dr = 0.80) at the bottom,
overlain by a 500 mm liquefiable layer placed in five 100 mm lifts. The base layer acted as
a non-liquefiable substratum and helped reduce boundary deformation during shaking.
Figure 1 shows this layered soil profile in cross-section.

The three relative-density levels were selected to provide a practical range from a
loose condition (Dr = 0.30) through an intermediate condition (Dr = 0.40) to a higher-
density condition (Dr = 0.50), as shown in Table 3. The intermediate state was included to
examine the transition between predominantly contractive and more dilative behavior
under cyclic loading. These values were selected to provide clear differences in soil state
while keeping the experimental program manageable and maintaining consistent model
preparation and loading conditions. The selected range should not be interpreted as
covering the full spectrum of possible sand densities or as defining a unique density
threshold for the transition from contractive to dilative behavior.

Sand placement followed the dry pluviation method. For each 100 mm lift, the
required mass of sand was calculated using standard soil mechanics relationships [25].
Based on the target relative density, the masses were approximately 184 kg, 187 kg, and
191 kg for Dr = 0.30, 0.40, and 0.50, respectively. For the 200 mm base layer at Dr = 0.80,
about 404 kg of sand was used. These values are summarized in Table 4. Each layer was
compacted with a square steel rammer (150 mm x 150 mm) to achieve the target density
without disturbing the layer below.

Sensors were installed after each layer was compacted, which avoided damage
during compaction. The pore pressure transducers were fully saturated and embedded in
the sand to ensure good contact with the pore fluid. Accelerometers were fixed firmly at
the designated depths (160 mm and 500 mm) within the soil column. After completing the
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soil layers and column installation, the model was saturated by introducing de-aired
water from the bottom of the laminar box through a controlled supply system. A constant
water head was maintained, and saturation continued until no air bubbles were observed
in the outflow. See Figure 1.
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Figure 1. Top view and Front view schematic diagram of the complete physical model, detailing the
soil layers, column placement, and the position of the 10-story and 15-story foundations on the sand-
cement blanket.

Detailed Figure 1 cross-sectional schematic of the full physical model displaying the
locations of the 10- and 15-story building foundations with instrument locations marked,
the 500 mm thick layer of liquefiable sand, deep mixing columns of various lengths, and
the 50 mm sand-cement blanket with the same cement ratio and water-cement ratio as
used for the columns.

Table 3 lists all twelve shaking table tests one by one. For each test, it shows the group
number, the relative density of the sand, the column length in centimeters, the input
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motion, and which building models were used. Group 1 (Tests 1, 2, and 3) keeps the
column length fixed at 390 mm and varies the relative density from 0.30 to 0.50. Test 1
used harmonic loading; Tests 2 and 3 used the Kocaeli 1999 record. Groups 2, 3, and 4
(Tests 4 through 12) each keep the relative density fixed—at 0.30, 0.50, and 0.40,
respectively —and vary the column length across 150, 250, and 350 mm. All tests from Test
4 onward used the Kocaeli 1999 record, and every test used both the 10-story and 15-story
building models.

Table 3. Test matrix for the twelve shaking table experiments. Each test is listed with its group,
relative density, column length, input motion, and building models. Group 1 varies density at a

constant column length; Groups 2—4 vary column length at constant.

Test No. Group Dr(-) Column Length (mm) Input Motion Building Models
Test 1 1 0.3 390 Harmonic 10 & 15-story
Test 2 1 0.4 390 Kocaeli 1999 10 & 15-story
Test 3 1 0.5 390 Kocaeli 1999 10 & 15-story
Test 4 2 0.3 150 Kocaeli 1999 10 & 15-story
Test 5 2 0.3 250 Kocaeli 1999 10 & 15-story
Test 6 2 0.3 350 Kocaeli 1999 10 & 15-story
Test 7 3 0.5 150 Kocaeli 1999 10 & 15-story
Test 8 3 0.5 250 Kocaeli 1999 10 & 15-story
Test 9 3 0.5 350 Kocaeli 1999 10 & 15-story
Test 10 4 0.4 150 Kocaeli 1999 10 & 15-story
Test 11 4 0.4 250 Kocaeli 1999 10 & 15-story
Test 12 4 0.4 350 Kocaeli 1999 10 & 15-story

Table 4. Soil parameters and mass requirements for different relative densities.

D,(-) e(-) Y (kg/m3) ¥ (kN/m3) H (m) Mass (kg)
0.8 0.613 1730 16.97 0.20 404
0.5 0.711 1631 16.00 0.10 191
0.4 0.744 1600 15.70 0.10 187
0.3 0.776 1571 15.41 0.10 184

Table 4 shows soil parameters for four relative densities. It lists void ratio, unit weight (kg/m? and

kN/m?3), layer thickness, and required sand mass.

2.3. Design and Fabrication of Cement-Stabilized Sand Columns

Cement-sand columns were used to represent deep mixing (DMM) elements. The
mix design followed the same approach as the deep replacement columns described in
the companion study, with a cement content of 110 kg/m? of sand and a water-to-cement
ratio of 1:1.33. These proportions were chosen based on previous laboratory work at
Urmia University and standard deep mixing practice [17,26,27].

The installation sequence was as follows. First, sand was placed up to the bottom
elevation of the columns using dry pluviation. Then, a triangular template was used to
mark the column locations, as shown in Figure 2. PVC pipes (50 mm diameter) were
inserted vertically into the sand at the marked positions to create guide holes. Sand
placement continued in layers until the model box was filled to the target height. After
that, the PVC pipes were carefully removed, leaving cylindrical cavities in the sand. The
pre-mixed sand—cement slurry was then poured into the cavities in stages, with each stage
compacted by tapping with a steel rod. The columns were arranged in a triangular pattern
with a spacing of 170 mm between column centers and a replacement area ratio of
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approximately 18.2%, following the layout used in the companion study [17]. Figure 2
shows the triangular arrangement template used to mark the column positions.

It should be noted that the columns were constructed using the deep mixing method,
specifically in-situ mixing of sand with cement followed by a seven-day curing period. In
the classification of soil improvement methods, this technique is similar in nature to the
deep replacement method, as a prepared sand-cement material was placed into pre-
formed cavities within the sand bed. This differs from field deep mixing, where the binder
is mechanically mixed with the native soil in situ. The model columns therefore have a
sharper column-soil interface and more uniform cement distribution than field columns.
These differences may affect interface friction and stiffness. The columns should be seen
as representing the overall stiffness and drainage function of deep mixing elements, rather
than replicating the exact construction process.

The completed columns were left to cure for 7 days under a plastic cover at room
temperature (22-25 °C). This curing period follows standard laboratory practice for
cement-treated soils, which typically reach about 70% of their 28-day strength after one
week [28].

The unconfined compressive strength (UCS) and modulus of the cement-sand
column material were not measured in this study. Based on published correlations for
cement-treated sands with similar mix proportions (110 kg/m? cement, w/c = 1:1.33), the
expected 7-day UCS is approximately 0.5-1.0 MPa. This is at the lower bound of field
deep-mixing columns, which typically range from 1 to 3 MPa. The model columns were
intended primarily to improve drainage and provide lateral confinement, rather than to
act as structural load-bearing elements. However, the absence of direct strength
measurements is a limitation, and future studies should characterize the column material
to better assess how well the model represents field conditions.

Triangular arrangement

Figure 2. Triangular arrangement template used to mark the precise locations for installing the

model columns.

Figure 2 shows a triangular template on the ground. The template is a grid used to
mark the locations where model Cement-Stabilized Sand Columns will be placed in the
shaking table experiment.

https://doi.org/10.3390/geotechnics6040109
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2.4. Surface Improvement and Structural Models

A 50 mm thick sand-cement blanket was placed on top of the improved ground to
spread the foundation loads evenly across the columns and the surrounding soil. The
blanket used the same mix as the columns (110 kg/m? cement, w/c =1:1.33) and was cured
for 3 days before testing. The blanket served two purposes: it acted as a working platform
that distributed contact stresses, and it prevented local punching failure at the column
heads [29].

Two scaled building models were placed on the blanket. The 10-story model was a
single cast-iron block measuring 300 mm x 220 mm x 60 mm and weighing 30 kg. The 15-
story model consisted of two stacked blocks: a lower block of 30 kg (300 mm x 220 mm x
60 mm) and an upper block of 15 kg (190 mm x 16 mm x 60 mm), giving a total of 45 kg.
Both models were centered over their respective column groups to avoid eccentric loading.
Figure 3 shows how the upper and lower cast-iron blocks were assembled to form the
foundation models, and Figure 1 shows their position on the sand—cement blanket in the
complete model setup. The weights and dimensions follow Iai’s similitude law and
represent low-rise and mid-rise buildings typical of the Marmara region.

Figure 3. Assembly of the upper and lower cast-iron blocks that form the multi-story building

foundations.

Figure 3 displays the construction of scaled models for shaking table tests. These
models, representing the foundations of 10- and 15-story buildings, are assembled from
stacked cast-iron blocks.

2.5. Soil Preparation and Saturation

The sand was placed using the dry pluviation method to achieve the target relative
densities (Dr = 0.3, 0.4, 0.5, and 0.8). For each layer of 100 mm thickness, compaction was
applied using a square steel hammer (150 mm x 150 mm); see Figure 2. According to the
data in Table 2, compaction of 100 mm layers should proceed at relative densities of 0.3,
0.4, and 0.5 until 184, 187, and 191 kg of sand have been placed, respectively. For a relative
density of 0.8, with a thickness of 200 mm, 404 kg of sand should be placed. Sensors
(accelerometers, pore pressure transducers, LVDTs) were installed after each layer was
compacted to avoid damage during compaction. The pore pressure sensors were fully
saturated and embedded in sand to ensure good contact with the pore fluid.

https://doi.org/10.3390/geotechnics6040109



Geotechnics 2026, 6, 109

10 of 32

Accelerometers were firmly fixed at given depths (160 mm and 50 mm) in the soil column.
After completing the soil layering and column installation, the model was saturated by
introducing de-aired water from the bottom of the laminar box through a controlled water
supply system. A constant water head was maintained to ensure full saturation. The
saturation process continued until no air bubbles were observed in the outflow.

2.6. Experimental Test Program and Test Matrix

Table 3 shows the group setups, along with column length and density tests. The
experiments compared various conditions where relative density was the only changing
factor. Table 2 shows soil details and the needed mass to get the desired densities. Table
3 presents the test matrix employed for the column length research (Groups 2, 3, and 4).
Each test had the same setup: soil was placed to reach the target relative density, then
saturated, sensors were placed, and the structure was put in position. Then, the same
scaled Kocaeli motion was used as input. After getting data, the pore pressure ratio,
settlement over time, and shear stress/strain were calculated using acceleration data [30-
32]. The shear modulus (G) and damping ratio (1) were found from stress-strain loops
[33]. Table 4 lists the void ratio, bulk unit weight, layer thickness, and the mass of
Firuzkuh sand required to achieve each target relative density in the model. These values
were calculated based on the index properties given in Table 2 (specific gravity and
maximum and minimum void ratios).

2.7. Input Ground Motion

The input motion was the N-S component of the YARIMCA station record
(KOERI330) from the 1999 Kocaeli (Izmit) earthquake (Mw =7.4). The record was obtained
from the PEER NGA-West2 Ground Motion Database [34]. It was selected because of its
strong near-fault pulse, long-duration shaking, and documented ability to trigger
liquefaction. The record has a peak ground acceleration (PGA) of approximately 0.32 g
and a total duration of about 35 s. Table 4Table shows the acceleration time history of the
record.

The 1999 Kocaeli record was selected as a consistent reference motion for the
experimental program because it represents a strong recorded earthquake motion
associated with documented liquefaction effects in the region. Using a single earthquake
record also allowed the effects of relative density, column length, and foundation loading
to be evaluated without introducing additional variability associated with different
seismic records. However, the use of a single ground motion limits the generalization of
the results. Earthquake motions with different amplitudes, durations, frequency contents,
and cyclic characteristics may produce different levels of pore-water-pressure generation
and foundation deformation. Therefore, the quantitative responses obtained in this study
should be interpreted in relation to the selected Kocaeli input rather than as universal
responses for other earthquake motions.

The record was time-scaled and filtered according to Iai’s similitude relationships. A
band-pass filter between 0.05 and 15 Hz was applied to remove numerical drift and high-
frequency noise before integration.

Figure 4 shows the acceleration time series of the 1999 Kocaeli (Turkey) earthquake
recorded at the YARIMCA (KOERI330) station. The horizontal axis is time in seconds, and
the vertical axis is acceleration in units of g (gravitational acceleration). The record has a
total duration of approximately 35 s, with a peak ground acceleration (PGA) of
approximately 0.32 g at the beginning. The waveform exhibits high-frequency content,
with several prominent cycles typical of near-fault ground motion, which can initiate soil
liquefaction.

https://doi.org/10.3390/geotechnics6040109



Geotechnics 2026, 6,

109

11 of 32

Acceleration (g)

0.3

0.2

0.1

0.0

.,.,,p,llf\ll J"v!| w(‘{“ VV)}M%IW M‘“ﬂwvwﬂ”\hﬁ RNV

4 6 § 10 12 14 1se 18 20 22 24 26 28 30 32 34

Time (5)

Figure 4. Acceleration time history of the 1999 Kocaeli (Turkey) earthquake recorded at the
YARIMCA (KOERI330) station. The figure was prepared by the authors based on the earthquake
record obtained from the PEER NGA-West2 Ground Motion Database [34].

2.8. Instrumentation and Data Collection

A total of thirteen sensors were used to capture the system’s time-varying response
throughout each test. Table 5 lists the instrumentation and channel mapping, and Figure
1 shows the complete sensor layout within the physical model.

Figure 1 presents the top and front views of the laminar box (1.36 m x 0.86 m), along
with the two building foundations. The 15-story foundation sits on the left side and
consists of two stacked cast-iron blocks: a lower block (300 mm x 220 mm x 60 mm, 30 kg)
and an upper block (190 mm x 160 mm x 60 mm, 15 kg). The 10-story foundation sits on
the right side as a single block (300 mm x 220 mm, 30 kg). Beneath both foundations, deep
replacement columns are arranged in a triangular grid (small circles, 50 mm diameter,
eight columns per side). The soil profile consists of a 200 mm dense base layer (Dr = 0.8),
a 500 mm liquefiable sand layer (Dr = 0.3, 0.4, or 0.5), and a 50 mm sand-cement blanket.

The sensor positions are color-coded in Figure 1:

e LVDTs (=: CH1, CH3, CH15, CH16) were mounted 50 mm from the corners of each
foundation to measure vertical settlement.

e  Pore-water pressure sensors (m: CH6, CH7, CHS8) were installed at a depth of 330 mm
inside the liquefiable layer. CH6 sits under the 15-story building, CH7 sits between
the two buildings, and CHS sits under the 10-story building.

e Accelerometers (m: CH11, CH12, CH13, CH14) were embedded within the soil mass
at two depths: CH11 and CH12 at 160 mm, and CH13 and CH14 at 500 mm.

e Accelerometers CH9 and CH10 were mounted on the tops of the 15-story and 10-
story building models, respectively.

The instruments themselves had the following specifications: accelerometers with a
sensitivity of approximately 1000 mV/g, a measurement range of +2 g, and a frequency
response of 0-50 Hz; pore pressure transducers with a range of 0-100 kPa and an accuracy
of +0.25% full scale; and LVDTs with a range of +50 mm and a resolution of 0.01 mm. All
data (acceleration, pore pressure, and displacement) were recorded simultaneously using
a 16-channel ART-DL16D dynamic data acquisition system at a sampling frequency of
1000 Hz. Figure 5 shows the actual placement of the accelerometers (CH9 and CH10) and
the LVDTs (CH15, CH3, CH16, CH1) on the model surface and building foundations.

The pore-water-pressure transducers (CH6, CH7, and CHS8) have a measurement
range of 0-100 kPa and can only record positive pressures. They therefore cannot capture
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negative pore-water pressures (suction), which may develop when dense sands dilate
under cyclic shear. This limitation is particularly important for the Dr = 0.50 condition,
where the soil can alternate between contractive and dilative phases during shaking.
During dilation, suction would temporarily increase effective stress and contribute to
liquefaction resistance, but because the transducers cannot read below zero, that part of
the response is missing from the records. The (ru) values reported for Dr = 0.50 should
therefore be treated as positive-pressure measurements rather than a complete pore-
pressure history. They may overestimate the positive pressure buildup or, at minimum,
fail to show the suction that helped limit liquefaction. This does not change the main
comparative trends—denser sand still produced lower (ru) and less settlement—but it
does mean the mechanism by which dense sand resists liquefaction cannot be fully
quantified from these tests. The sensors remain adequate for tracking positive excess pore
pressure and identifying liquefaction, which was the primary objective. Nevertheless, the
Dr =0.50 results should be interpreted with this constraint in mind.

Table 5. Instrumentation and channel mapping.

Channel Sensor Type Location/Depth Schematic Symbol Purpose
CH1 LVDT 1 Right side of a 10-story building (yellow) Settlement
CHI16 LVDT 2 Left side of the 10-story building (yellow) Settlement
CH3 LVDT 3 Right side of a 15-story building (yellow) Settlement
CH15 LVDT5 Left side of the 15-story building (yellow) Settlement
CH6 PWP 6 Under 15-story, z = 330 mm m (blue) Pore pressure
CH7 PWP 7 Center of model, z =330 mm u (blue) Pore pressure
CHS PWP 8 Under 10-story, z =330 mm m (blue) Pore pressure
CH9 ACC9 Top of a 15-story building = (green) Acceleration
CHI10 ACC10 Top of a 10-story building m (green) Acceleration
CH11 ACC11 Under 15-story, z =160 mm m (green) Acceleration
CH12 ACC12 Under 10-story, z =160 mm m (green) Acceleration
CH13 ACC 13 Bed under 15-story, z =500 mm m (green) Acceleration
CH14 ACC14 Bed under 10-story, z =500 mm = (green) Acceleration

Figure 5. Placement of accelerometers (CH9, CH10) and displacement sensors (LVDTs: CH15, CH3,
CH16, CH1) on the model surface and building foundations.
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A table of thirteen sensors: four LVDTs for settlement, three pore pressure
transducers at 330 mm depth, and six accelerometers at roof, mid-depth, and bed levels.
Color-coded symbols match the figures.

Figure 5 illustrates the actual placement of instruments on the model surface and
building foundations. We mounted accelerometers CH9 and CH10 on the 10-story and 15-
story building models and placed LVDT displacement sensors CH15, CH3, CH16, and
CHL1 at the sides of the buildings to measure vertical settlement during shaking.

2.9. Verification of Liquefaction Potential Using the Simplified Procedure
To ensure the experimental model reflected a liquefiable situation, we calculated the
Cyclic Stress Ratio (CSR) for the unimproved loose-sand reference case (Dr = 0.30, no
columns) using the simplified procedure of Seed & Idriss [35], as updated by Youd et al.
[3]. The CSR was calculated using Equation (1).
amax U'UO
CSR = 0.65 <T> (Z9) 7 (1)

vo

where:
CSR = Cyclic Stress Ratio (the seismic demand)
0,0 = Total vertical overburden stress at the depth of interest

/

0, = Effective vertical overburden stress at the depth of interest

v
QAmax = Peak horizontal acceleration at the ground surface (in units of gravity, g)
g = Acceleration due to gravity

14 = Stress reduction coefficient (a dimensionless factor < 1.0)

For prototype depth 6.6 m (0.33 m x A = 20), using ysqc = 15.41 kN/m? PGA=0.32 g:
e  Saturated Unit Weight Correction

The saturated unit weight for Dr = 0.30 was calculated using Equation (2) and the
index properties from Table 2:

Gs+e
Vsat = 1+e Yw (2)

e  Specific gravity: G; = 2.658
e  Voidratio at Dr=0.30: e = 0.776
o  Unit weight of water: ¥, = 9.81 kN/m*

Gite  2658+0.776

_ 3
13e = 1ro0776 <281 =190kN/m

Vsat =

For consistency with the saturated unit weight range reported in Table 2 (19.2-19.6
kN/m?), the lower-bound value of 19.2 kN/m?® was adopted. The CSR was calculated using
Equation (1).

Parameter Calculation Value
ovo 19.2 x 6.6 126.7 kPa
u 9.81 x 6.6 64.7 kPa
ovo’ 126.7-64.7 62 kPa
rd 1.0-0.00765 x 6.6 0.95
CSR = 0.65 (%) (0—ZZ> 14 = 0.65 X 0.32 X (1262. ) X 0.95 =04

The factor of safety against soil liquefaction (FS) is calculated by comparing the soil’s
resistance to earthquake-induced loading with the stress caused by the earthquake. The
FS was calculated using Equation (3).
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Loose sand, minimal
improvement (Dr =

0.30,L = 150 mm, Test 4)

CRR
FS = o 3
where:
1. FS =Factor of safety against soil liquefaction.
2. CRR = Cycdlic Resistance Ratio, representing the soil’s resistance to liquefaction
during earthquake shaking.
3. CSR = Cyclic Stress Ratio, representing the cyclic shear stress imposed on the soil by
earthquake loading.

For Dr = 0.30 and, CRR =~ 0.12.

CRR 0.12
———=-03<1 (4)

FS =75k = 00

This indicates a very high susceptibility to earthquake-induced liquefaction under
the considered seismic loading conditions [3].

e  Comparison with Experimental Observations

The closest experimental case to the unimproved loose sand reference is Test4 (Dr =
0.30,L = 150 mm), which used the shortest columns and therefore provided minimal
improvement. Tables 7 and 8 show that in Test 4, the pore-pressure ratio (ru) was
approximately 1.0 at all sensor locations (0.98, 1.1), confirming that liquefaction occurred.
This is consistent with the analytical prediction of FS < 1.0.

For the improved case with long columns, Test 6 (Dr = 0.30,L = 350 mm) shows
(ru) values of 0.34 and 0.57—all below 1.0—indicating that liquefaction was prevented.
Settlements were also negligible (maximum -0.22 mm), confirming successful mitigation.
See Table 6

Table 6. Comparison of liquefaction mitigation performance in unimproved and improved
loose sand conditions

ru = 0.98-1.0,
FS = 0.30 < 1.0 confirming liquefaction. /Y
(Liquefaction expected)  Settlements: +2 mm, +9 mm e

(heave), -1.2 mm, -0.7 mm.

ru = 0.34—0.57 (< 1.0), no

Loose sand, improved (Dr =  Not directly applicable liquefaction. Settlements: / Mitigation ful
0.30,L = 350 mm, Test6)  (composite ground) ~0.06 mm, 0.22 mm, +0.2 gation sticcesstt
mm.

This verification justifies the validity of our experimental results and shows
consistency between the physical modelling and the accepted empirical criteria for
triggering liquefaction. The simplified procedure correctly predicted liquefaction for the
loose sand condition, and the experimental results confirm that adequate column length
(L = 350 mm) can prevent it.

This CSR/FS calculation is an analytical baseline for the unimproved condition; no
experimental unimproved model was tested under the Kocaeli motion.

Table 7. The (ru) values for Loose Sand (Dr = 0.30), (Tests 1, 4, 5, and 6), Medium-Dense Sand (Dr =
0.40), (Tests 2, 10, 11, and 12), and Medium-Dense Sand (Dr = 0.50), (Tests 3, 7, 8, and 9).

Test No. PWP Sensor, at Depth 0.33 m Dr(-) Column Length (mm) ru(-)
Loose Sand (Dr = 0.30), (Tests 1, 4, 5, and 6)

Test 1 Below 15-story building 0.3 390 0.01

Test 1 Between two buildings 0.3 390 0.01
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Test 1 Below 10-story building 0.3 390 0.01
Test 4 Below 15-story building 0.3 150 0.98
Test 4 Between two buildings 0.3 150 0.99
Test 4 Below 10-story building 0.3 150 1.00
Test 5 Below 15-story building 0.3 250 0.98
Test 5 Between two buildings 0.3 250 1.00
Test 5 Below 10-story building 0.3 250 0.99
Test 6 Below 15-story building 0.3 350 0.34
Test 6 Between two buildings 0.3 350 0.98
Test 6 Below 10-story building 0.3 350 0.57
Medium-Dense Sand (Dr = 0.40), (Tests 2, 10, 11, and 12)
Test 2 Below 15-story building 0.4 390 0.99
Test 2 Between two buildings 0.4 390 1.00
Test 2 Below 10-story building 0.4 390 0.99
Test 10 Below 15-story building 0.4 150 1.00
Test 10 Between two buildings 0.4 150 0.61
Test 10 Below 10-story building 04 150 0.64
Test 11 Below 15-story building 0.4 250 0.68
Test 11 Between two buildings 0.4 250 1.00
Test 11 Below 10-story building 04 250 1.00
Test 12 Below 15-story building 04 350 0.97
Test 12 Between two buildings 0.4 350 1.00
Test 12 Below 10-story building 04 350 0.99
Medium-Dense Sand (Dr = 0.50), (Tests 3, 7, 8, and 9)
Test 3 Below 15-story building 0.5 390 0.85
Test 3 Between two buildings 0.5 390 0.98
Test 3 Below 10-story building 0.5 390 0.99
Test 7 Below 15-story building 0.5 150 0.85
Test 7 Between two buildings 0.5 150 1.00
Test 7 Below 10-story building 0.5 150 0.98
Test 8 Below 15-story building 0.5 250 0.55
Test 8 Between two buildings 0.5 250 0.87
Test 8 Below 10-story building 0.5 250 1.00
Test 9 Below 15-story building 0.5 350 0.68
Test 9 Between two buildings 0.5 350 1.00
Test 9 Below 10-story building 0.5 350 0.98
Table 8. Summary of settlement, pore-pressure ratio, stress, and strain results for all 12 shaking table
tests.
No. LVDT’s Location Dr(-) SC,Cl (mm) ru(-) Set. (mm) Stress (kPa)  Strain (%)
T1 LS of the 15-SB-(CH15) 0.3 390 0.01 -15 +0.008 #1
T1 RS of the 15-SB-(CH3) 0.3 390 0.01 -8 +0.008 #1
T1 LS of the 10-SB-(CH16) 0.3 390 0.01 -7 +0.006 +0.8
T1 RS of the 10-5B-(CH1) 0.3 390 0.01 -2 +0.006 +0.8
T2 LS of the 15-SB-(CH15) 0.4 390 0.99 2.5 +0.007 *2
T2 RS of the 15-5B-(CH3) 0.4 390 0.99 -8 +0.007 +2
T2 LS of the 10-SB-(CH16) 0.4 390 0.99 -3 +0.007 £2
T2 RS of the 10-5B-(CH1) 0.4 390 0.99 -4 +0.007 £2
T3 LS of the 15-SB-(CH15) 0.5 390 0.85 0.5 +0.0025 *2
T3 RS of the 15-5B-(CH3) 0.5 390 0.85 -0.4 +0.0025 +2
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T3 LS of the 10-SB-(CH16) 0.5 390 0.99 -2.7 +0.0025 +2
T3 RS of the 10-SB-(CH1) 0.5 390 0.99 7 +0.0025 +2
T4 LS of the 15-SB-(CH15) 0.3 150 0.98 -1.2 +0.0025 +1
T4 RS of the 15-SB-(CH3) 0.3 150 0.98 -0.7 +0.0025 +1
T4 LS of the 10-SB-(CH16) 0.3 150 1 2 +0.003 +1
T4 RS of the 10-SB-(CH1) 0.3 150 1 9 +0.003 +1
T5 LS of the 15-SB-(CH15) 0.3 250 0.98 0.025 +0.0015 +2
T5 RS of the 15-SB-(CH3) 0.3 250 0.98 -0.27 +0.0015 +2
T5 LS of the 10-SB-(CH16) 0.3 250 0.99 -0.2 +0.0015 +2
T5 RS of the 10-SB-(CH1) 0.3 250 0.99 -0.15 +0.0015 +2
T6 LS of the 15-SB-(CH15) 0.3 350 0.34 0.2 +0.002 +2
T6 RS of the 15-SB-(CH3) 0.3 350 0.34 -0.22 +0.002 +2
T6 LS of the 10-SB-(CH16) 0.3 350 0.57 -0.06 +0.002 +2
T6 RS of the 10-SB-(CH1) 0.3 350 0.57 -0.06 +0.002 +2
T7 LS of the 15-SB-(CH15) 0.5 150 0.85 -2 +0.004 +1
T7 RS of the 15-SB-(CH3) 0.5 150 0.85 -6.5 +0.004 +1
T7 LS of the 10-SB-(CH16) 0.5 150 0.98 -4.2 +0.005 +1
T7 RS of the 10-SB-(CH1) 0.5 150 0.98 -0.4 +0.005 +1
T8 LS of the 15-SB-(CH15) 0.5 250 0.55 -0.22 +0.0015 +1.5
T8 RS of the 15-SB-(CH3) 0.5 250 0.55 -3.5 +0.0015 +1.5
T8 LS of the 10-SB-(CH16) 0.5 250 1 -2 +0.0015 +1.5
T8 RS of the 10-SB-(CH1) 0.5 250 1 -0.5 +0.0015 +1.5
T9 LS of the 15-SB-(CH15) 0.5 350 0.68 0.2 +0.002 +2
T9 RS of the 15-SB-(CH3) 0.5 350 0.68 -7 +0.002 +2
T9 LS of the 10-SB-(CH16) 0.5 350 0.98 -4 +0.002 +2
T9 RS of the 10-SB-(CH1) 0.5 350 0.98 -0.5 +0.002 +2
T10 LS of the 15-SB-(CH15) 0.4 150 1 -1.2 +0.0015 +1
T10 RS of the 15-SB-(CH3) 0.4 150 1 -2.5 +0.0015 +1
T10 LS of the 10-SB-(CH16) 0.4 150 0.64 -2 +0.0015 +1
T10 RS of the 10-SB-(CH1) 0.4 150 0.64 -0.3 +0.0015 +1
T11 LS of the 15-SB-(CH15) 0.4 250 0.68 -2.3 +0.006 +2
T11 RS of the 15-SB-(CH3) 0.4 250 0.68 -14 +0.006 +2
T11 LS of the 10-SB-(CH16) 0.4 250 1 -9.5 +0.006 +2
T11 RS of the 10-SB-(CH1) 0.4 250 1 -0.5 +0.006 +2
T12 LS of the 15-SB-(CH15) 0.4 350 0.97 -0.1 +0.005 +2
T12 RS of the 15-SB-(CH3) 0.4 350 0.97 -6.5 +0.005 +2
T12 LS of the 10-SB-(CH16) 0.4 350 0.99 -1.5 +0.005 +2
T12 RS of the 10-SB-(CH1) 0.4 350 0.99 0 +0.005 +2

Note: T = Test; LS = Left Side; RS = Right Side; SB = story building, SC = Sand-Cement, Dr = Relative
Density, CL = Column Length, Set. = Settlement. Table 8 is a summary of settlement, pore-pressure
ratio (ru), stress, and strain for the shaking table tests. The table has eight columns: test number,
LVDT location, relative density (Dr), column length, (ru), settlement in mm, stress in kPa, and strain
in percent. Each test has four rows covering the left and right sides of the 15-story and 10-story
building models. Negative settlement values mean upward movement, while positive values mean

downward movement.

3. Results

It should be noted at the outset that every shaking-table test included cement-sand
columns. Therefore, all comparisons in this section are among improved cases only. No
physical unimproved benchmark test was performed; the unimproved condition is
represented analytically by the CSR/FS calculation. The results should not be read as

https://doi.org/10.3390/geotechnics6040109



Geotechnics 2026, 6, 109

17 of 32

06

05 [ ——-—--

<
IS

cm)
(=1
o

Column Length (

(=]
ba

01

9w E @ -1 e o

showing what would happen on unimproved ground. They show how relative density
and column length affect performance once some degree of improvement is already
present.

For the remainder of the results, ru = 1.0 is used as the liquefaction-triggering
threshold. In the revised calculations, the initial vertical effective stress was defined site-
specifically for each test location using the corrected soil profile and unit weights. The
computed ru values are therefore physically consistent: none exceeds 1.0, and the
maximum value is 1. For engineering interpretation, ru = 1.0 is consequently treated as
full liquefaction.

In loose sand (Dr = 0.30), the (ru) values quickly reached 0.99 to 1.0, which means full
liquefaction happened. When Dr = 0.40, the highest values of ru reached 1 in several cases.
Overall, the pressure build-up was much lower than in looser sands, but liquefaction was
not completely prevented. We can find the exact (ru) data for these tests in Table 7 and
Figure 6.

For Dr = 0.50, the transducers recorded only positive pore pressures, so any dilation-
induced suction was missed. Thus, the (ru) reflects only the positive-pressure component
and does not capture the full effective-stress response. The conclusion that denser sand
performs better still holds, but exact (ru) values for dense sand should be interpreted with
this limitation.

12
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Figure 6. Pore pressure ratio (ru) values for Loose Sand (Dr = 0.30) (Tests 1, 4, 5, and 6) from No. 1
to 12, Medium-Dense Sand (Dr = 0.40) (Tests 2, 10, 11, and 12), and Medium-Dense Sand (Dr = 0.50)
(Tests 3,7, 8, and 9).

Figure 6 shows three grouped bar graphs of (ru) for three relative densities (Dr = 0.30,
0.40, 0.50). Left group: loose sand (Tests 1, 4, 5, 6). The middle group shows medium-dense
sand (Tests 2, 10, 11, and 12). The right group is medium-dense sand (Tests 3, 7, 8, 9). For
each test, three PWP sensor positions are shown: (i) under the 15-story building, (ii)
between two buildings, and (iii) under the 10-story building. The horizontal dashed red
line at ru = 1.0 represents the liquefaction threshold, where ru = 1.0 indicates full
liquefaction (effective stress = 0). In general, longer columns (350-390 mm) produce lower
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(ru) values, but shorter columns (150 mm) often exceed the liquefaction threshold,
especially in loose and medium-dense sands.

Table 7 summarizes pore-water pressure ratio (ru) values from all shaking table tests,
grouped by relative density (Dr = 0.30, 0.40, and 0.50) and column length. For each test,
the (ru) is listed for three PWP sensors at 0.33 m depth: below the 15-story building (CH6),
between the buildings (CH7), and below the 10-story building (CHS8). The excess pore
water pressure ratio (ru) ranges between 0.01 and 1.00, with maximum values observed
across various experiments and sites. In general, the results indicate that the ru is
influenced by factors such as relative density, column length, and building configuration.
When ru approaches 1.00, the potential for liquefaction is high; conversely, at lower values,
the increase in pore water pressure is more limited. All three pore-water pressure
transducers (CH6, CH7, CHS) functioned properly in every test. The (ru) values reported
in Table 7 represent the complete dataset for all sensors.

The (ru) values in Table 7 vary across the three sensor locations, even under the same
test conditions. For example, in Test 8 (Dr = 0.50, L = 250 mm), the (ru) values were 0.55
below the 15-story building, 0.87 between the two buildings, and 1.00 below the 10-story
building. These differences suggest that excess pore water pressure did not develop
uniformly throughout the soil. This may be related to differences in stress conditions,
drainage paths, and distances from the columns at each sensor location. To ensure a
conservative evaluation of liquefaction potential, the highest (ru) value recorded by the
three sensors is used for each test condition. However, because no repeat tests were
conducted, the consistency of the measurements could not be evaluated.

Foundation Settlement: The tests also show that increasing the relative density (Dr)
of the sand can help reduce settlement; however, this effect is not uniform across all
measurement points. This trend corresponds to the settlement prediction models of
[13,14,17]. You can see how the settlement changed over time for all the density tests in
Table 8, which has all the displacement measurements from the LVDT sensors. The (ru)
values for Test 1 in Table 7 are harmonic loading, not earthquake loading, and are all near
zero. This study focuses on a real earthquake, showing that regular harmonic inputs (sine
and cosine) have effects significantly smaller than those of an actual seismic event, such
as the Kocaeli earthquake.

Group 1 settlement-time graphs (Figure 7), using a consistent column length of 390
mm. You can see how the displacement changed over time for all the density tests in Table
8, which has all the displacement measurements from the LVDT sensors: each test consists
of four graphs. Loose sand (Dr = 0.3) in Test 1, as shown in Figure 7, shows a maximum
displacement of approximately —20 mm and a final displacement of approximately -8 mm.
Medium-dense sand (Dr = 0.4) in Test 2 exhibits a maximum displacement of
approximately -11 mm and a final displacement of approximately -8 mm. Test 3, using
Medium-dense sand (Dr = 0.5), recorded a maximum displacement of approximately —19
mm and a final displacement of approximately =7 mm. These tests illustrate how density
affects settlement under building foundations.

The pore pressure ratio (ru) values were recalculated after identifying and correcting
a spreadsheet error involving soil unit weights and layer depths. This error had led to an
underestimation of the initial vertical effective stress and, consequently, unrealistically
high (ru) values. The corrected results are presented in Tables 6 and 7. The results also
show that settlement is not governed by the pore pressure ratio alone, as similar (ru)
values can produce different settlements depending on the reinforcement configuration
and local stress conditions. Higher pore pressure ratios in the unreinforced zone between
the buildings indicate the influence of foundation interaction on the generation of pore
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pressure. In general, the (ru) values approaching 1.0 signify the development of

liquefaction conditions.
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Figure 7. Timeline of the Foundations Settlement for group 1 (Test 1, Test 2, and Test 3).
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Settlement values in Table 8 are model-scale measurements. They cannot be directly
used for prototype engineering without applying the Iai’s similitude relationships [10].
For A =20, the displacement scale factor is 89.44.

Under the sign convention used here, negative values in settlement represent
upward movement, and positive values represent downward movement. For Test 12 (Dr
= 0.40, L = 350 mm), the values -1.5 mm and -6.5 mm are negative, indicating upward
displacement.

Soil Dynamic Properties: Significantly different behaviors were shown by shear
stress-strain hysteresis loops. Large, pinched loops with significant stiffness loss were seen
in loose sand (Figures 8 and 9). Dense sand displayed strong, elliptical loops with high
stiffness retention and strains less than 1.5%. The G-y plots of Figure 10 demonstrate how
the secant shear modulus (G) at equivalent strain levels increased by a factor of 3 to 4 from
Dr = 0.30 to Dr = 0.50 [33]. Structural Acceleration: A reduction effect was seen in the
foundation-level acceleration response spectra. High-frequency accelerations were
significantly reduced in loose, liquefied soil, while some low-frequency amplification
resulted from the softening of the soil. A stiff, responsive soil profile was indicated by
foundation accelerations in dense sand that more closely matched the input motion.

The shear modulus and damping values derived from the acceleration records carry
estimated uncertainties of about +15% and +20%, respectively, because of double
integration, filtering, and baseline correction. The fitted Gmax values in Table 8 and the
degradation curves in Figure 10 should therefore be treated as approximate estimates
rather than high-precision measurements.

It should be noted that the shear modulus and damping values reported here carry
an estimated uncertainty of +15% and +20%, respectively, due to the integration and
filtering procedures used to derive stress-strain loops from acceleration records. These
uncertainties should be considered when comparing absolute values, although relative
comparisons between tests remain valid because the same processing chain was applied
throughout.

The shear stress distribution with depth was calculated from the acceleration records
using the approach proposed by Zeghal and Elgamal [30] , as expressed inEquation (5).

e =pi ©
where the parameters i and g are the acceleration and density at depth, respectively. The
shear stress at the desired depth is obtained by integrating with the Equation (6).

1(z) = fp (2)ii(z) dz (6)

The time history of the ground acceleration can be obtained by nonlinear
extrapolation of the acceleration data of the pair of sensors buried at depth using the
Equation (7) [30].

—ii

—(z—2) )

Loy
i(z) =iy + P )
To calculate the shear strain, the displacement time history is obtained by integrating the
acceleration time history twice. In the middle of the two acceleration sensors, the shear
strain value is calculated by Equation (8) [30].

Uz — Ug

v=——r 8)

Z, — 71
The where v is the shear strain, (u, — u,) are the horizontal displacements at depths

(z1) and (z;), respectively, and (z, — z,) is the vertical distance between the two points.
The shear stress and strain derived from double integration of acceleration records

are sensitive to baseline correction, filtering, and integration errors. In this study, a
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consistent processing chain was applied to all tests: a band-pass filter between 0.05 and 15
Hz, baseline correction using a moving average, and double integration with linear
interpolation between the two accelerometer locations. Based on a sensitivity analysis of
these processing steps, the estimated uncertainty is approximately +15% for the secant
shear modulus (G) and +20% for the damping ratio (D). The derived G values were
compared with published data for Firuzkuh sand and similar clean sands [19], and the
degradation trends are consistent. However, independent validation through element-

scale cyclic triaxial or simple shear tests was not performed and is recommended for
future work.
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Figure 8. Effect of Column Length on Stress-Strain Behavior in Loose Sand (Dr = 0.3). Shear stress-

shear strain hysteresis loops for column lengths of (a) 150 mm, (b) 250 mm, and (c) 350 mm, below
15-story and 10-story foundations.

In shear stress-strain tests on loose sand at a relative density of 0.3, the column length
influenced the hysteresis loops. Short columns (150 mm) in Test 4 produced wide, pinched
loops, which suggest low stiffness and a large decline in stiffness. Test 5, with medium
columns (250 mm), showed moderately wide loops. Test 6, using long columns (350 mm),
resulted in narrower loops. These results show how column length affects the shear of
loose sand under loading that simulates 15-story and 10-story building foundations.
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Figure 9. Effect of Column Length on Stress-Strain Behavior in Medium-Dense Sand (Dr =0.4). Shear
stress—shear strain hysteresis loops for column lengths of (a) 150 mm, (b) 250 mm, and (c) 350 mm
below 15-story and 10-story foundations.

Shear stress-strain hysteresis loops were examined for medium-dense sand at a
relative density of 0.4. Test 10, using short columns (150 mm), showed moderately wide
loops; Test 11, with medium columns (250 mm), showed narrower loops; and Test 12,
which used long columns (350 mm), showed the narrowest, most vertical loops. This
indicates that composite stiffness increases as column length increases within medium-
dense sand under 15- and 10-story foundations.
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Figure 10. Shear modulus (G) versus shear strain () for loose, medium-dense, and dense sand under
different column lengths for Tests 1, 2, and 3. The authors prepared the figure from experimental

data; they fitted the degradation curves using the Hardin-Drnevich hyperbolic model [33].

Figure 10 is a three-panel figure labeled a, b, and c. Each panel contains two side-by-
side scatter plots: the left plot is for the 15-story foundation and the right plot is for the 10-
story foundation. The horizontal axis is shear-strain in percent, and the vertical axis is
shear-modulus in kPa. In panel a, the left plot has a vertical axis reaching 5500 kPa, and
the right plot reaches 1200 kPa. In panel b, the left plot goes up to 2300 kPa and the right
plot up to 2500 kPa. In panel c, the left plot reaches 2400 kPa and the right plot reaches
9000 kPa. In all plots, the scattered data points show a clear decreasing trend, with a dotted
curve fitted through them. The figure compares shear modulus degradation with
increasing shear strain for loose, medium-dense, and dense sand under different column
lengths. G and damping values are derived from acceleration records and carry the
uncertainties stated in the text. The fitted Gmax values are approximate.
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The degradation curves in Figure 10 were fitted using the Hardin-Drnevich
hyperbolic model, using Equation (9) [33].
T1+4 v/vr

)

where G, is the small-strain shear modulus and ¥, is the reference strain. The R? values
for the fits range from 0.72 to 0.81, indicating a reasonable fit given the inherent scatter in
the data. The scatter arises from spatial variability in sand density, localized drainage
conditions, sensor placement effects, and integration errors. The ratio of G,,,, between Dr
=0.50 and Dr = 0.30 is approximately 3.5-4.0 for the 10-story foundation, but the increase
is smaller for the 15-story foundation and depends on column length. A summary of G4
and R? values are given in Table 9.

Table 9. Fitted Gmax and R? values for shear modulus degradation curves.

Test Group Dr(-) L (mm) Foundation Gmax (kPa) R?
1 1 0.3 390 15-story ~5500 0.72
1 1 0.3 390 10-story ~1200 0.75
2 1 04 390 15-story ~2300 0.76
2 1 04 390 10-story ~2500 0.78
3 1 0.5 390 15-story ~2400 0.78
3 1 0.5 390 10-story ~9000 0.81
4 2 0.3 150 15-story ~2500 0.74
4 2 0.3 150 10-story ~7500 0.76
5 2 0.3 250 15-story ~12,000 0.79
5 2 0.3 250 10-story ~5000 0.77
6 2 0.3 350 15-story ~5000 0.78
6 2 0.3 350 10-story ~12,000 0.8
7 3 0.5 150 15-story ~2400 0.77
7 3 0.5 150 10-story ~1800 0.75
8 3 0.5 250 15-story ~3300 0.79
8 3 0.5 250 10-story ~2200 0.78
9 3 0.5 350 15-story ~6500 0.8
9 3 0.5 350 10-story ~7500 0.81
10 4 04 150 15-story ~3000 0.73
10 4 04 150 10-story ~2500 0.75
11 4 04 250 15-story ~4500 0.76
11 4 0.4 250 10-story ~2200 0.75
12 4 04 350 15-story ~3000 0.78
12 4 0.4 350 10-story ~5000 0.79

Note: Values are approximate and read from the fitted curves.

The Figure 10 presents shear modulus degradation curves for (a) loose sand (Dr =
0.30), (b) medium-dense sand (Dr = 0.40), and (c) medium-dense sand (Dr = 0.50). For each
density, three column lengths (150 mm, 250 mm, and 350 mm) are shown. The x-axis
represents shear strain (y, %), and the y-axis represents shear modulus (G, kPa). Medium-
Dense sand (Dr = 0.50) exhibits higher initial shear modulus and slower degradation with
increasing strain, indicating greater stiffness retention. Loose sand (Dr = 0.30) shows rapid
modulus degradation, especially at shallow column lengths (150 mm), indicating stiffness
loss and liquefaction susceptibility. Longer columns (350 mm) improve modulus retention
across all densities.
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4. Discussion

The data provide solid numbers to support how soil becomes more compact and
clarify some of the finer points of how soil and structures interact.

The results are in good agreement with the well-established benchmark studies.
Tokimatsu & Seed predicted volumetric strains of 2-4% for loose sand and cyclic stress
ratios of 0.3-0.4, which agree well with our observed settlements (16-18 mm for a layer
thickness of 500 mm, or 3.2-3.6%) [13]. Ishihara & Yoshimine [14] proposed that sands
with Dr >0.45 would show dilative behavior under cyclic loading; our results for Dr=0.50
show (ru) always below 1.0 in most of the improved configurations, confirming this
threshold experimentally. Sitar & Hausler, based on field case histories, suggested that
improvement depth must be greater than about 70% of liquefiable thickness for reliable
settlement control; our data (L = 350 mm = 70% of a 500 mm layer producing settlements
<2 mm, while L = 150 mm = 30% producing settlements > 16 mm) provide experimental
confirmation of their field-based recommendation [15]. This observation applies to the
conditions tested here: a 500 mm liquefiable layer, Dr = 0.30 to 0.50, a triangular column
arrangement with a 18.2% replacement ratio, and the Kocaeli earthquake motion. It
should not be generalized to other layer thicknesses, soil types, or seismic demands
without further testing.

The difference in (ru) values between loose, medium-dense, and dense sands is
controlled by their contractive or dilative behaviors under cyclic loading. Loose sand (Dr
=0.30, e=0.776) is contractive: particles rearrange and collapse into voids during shaking,
transferring stress from soil to pore water. Under undrained conditions, the water cannot
escape quickly, so excess pore pressure builds up rapidly, leading to full liquefaction. If
(ru) is close to or approximately one, water will flow to the surface, often in the form of
sand boils.

It should be noted that the scatter in (ru) values between sensors reflects spatial
variability in the model, not measurement error. Each transducer sits at a different
location relative to the foundations and columns, so the local stress state and drainage
conditions differ. This is consistent with observations from centrifuge and shaking-table
studies [12,36]. The conclusions are based on the maximum (ru) value at each
configuration to remain conservative.

Medium-Dense sand (Dr = 0.50, e = 0.711) is dilative: when sheared, tightly packed
particles try to move apart, creating negative pore pressure (suction). The soil is stabilized
by the increased effective stress due to the suction, which prevents (ru) from reaching 1.0.
Even at positive pressure build-up, the decay is faster because of the smaller
compressibility.

It is important to consider that the absence of suction measurements means we
cannot fully explain the mechanism by which dense sand resists liquefaction. The
measured (ru) values may be biased toward positive pressures for Dr = 0.50. In reality,
dilative behavior in dense sand generates negative pore pressure (suction), which
temporarily increases effective stress and helps prevent (ru) from reaching 1.0. Since the
transducers cannot record negative pressures, the suction contribution is invisible in our
data. This does not invalidate the observed trend —lower (ru) and settlement at higher
(Dr), but it does mean the pore-pressure response of dense sand is only partially captured.
The same limitation applies to medium-dense sand (Dr = 0.40) when it enters a dilative
phase after initial contraction. Therefore, the (ru) values reported here should be viewed
as positive-pressure indicators, not as a full effective-stress history.

The medium-dense sand (Dr = 0.40, e = 0.744) exhibits transitional behavior. Initial
contraction leads to positive pressure, but dilation can happen after sufficient strain. This
explains the wide (ru) range (0.64-1.0) and the column length and building load
dependency. Loose sand has higher permeability, but pore pressure generation is faster
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than dissipation in rapid cyclic loading. Thus, the primary mechanism by which
densification improves liquefaction resistance is by altering the volumetric response from
contractive to dilative, not by altering the permeability.

The medium-dense sand (Dr = 0.40) shows the widest range of the (ru) values, from
0.64 to 1.0. This reflects its transitional behavior between contractive loose sand and
dilative dense sand. Based on the hysteresis loops in Figure 9, the 250 mm column (Test
11) produces the widest and most pinched loops, indicating significant cyclic softening
and energy dissipation, while the 150 mm and 350 mm columns produce narrower loops.
This suggests that at Dr = 0.40, the soil can exhibit either contractive or dilative behavior
depending on the local drainage conditions, column length, and foundation load. The
physical origin is that the sand fabric is in a transitional state: initial contraction generates
positive pore pressure, but after sufficient strain, dilation can occur, producing suction
and temporary strength recovery. The unstable performance comes from this competition
between contraction and dilation, which is sensitive to small changes in density,
confinement, and loading path. This transitional performance was obtained under the
specific replacement ratio, column geometry, and 1999 Kocaeli earthquake input adopted
in this study and should not be generalized to all sand deposits with Dr = 0.40.

Soil type (relative density) also directly and significantly affects the foundation
settlement, as shown in Figure 7 and Table 8. The loose sand (Dr = 0.30, e = 0.776)
experienced the largest settlements (up to 9 mm for the 150 mm columns in Test 4). This
is because of the contractive nature of loose sand. Cyclic shaking causes particles to
rearrange themselves into a denser packing, which reduces the void ratio and results in
expulsion of water. This collapse is expressed in the volumetric strain (settlement/layer
thickness = 9 mm/500 mm = 1.8%).

Conversely, medium-dense sand (Dr = 0.50, e = 0.711) consistently exhibited minimal
settlement, typically ranging from —0.4 mm in test 3 to =7 mm in test 9. This is attributed
to its dilative behavior, where particle expansion under shear generates negative pore
pressure, increasing effective stress and preventing volumetric collapse. This mechanism
limits settlement even with elevated pore pressure ratios.

Medium-dense sand (Dr = 0.40, ¢ = 0.744) exhibits moderate settlement (-14 mm in
test 11). Its transitional behavior, initially contractive but subsequently dilative, limits total
settlement compared to looser states.

Settlement under cyclic loading is governed by volumetric response, not
permeability. Contractive (loose) soils settle, whereas dilative (dense) soils resist
deformation. Densification (Dr = 0.30 to 0.50) significantly reduces settlement, exemplified
by a reduction from 9 mm in test 4 to —0.4 mm in test 7 in 150 mm columns.

The Cyclic Resistance Ratio (CRR) framework is consistent with the close-to-total
reduction of pore pressure in medium-dense sand (Dr = 0.50) [9,37]. Increasing Dr
increases the CRR by improving soil structure stability. Achieving a sufficient density
shifts the soil’s intrinsic CRR above the site-specific seismic demand, a direct performance-
based design outcome because the Cyclic Stress Ratio (CSR) induced by the scaled Kocaeli
motion was insufficient to cause significant pore pressure in the dense configuration.

It should also be noted that the mechanical properties of the cement-sand columns
were not measured directly in this study. The expected 7-day UCS of 0.5-1.0 MPa is an
empirical estimate based on published correlations for similar cement contents and w/c
ratios. The column stiffness and strength discussed in this section should therefore be
regarded as approximate, and the interpretation focuses on relative performance rather
than absolute column capacity.

There are significant effects of the sharp decline in settlement. Large, sharp
settlements in loose sand are indicative of flow deformation after shear strength loss [38].
The minimal settlements in dense sand attest to the fact that volumetric collapse is avoided
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by maintaining effective stress. This behavior is consistent with established approaches
for estimating liquefaction-induced settlement. Ishihara & Yoshimine related post-
liquefaction volumetric strain to relative density and the factor of safety against
liquefaction, while Zeghal & Elgamal [30] related volumetric strain to cyclic stress ratio
and soil resistance [14]. More recently, Bray & Macedo [39] developed a simplified
procedure for estimating liquefaction-induced building settlement that also accounts for
shear-induced deformation and soil-structure interaction.

The term “insignificant” was avoided because no formal performance criterion was
used. For context, 7 mm at model scale corresponds to 140 mm at prototype scale, which
may exceed typical serviceability limits for a 15-story building. The best performance was
achieved with L = 250-350 mm, where settlements were below 2 mm (40 mm prototype),
but even these values require evaluation against project-specific criteria.

One important caveat is that the experiments used a homogeneous sand deposit. Real
alluvial and coastal sites are often stratified, with silt or clay seams, gravel lenses, or
variable density. These features can block or channel drainage, change confinement, and
create local zones of pore-pressure build-up that a uniform model cannot reproduce. The
trends we observed —higher (Dr) leads to lower (ru) and less settlement—should still hold
in layered ground, but the absolute values and the rate of dissipation may differ. So, the
results should be applied to stratified sites only after site-specific evaluation.

The dynamic properties of soil can be understood through the evolution of damping
and shear modulus. The observed period elongation and high damping, which lower
transmitted high-frequency accelerations at the expense of bearing capacity, are explained
by the severe degradation of G in loose sand. This demonstrates the dual nature of
liquefaction, which can both cause geotechnical failure and offer seismic isolation [29]. By
maintaining a high G, densification ensures a predictable foundation response and avoids
this risky strength-loss isolation.

The scatter in the shear modulus data reflects the inherent variability of physical
model tests, including local density variations, sensor placement, and integration errors.
The fitted degradation curves carry an estimated uncertainty of +15% in G, as noted earlier,
and the R? values range from 0.72 to 0.81. Despite this scatter, the relative increase in secant
modulus with density is clear for the lighter foundation but less consistent for the heavier
one.

Medium-dense sand (Dr = 0.40) is a key point. It didn’t completely liquefy but
showed partial pore pressure and some settlement. This suggests a non-linear pattern:
small density increases below a certain point don’t help much, but going past that point
(like to Dr = 0.50) greatly improves performance. For the Kocaeli earthquake, a density of
0.40 might not be safe enough for important structures, while 0.50 offers a good safety
buffer.

Structure weight mattered. The taller building (15 stories) caused slightly greater
pore pressure and settlement due to higher static shear stress and bearing pressure. This
agrees with Bertalot et al., who said bearing pressure is important for settlement [40]. Our
data indicate that making the soil denser separates settlement from structure weight; in
dense soil, settlement differences between structures were small.

The effect of superstructure load was examined by comparing the 10-story (30 kg)
and 15-story (45 kg) models. The 15-story model imposed a higher bearing pressure. In
several tests, the heavier building caused slightly greater pore pressure and settlement.
For example, in Test 6 (Dr = 0.3, L = 350 mm), the (ru) below the 15-story building was
0.34, while below the 10-story building it was 0.57; the lighter building showed higher (ru)
in that case. In other tests, the heavier building showed higher (ru). The pattern is not
consistent, which suggests that foundation load interacts with column length and soil
density in a complex way. In dense soil, the difference between the two buildings was
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small, suggesting that densification reduces the sensitivity of settlement to structure
weight.

This research links component experiments to real-world performance. Though
repeated load tests on Firuzkuh sand could also show greater resistance as relative density
increases, our combined model accounts for how the system works: stress changes under
foundations, actual drainage conditions, and how soil weakening and structural behavior
affect each other. This provides total verification for computer models of enhanced ground.

Limitations

Several limitations should be considered when interpreting the findings of this study.
First, the experimental program assumed a homogeneous sand profile, whereas natural
soil deposits are often stratified and heterogeneous. Variations in permeability and
layering can influence drainage conditions, confinement, and consequently the soil
response under seismic loading.

Second, the seismic input was based solely on the 1999 Kocaeli earthquake,
characterized by its specific frequency content, duration, and amplitude. Other major
earthquakes, such as the 1995 Kobe, 2011 Tohoku, and 2023 Kahramanmaras events,
exhibit different ground motion characteristics, including variations in magnitude, peak
ground acceleration, and frequency spectra. These differences may affect the magnitude
of pore pressure generation and settlement. Although general trends—such as reduced
pore pressure ratio and settlement with increasing relative density—are expected to
remain consistent, the exact numerical results may vary under different seismic conditions.

Third, the study utilized Firuzkuh sand, a clean and uniformly graded sand (SP).
Therefore, the findings may not be directly applicable to soils containing fines, such as
silty or clayey sands, gravelly materials, or highly plastic soils. Such materials require site-
specific evaluation due to their distinct mechanical behavior.

Fourth, the pore pressure sensors used (0-100 kPa range) were limited to measuring
positive pore pressures. As a result, negative pore pressures (suction), which may develop
in dense sands exhibiting dilative behavior, could not be captured.

Fifth, the 1 g shaking table tests cannot fully satisfy stress similarity. The stress state,
strain rate, and drainage path length in the model differ from prototype conditions.
Absolute values such as settlement should not be directly extrapolated to full scale
without correction. Relative comparisons between tests remain valid.

Sixth, the columns were constructed by in-situ mixing of sand with cement, which is
classified as a deep mixing method but shares characteristics with deep replacement. This
differs from field deep mixing, where the binder is mixed with the native soil. The column-
soil interface is sharper and the cement distribution more uniform than in the field, which
may affect interface friction and stiffness. The columns represent the overall function of
deep mixing elements, not the exact construction process.

Seventh, the shear stress-strain loops were derived from double integration of
acceleration records without independent validation against cyclic triaxial or simple shear
tests on the same sand. Estimated uncertainties are +15% for shear modulus and +20% for
damping ratio.

Eighth, the cement-sand column material was not tested for unconfined compressive
strength, modulus, or stress-strain behavior. Based on the mix design, the expected 7-day
UCS is 0.5-1.0 MPa, which is lower than typical field deep-mixing columns. This should
be considered when extrapolating the results to field-scale applications.

Ninth, the absence of an experimental unimproved reference test under the Kocaeli
motion is acknowledged.
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Tenth, the shear modulus degradation curves were fitted using the Hardin-Drnevich
model with R? values between 0.72 and 0.81. The scatter in the data and the uncertainty in
the fitting procedure should be considered when using these curves for design.

Eleventh, no formal performance criterion was adopted to define acceptable
settlement. The measured settlements, including the 7 mm value for the 15-story building
at Dr=0.50 with a short column, should be evaluated against project-specific serviceability
limits in future work. At prototype scale, 7 mm model settlement corresponds to 140 mm,
which may be significant for tall buildings.

Twelfth, the applicability of the present results to other soil types is limited. The
experiments were conducted using Firuzkuh sand (Code 161), a clean, uniformly graded
sand classified as SP. This controlled material was selected to isolate the effect of relative
density, but natural deposits may contain varying amounts of silt, clay, or gravel. Such
differences can modify particle fabric, drainage characteristics, compressibility, cyclic
resistance, and pore-pressure generation. Therefore, the quantitative values of R,
settlement and dynamic soil properties obtained in this study should not be directly
transferred to silty sands, clayey sands, gravelly soils, or soils with significant fines
content.

Finally, the seismic input was limited to the N-S component of the 1999 Kocaeli
earthquake recorded at Yarimca. Earthquakes with different magnitude, duration,
amplitude, frequency content, and cyclic characteristics may produce different responses.

5. Conclusions

Soil liquefaction poses a significant threat to buildings in earthquake-prone regions,
leading to a reduction in bearing capacity, foundation settlement, and structural damage.
In this study, the effects of relative density (Dr = 0.30, 0.40, and 0.50) on the liquefaction
resistance of Firuzkuh sand under seismic loading simulating the Kocaeli earthquake of
1999 were experimentally investigated. The study was conducted on a 1-g shaking table
using 10- and 15-story scaled building models. Pore pressure ratio (ru), foundation
settlement, shear modulus, and damping ratio were measured.

The results show that increasing the relative density from 0.30 to 0.40 significantly
improves the behavior of soil during shaking. In particular, peak pore pressure ratios
reduced from 1.0 in loose sand to 0.64 in medium-dense sand (for similar column lengths);
foundation settlements reduced from over 9 mm in loose sand to zero in the best-
performing configurations (shorter columns), though shorter columns at Dr = 0.50 still
produced settlements —6.5 mm; shear modulus increased by a factor of 3 to 4; and damping
ratio reduced significantly. Medium-dense sand (Dr = 0.50) substantially reduced the
extent and severity of liquefaction, but it did not prevent liquefaction everywhere; some
sensors in the middle zone between buildings still recorded (ru) values above 1.0. The 70%
column length observation applies specifically to the 500 mm liquefiable layer and the
conditions tested here. It should not be generalized to other layer thicknesses, soil types,
or seismic demands without further testing. The medium-dense sand (Dr = 0.40) provided
only limited protection, with residual pore pressure and moderate settlement, indicating
a non-linear performance pattern: little benefit from small density increases below a
threshold, but significant safety improvements beyond it.

If you're working on engineering projects in places prone to earthquakes, like
Turkey’s Marmara region, it's recommended that clean sand have a relative density of at
least 0.50. This threshold was derived from tests using the Kocaeli earthquake motion only.
It should not be applied directly to other earthquakes with different magnitude, frequency
content, or duration without site-specific evaluation. This is especially important when
you're anticipating strong, long-lasting shaking, similar to what happened during the

https://doi.org/10.3390/geotechnics6040109



Geotechnics 2026, 6, 109

30 of 32

Kocaeli earthquake. Our experiments really back up this idea, giving us a solid foundation
for designing ground improvements that can hold up well.

It is important to mention that these results are from the 1999 Kocaeli ground motion
and Firuzkuh sand. Although the general trends state that a higher Dr decreases the risk
of liquefaction and are expected to hold for other clean sands, the exact quantitative
thresholds may differ for soils with high fines content, gravelly soils, or plastic silts and
clays.

Recommendations

In earthquake-prone areas such as the Marmara region of Turkey, for clean sands (SP
classification, fines content < 10%) under shallow foundations, it is recommended to
compact the soil to a relative density of no less than 0.50 when strong, long-duration
shaking similar to the 1999 Kocaeli earthquake is anticipated. This threshold was derived
from tests using the Kocaeli earthquake motion only. It should not be applied directly to
other earthquakes with different magnitude, frequency content, or duration without site-
specific evaluation. This recommendation applies specifically to clean sands; soils with
high fines content, gravelly soils, or plastic silts and clays require site-specific evaluation.

Future research is suggested to:

1. Validate the findings at field scale in Kocaeli or similar liquefiable regions
Repeat the experiments with other recorded ground motions, including the 1995
Kobe, 1995 Northridge, 2011 Tohoku and 2023 Kahramanmaras earthquakes, using
records from AFAD and other Turkish strong-motion databases.

3. Testother soil types, including silty sands, clayey sands, gravelly soils, and soils with
significant fines content, to evaluate how far the observed trends apply.

4.  Study hybrid ground improvement techniques, such as densification combined with
vertical drains, or sand-cement columns with gravel blankets, to accelerate pore-
pressure dissipation.

5. Carry out economic and sustainability comparisons of different densification and
deep replacement techniques.

6. Develop regional liquefaction risk maps for seismically active coastal zones using the
experimental G-y, damping, and ru relationships from this study in numerical
models.

7. Validate the shear stress—strain relationships derived from acceleration records with
independent element-scale cyclic triaxial or simple shear tests on the same sand.

8. Measure the unconfined compressive strength, modulus, and stress—strain behavior
of the cement-sand column material in future studies.

9.  Use pressure transducers that can measure both positive and negative pore pressures
(e.g., differential pressure transducers or tensiometers) in future shaking-table tests,
especially for dense sands, to capture suction.

10. Include unimproved reference tests under the same input motion to quantify the
absolute improvement factor of the columns.

11. Include layered soil profiles to examine how stratification affects the density—
liquefaction relationship.
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