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ABSTRACT: Settlement control is a critical design consideration for large-diameter oil tank ringwall foundations
constructed on granular soils, where stress-dependent stiffness and spatial variability can significantly influence
serviceability performance. This study aims to the settlement behavior of stone-column-reinforced dense sand
and compares a nonlinear power-law settlement model against a conventional linear baseline using plate load
test (PLT) data. Laboratory-scale PLTs were conducted on dense sand (Dr = 80%) with configurations of untreated
soil and sand reinforced with one to three stone columns. The results show that stone column inclusion
significantly reduces settlement, with values decreasing from 21.3 mm in untreated sand to 9.87 mm, 6.42 mm,
and 5.19 mm for one, two, and three-column configurations. The settlement reduction ratios reached
approximately 76%, with diminishing incremental improvement as column number increased. The power-law
model outperformed the linear baseline, achieving coefficients of determination (R?) of 0.986-0.995 compared
to 0.728-0.936, and substantially lower prediction errors across all configurations, a power-law formulation thus
provides a better fit to the observed data than a linear assumption.
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1. INTRODUCTION nonlinear (curved) load-settlement responses,
reflecting stress-dependent stiffness and progressive
Large-diameter oil storage tanks are commonly plasticity. This distinction has important implications
supported by ringwall foundations to control bearing for ringwall serviceability assessment, as neglecting
pressure while limiting differential settlement and such nonlinearity may lead to biased settlement
tilt. In this foundation type, applied stresses are predictions and misleading configuration
distributed over a wide radial footprint. comparisons.
Consequently, even moderate spatial variability in Stone columns (including vibro-replacement
near-surface stiffness can lead to circumferential columns) are widely used as a ground improvement
settlement gradients that may affect the tank shell technique because they enhance composite stiffness,
and connected systems. Field evidence indicates that mobilize higher shear resistance through soil—
settlement and tilt often govern foundation design. column interaction, and provide lateral confinement.
For example, a 20 m high fuel tank supported on In saturated conditions, they also facilitate drainage
vibro-replacement stone columns satisfied a bearing and accelerate pore pressure dissipation. Previous
demand of 200 kPa, while maintaining maximum studies have demonstrated their applicability in soft
settlement below 50 mm and tilt below 10 mm, soils, collapsible deposits, and liquefaction-prone
provided that construction quality effectively sands, including the beneficial effects of
controlled ground variability [1]. geosynthetic encasement in weak surrounding soils
In granular soils, settlement is primarily governed [2-5].
by stress-driven particle rearrangement and shear Despite the extensive body of research on stone
strain mobilization, resulting in stiffness that columns, several methodological limitations restrict
depends on both density and stress level. This their direct applicability to ringwall serviceability in
contrasts with  simplified linear settlement granular soils. First, many settlement models assume
assumptions often adopted for saturated fine- linear stiffness behavior, which is inconsistent with
grained soils, where constant compressibility may be stress-dependent sand response. Second, a large
adequate over limited stress ranges. In sands, portion of experimental and numerical studies
however, plate load test results typically exhibit focuses on soft clays, where consolidation and
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drainage govern behavior [6,7]. Third, many studies
emphasize liquefaction performance or cyclic
response, whereas service-level static settlement
remains less explored, despite its importance for
operational conditions [8-10].

A widely adopted framework for analyzing stone
column behavior is the unit-cell concept, in which a
single column and its tributary soil are treated as an
axisymmetric composite system. This approach
enables the evaluation of stress sharing and stiffness
contrast between the column and the surrounding
soil. Experimental studies have shown that stress
concentration can be significant and depends on
several key parameters, which reinforces the need
for models that explicitly consider composite
behavior rather than assuming homogeneous
ground conditions [11]. However, a research gap
remains in  developing  performance-based
settlement models that are consistent with sand
behavior and are directly calibrated using controlled
plate load test data.

Ground improvement for granular soils under
service loading remains underserved by the existing
literature on stone columns, which is dominated by
soft-clay consolidation and liquefaction-mitigation
studies. This study develops a configuration-specific
settlement model for stone-column-reinforced
dense sand under plate loading, calibrated directly
from experimental data and supported by
guantitative model comparison. The results are
intended to guide the selection of modeling
approaches for serviceability assessment of ringwall
foundations, with the recognition that laboratory
findings require further site-specific validation
before field application.

Accordingly, this study aims to (i) quantify the
settlement reduction achieved by one to three stone
columns installed in dense sand (Dr = 80%), and (ii)
develop and compare a nonlinear power-law
settlement model against a linear baseline, with both
models calibrated using plate load test data and
evaluated using standard goodness-of-fit metrics.
While nonlinear load-settlement formulations for
granular media are established in principle, the
specific contribution of this study is the systematic
calibration and comparison of a power-law model
under finite-plate laboratory conditions for stone-
column-reinforced dense sand, coupled with a unit-
cell stress-sharing framework. The results provide a
basis for evaluating reinforcement configurations
and for guiding the selection of serviceability-level
settlement models in the design of ringwall
foundations, subject to further field-scale validation.
The remainder of this paper is organized as follows:
Section 2 material and methods; Section 3 describes
the settlement modeling framework and discusses
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experimental results and model performance; and
Section 4 summarizes the main conclusions.

2. RESEARCH SIGNIFICANCE

This study provides an empirical contribution to
understanding how dense sand and stone column
reinforcement influence deformation behavior and
bearing performance under ringwall foundation
loading conditions. Through controlled plate load
tests on uniformly graded sand prepared at a relative
density of 80%, the study produces -calibrated
experimental data that can serve as a reference for
further development and validation of numerical
models for reinforced granular ground. The
proposed power-law interpretation also offers a
practical basis for linking laboratory testing, field
plate load tests, and numerical simulation in
evaluating settlement performance, while requiring
site-specific validation before field application.

3. MATERIAL AND METHODS
3.1 Soil Characterization

3.1.1 In-situ investigation

Preliminary site investigation was conducted
using cone penetration tests (CPT) and standard
penetration tests (SPT) to establish the stratigraphy
and density profile of the representative sand
deposit. CPT soundings (10 locations) reached
depths of approximately 10.8-21.8 m, while SPT
borings (5 locations) extended to 21.15-23.15 m,
terminating at refusal or target depth.

The subsurface profile consisted predominantly
of sand with a fines content of approximately 10-20%,
classified as poorly graded to silty sand (SP-SM).
Cone resistance and SPT N-values ranging from 15 to
35 indicate medium to dense sand conditions. These
field observations guided the selection of
representative laboratory sand and the target
relative density adopted in the tests.

3.1.2 Laboratory testing and soil properties
Laboratory grain-size distribution analysis
confirmed that the material used for the model
ground was predominantly sand. The composition
consisted of 3.16% gravel, 94.53% sand, 0.59% silt,
and 1.71% clay, consistent with a poorly graded sand
(SP) classification with a uniformity coefficient Cu =
2.38. The dry unit weight ranged from approximately
14.6 kN/m?3 in the loose state to 17.65 kN/m?3 at Dr =
80%, representing dense sand conditions. Direct
shear tests yielded an internal friction angle ¢ = 35°,
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indicating predominantly frictional behavior.

The laboratory sand was selected to represent
the granular of the field deposit while controlling for
the confounding effects of fines on permeability,
compressibility, and column-soil interaction. The
laboratory material has a fines content below 2.3%,
compared to 10-20% in the field deposit (SP-SM).
This divergence was intentional the clean sand
provides a controlled lower-bound reference in
which stress-dependent particle rearrangement,
rather than fines-dominated compressibility or
partial drainage, governs the load-settlement
response. The presence of additional fines in the
field material  would  generally  increase
compressibility at low stress levels and may alter the
power-law exponent B. The present laboratory
dataset therefore represents a controlled granular
reference direct extrapolation to the site-specific soil
with higher fines content requires additional testing
of the representative gradation.

3.2 Experimental Setup

A rigid test box was used to prepare a controlled
sand bed for the installation of laboratory-scale
stone columns. Sand was placed in thick layers of
0.10 m to achieve a total specimen height of 1.0 m.
The target relative density (Dr = 80%) was achieved
using a mass-controlled placement method based on
the required unit weight and layer volume.
Compaction procedures were applied consistently
for each layer to minimize spatial variability in
stiffness.

The experimental setup consisted of a rigid test
tank, loading system, and instrumentation arranged
to perform plate load tests on both untreated and
reinforced sand. A schematic view of the setup is
shown in Figure 1. The test tank had plan dimensions
of approximately 1.2 m x 1.2 m and a height of 1.21
m. The ratio of tank plan dimension to plate
diameter is approximately 4.8 (1.2 m / 0.25 m),
which exceeds the minimum ratio of 4 commonly
cited in model test practice and is consistent with
values adopted in comparable laboratory studies
[22,16]. Nevertheless, the rigid tank walls impose
passive lateral confinement that does not replicate
field conditions where lateral displacement of
surrounding sand is unconstrained. This may result
in a slight overestimate of composite stiffness
relative to open-field conditions. Because all four
configurations were tested in the same rigid tank
under identical boundary conditions, this effect is
systematic and consistent across configurations;
comparative trends such as settlement reduction
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ratios and stiffness gains are therefore not materially
affected, though absolute settlement magnitudes
should be interpreted with this constraint in mind.

Vertical loads were applied using a mechanical
jack mounted on a loading frame and transferred to
the soil through a rigid circular steel plate with a
diameter of 0.25 m (area Ap = 0.0491 m?). The
applied load was measured using a proving ring
(factory-calibrated, calibration conducted within 12
months of testing), and settlement was recorded
using a dial gauge with a resolution of 0.01 mm,
calibrated against a reference micrometer prior to
each test series.

No anti-friction treatment was applied to the
interior surfaces of the rigid steel tank. Wall friction,
if mobilized, would tend to resist downward
movement of the sand mass, potentially reducing
measured settlement slightly relative to a frictionless
boundary. Because this condition is identical across
all four configurations, it does not affect comparative
results between reinforced and unreinforced cases.
To verify that the target relative density (Dr = 80%)
was achieved consistently throughout the specimen,
the as-placed dry unit weight was checked by
extracting thin-walled cylindrical sampling rings
(inner diameter 50 mm, height 50 mm) from three
locations distributed across the specimen (centre,
mid-radius, and near the tank wall) following
preparation of each 100 mm layer. Measured dry
unit weights were within + 0.2 kN/m?3 of the target
value of 17.65 kN/m3, corresponding to Dr = 80% +
4%. Llayers falling outside this tolerance were
removed and recompacted.

All tests were conducted on air-dry sand
(gravimetric water content w < 0.5% as measured
prior to each test), under fully drained, unsaturated
conditions. Pore pressure development was not
expected and was not monitored. This condition is
representative of granular fill above the
groundwater table and simplifies interpretation of
the load—settlement response as a purely
mechanical, stress-dependent phenomenon without
hydraulic coupling.

|
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Fig. 1 lllustration of the experimental setup for plate
load testing on stone-column-reinforced sand



International Journal of GEOMATE, August, 2026, Vol. 31 (144), pp. 141-151

3.3 Stone Column Configuration

Stone columns were constructed at laboratory
scale with a diameter of 50 mm and a length of 1.0
m. The columns were arranged in a triangular
pattern with a centre-to-centre spacing of 150 mm.
Crushed aggregate was used as the column material,
with representative particle sizes of 9.51 mm, 4.75
mm, and 2.36 mm. Stone columns were formed by
driving a temporary casing (50 mm inner diameter)
to full depth, filling with crushed aggregate in 100
mm sub-layers (each tamped with 10 blows of a 0.5
kg rod), and then withdrawing the casing. This
replacement method displaces some surrounding
sand; the effect on local density was not
independently quantified in the present study and is
acknowledged as a limitation.

Four test configurations were considered:
untreated sand (no stone column) and reinforced
sand with one, two, and three stone columns located
within the loading plate footprint (Figure 2). The area
replacement ratio (Ac) are defined in Equation 1-3 for
a triangular pattern is defined as:

V3

Acell = 752 (1)
nD?

=t 2)
Ac

a, = (3)
" Acell

where s = 0.150 m is the column spacing, D¢ =
0.050 m is the column diameter, Aceil = 0.01949 m?,
Ac = 0.001963 m?, and ar = 0.101 (approximately
10.1%). For multiple-column configurations under a
finite loading plate, an effective replacement ratio
(ar.eff) may be defined based on the total column area
within the plate footprint. The arerf values are
approximately 4.0%, 8.0%, and 12.0% for one, two,
and three columns, respectively [11-17].

Two columns Three columns

One column

Fig. 2 Stone column configuration and layout relative
to the loading plate

3.4Plate Load Test (PLT) Configuration and
Procedure

3.4.1Plate geometry and instrumentation
Plate load tests (PLTs) were conducted using a
rigid circular steel plate with a diameter of 0.25 m,
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corresponding to an area of approximately 0.0491
m?2. Settlement was measured using a dial gauge with
a resolution of 0.01 mm. Vertical loads were applied
incrementally using a controlled loading system. The
applied load was determined from the target stress
and plate area using the standard stress—area
relationship:

where Pis the applied load, g is the applied stress,
and A, is the plate area.

P =q4, (4)
3.4.2 Loading procedure

The loading program consisted of incremental
stress application over a range of approximately
62.5-437.5 kPa. Each load increment was maintained
until the corresponding settlement response was
recorded.

The tests included both loading and unloading
phases and residual settlement behavior. This
approach allows assessment of irreversible
deformation associated with particle rearrangement
and plasticity in sand. Such behavior is relevant for
ringwall foundations, where operational conditions
may involve staged loading and unloading cycles [18].

3.4.3 Repeatability and experimental uncertainty

To assess test-to-test variability, each
configuration was subjected to sequential replicate
tests using a convergence criterion. For the
untreated sand, one and two-column configurations,
two replicate tests were conducted per
configuration. For the three-column configuration,
three replicates were performed. In each case, the
second test was compared against the first, if the
maximum settlement at peak applied stress differed
by less than 10% between consecutive replicates, the
configuration was considered reproducible and
testing was stopped. If the difference exceeded this
threshold, an additional replication was conducted.
This criterion was met within two tests for the
untreated, one, and two-column cases, and within
three tests for the three-column case.

The reported load-settlement curves represent
the mean response across the accepted replicates
for each configuration. Test-to-test differences in
maximum settlement remained below 10% across all
configurations, indicating acceptable reproducibility
under the controlled density preparation protocol.
Because the number of replicates per configuration
is small (two to three), formal confidence intervals
on settlement reduction ratios and fitted model
parameters cannot be established with high
statistical precision. The reported values should
therefore be interpreted as indicative of trends and
relative performance between configurations, with
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the acknowledgement that a larger replicate set
would be required to formally quantify parameter
uncertainty.

3.4.4 Data reduction outputs

The primary output of each PLT was the load—
settlement curve. To quantify the improvement
effect of stone columns, the settlement reduction
ratio (SRR) was defined as:

_ Ssc
SRR = (1-=%) x 100% (5)

0

where Sq is the settlement of untreated sand and
Ssc is the settlement of the reinforced case at the
same reference stress.

To evaluate serviceability stiffness, the modulus
of subgrade reaction (Ks) was determined from the
load-settlement response using a secant definition:

q
K, = ; (6)
Aq
—_1 7
Ky =+ ?)

Ks is indicator for comparing stiffness
improvement across different configurations. Similar
interpretations of stiffness and stress sharing have
been reported in unit-cell and consolidation-based
studies [11,17].

3.5 Settlement Modeling and Evaluation

3.5.1Linear baseline model
A linear settlement model was adopted as a
baseline, in which settlement is assumed to be
proportional to applied stress:
s =aq (8)
where a (mm/kPa) is a regression parameter. This
formulation implicitly assumes constant stiffness
over the applied stress range and is commonly used
in simplified serviceability analyses.

3.5.2 Nonlinear power-law model

To account for the stress-dependent behavior of
dense sand, a nonlinear power-law settlement
model is derived from first principles by combining
the unit-cell stress-sharing concept with a stress-
dependent compressibility relationship for granular
materials.

Unit-cell stress sharing, following Kumar &
Samanta (2020) [11], the total applied stress o is
partitioned between the stone column (osc) and the
surrounding sand (os) using the area replacement
ratio ar and stress concentration ratio n = osc / os:
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ASC
— s¢ 9
I (9)
0 = aog.+(1—a)og (10)
_ o _ no
% = (1—a)+an’asc  (1-a)+an (11)
where ar is the area replacement ratio,

dimensionless = 0.101 for the present configuration,
n is the stress concentration ratio (dimensionless,
typically 3-6 for dense granular soils [11]), os is the
stress acting on the surrounding sand (kPa), and osc
is the stress acting on the stone column (kPa).
Stress-dependent compressibility of sand. For
dense sand, the constrained modulus M increases
with stress level following a power-law relationship
analogous to the Janbu tangent modulus framework:

M) = my () (12)

where Mo (kPa) is a reference constrained
modulus, pa = 100 kPa is atmospheric pressure used
as a reference stress, and A (dimensionless, 0 <A < 1)
is a stiffness exponent characterizing the stress-
dependency of sand compressibility.

Integration to yield the power-law settlement
model. The incremental settlement of the sand layer
of effective thickness H beneath the plate under
stress increment dos is:

d —< i )Hd
s = M(O_S) O-S (13)
Substituting Equation (12) into (13) and

integrating over the applied stress range, while
substituting the stress-sharing relationship of
Equation (11), yields a settlement expression of the
form:
s(o) = K of (14)

where K (mm-kPa®) and B (dimensionless) are
composite model parameters that absorb the effects
of the area replacement ratio, stress concentration
ratio, reference modulus Mo, and stiffness exponent
A. This formulation is equivalent to Equation (8)
rewritten with physically grounded parameters, K
encodes the composite stiffness of the reinforced
ground at unit stress, and B characterizes the degree
of stress-dependent nonlinearity. All symbols are
defined in the Notation section before the
References. Similar nonlinear approaches have been
applied in the analysis of granular column systems
[19, 20].

3.5.3Model evaluation metrics

Model parameters (a for the linear model, K and
B for the power-law model) were obtained through
nonlinear least-squares regression of the
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experimental  load-settlement  data. Model
performance  was evaluated using three
complementary metrics: the coefficient of

determination (R?), root mean square error (RMSE,
mm), and the Akaike Information Criterion (AIC). The
AAIC column in Table 1 reports the difference
AlCiinear-AlCpower-law, poOsitive values indicate that the
power-law model is favored. These metrics allow
comparison between models with different numbers
of parameters while accounting for goodness-of-fit
and parsimony.

4. RESULTS AND DISCUSSION
4.1 Load-Settlement Behavior

Figure 3 presents the measured load-settlement
response under vertical loading and unloading for
untreated sand and the reinforced configurations.
Across the entire stress range, the inclusion of stone
columns significantly reduced settlement and
increased the apparent stiffness of the composite
ground.

At the maximum applied stress, the untreated
sand exhibited a settlement of approximately 21.3
mm. The installation of a single stone column
reduced the settlement to approximately 9.87 mm,
while two and three columns further reduced it to
approximately 6.42 mm and 5.19 mm, respectively.
The most substantial improvement occurs when
transitioning from untreated to reinforced
conditions, whereas additional columns provide
progressively smaller reductions in settlement. The
observed trends are consistent with previous studies
reporting reduced settlement and increased stiffness
with increasing column number [21,22].

Load per area (kPa)
200

300 500

€
E
IS
(7]
£
@
o 15
w
-
20 T——— N
25
30 —+—NoSC8% —#— 15C DR 80%
35 —a— 2 5C DR 80% ——35C DR 80%
40

Fig. 3 Load—settlement response of untreated and
stone-column-reinforced sand under vertical loading
and unloading
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4.2 Performance Metrics and Stiffness Evaluation

The improvement in settlement performance
was quantified using the settlement reduction ratio
(SRR) at the maximum applied stress. The SRR values
were approximately 54% for one column, 70% for
two columns, and 76% for three columns, confirming
a clear enhancement with increasing number of
columns.

The diminishing incremental improvement from
two to three columns can be understood through the
geometry of stress distribution beneath the loading
plate. The effective area replacement ratio under the
0.25 m plate increases from areff = 4% (one column)
to 8% (two columns) to 12% (three columns), with a
constant incremental increase of 4.0 percentage
points per column. However, settlement reduction
does not scale linearly with arefr because (i) the
column directly beneath the plate centre carries the
highest proportion of applied load; (ii) additional
columns placed at triangular-pattern offsets (spacing
0.15 m = 0.6 x plate diameter) fall progressively
closer to the perimeter of the stress bulb, where
vertical stress intensity is lower; and (iii) as the stress
bulb depth beneath the 0.25 m plate at the
maximum applied stress is approximately 0.25-0.30
m, the lower portions of the 1.0 m columns lie in a
low-stress zone and contribute less to settlement
reduction than their geometric presence would
suggest. As column influence zones begin to overlap,
the composite system approaches a limiting stiffness,
and further columns provide diminishing
incremental improvement. Similar geometric
saturation effects have been reported in previous
studies [16,17].

The settlement improvement is attributable to
three interacting mechanisms, approximately
ranked by their relative importance for the present
configuration (i) direct load transfer to the stiffer
column material (dominant mechanism), where the
unit-cell stress-sharing diverts a disproportionate
fraction of the applied load to the column, reducing
the stress on the compressible sand matrix, the
stress concentration ratio n estimated for this
configuration is approximately 3-5, consistent with
the range reported by Kumar & Samanta (2020) [11];
(ii) lateral confinement of the surrounding sand
(secondary mechanism), where the stone column
suppresses lateral strain in the adjacent sand,
increasing the effective constrained modulus; (iii)
installation densification, which is minor in the
laboratory casing-extraction method used here
compared to field vibro-replacement.

The modulus of subgrade reaction (Ks) increased
consistently with column number, reflecting
enhanced load sharing where a greater portion of
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applied stress is transferred to the stiffer column
material. The unloading-reloading response shown
in Figure 3 reveals residual settlements in all
configurations, indicating  that irreversible
deformation from particle rearrangement and
localized shear strain occurs even within the applied
stress range. This behavior highlights a fundamental
limitation of linear stiffness assumptions: a constant
modulus cannot represent the path-dependent
response of granular materials. It should be noted
that SRR and Ks are configuration-dependent
indicators and should be interpreted in a relative
sense rather than as absolute design parameters.

4.3 Development and Validation of Settlement
Model

Both linear and power-law formulations were
fitted to the experimental load-settlement data for
each configuration. The goodness-of-fit results
(Table 1) indicate that the power-law model
consistently outperforms the linear model, with R? =
0.986-0.995 compared to 0.73-0.94 for the linear
model, and substantially lower RMSE values across
all cases.

Table 1. Model fit comparison: linear vs power-law

Linear Linear Power- Power-law AIC
Test Rz MSE | VR? RMSE (mm) (Linear-
(mm) New)

Untreated
sand 0.728 3.726 0.995 0.517 29.61
(Dr 80%)
1 column
(Dr 80%) 0.797 1422 098  0.376 19.29
2 columns (Dr
80%) 0.916 0.634 0.995 0.159 20.09
Scolumns(Dr 035 0434 0994 0137 1650

80%)

The improvement is particularly evident for
untreated sand, where RMSE decreases from 3.73
mm to 0.52 mm. The positive AAIC values across all
configurations confirm that the improved fit reflects
a more appropriate functional form rather than
merely the addition of a model parameter. As shown
in Figures 4-7, the linear model exhibits systematic
deviation at higher stress levels, whereas the power-
law model closely follows the curvature of the
experimental response.

A notable trend is the reduction in the
nonlinearity exponent B from approximately 3.09 for
untreated sand to 1.56 for the three-column
configuration.
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power-law formulations for untreated sand
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Fig. 7 Model fit comparison between linear and
power-law formulations for the three-column
configuration

Physically, B captures the curvature of the load—
settlement response: values significantly greater
than 1.0 indicate strongly stress-dependent stiffness,
where incremental stiffness degrades rapidly with
increasing load, while values approaching 1.0 reflect
nearly linear behavior. In untreated sand, large B
reflects pronounced progressive shear strain
mobilization and particle rearrangement that
dominate compressibility at higher stress levels. As
stone columns are added, load sharing transfers a
greater portion of stress to the stiffer granular
column material, reducing the net stress acting on
the surrounding sand and thereby suppressing the
nonlinear response. The systematic decrease in B
with increasing column number is therefore a direct
indicator of composite stiffening, not a statistical
artifact, but a physically meaningful measure of how
reinforcement shifts the governing deformation
mechanism from stress-driven particle
rearrangement toward a more constrained, column-
controlled response. It should be noted that f is
fitted against a small number of replicates per
configuration, its robustness across different sand
densities, column geometries, or loading sequences
requires further experimentation.

Figure 8 presents the residuals for both models
across all configurations. For untreated sand, the
linear model exhibits a pronounced systematic
pattern, negative residuals at intermediate stress
levels and large positive residuals at higher stresses
indicating a fundamental mismatch in the assumed
functional form. The power-law model produces
smaller, more evenly distributed residuals. For
reinforced cases, residual magnitudes decrease for
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both models, consistent with the more stable, less
nonlinear composite response. The linear model,
however, retains noticeable bias at higher stress
levels even in reinforced configurations, whereas the
power-law model maintains small, randomly
distributed residuals throughout [23].

100 /\'ﬁ'y‘)lied stress o (I;‘Pvé)

Fig. 8 Residuals between measured and predicted
settlement for linear and power-law models under
different stone column configurations

The present study focuses on dense sand (Dr =
80%) reinforced with one to three stone columns
under static plate loading, and the limitations of the
current study must be explicitly acknowledged. First,
the experimental setup involves a rigid test tank (1.2
m x 1.21 m) with a 0.25 m diameter loading plate,
yielding a tank-to-plate width ratio of approximately
4.8. While adequate for comparative testing, the
rigid boundary does not replicate field conditions.
Second, tests were conducted under static,
monotonic loading only; field ringwall foundations
may experience staged construction loads and
differential settlements that the current dataset
cannot address. Third, the model is fitted and
validated exclusively against a single laboratory
dataset representing dense sand at Dr = 80%, the
parameter space (density, column diameter, spacing,
length, aggregate gradation) is narrow. Fourth, the
laboratory material (fines content < 2.3%) differs
from the field deposit (10-20% fines), as discussed in
Section 2.1. Fifth, the number of replicates per
configuration is small (two to three), and no formal
confidence intervals on SRR or model parameters
can be established.

The present study is interpreted as a controlled
comparative investigation demonstrating the
superiority of power-law over linear settlement
modeling for dense, stone-column-reinforced sand
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under plate loading. Extension to field scale requires
independent validation against site-specific in-situ
data, including CPTu or SDMT-derived stiffness
profiles, and calibration of scale factors that account
for stress-path differences between small-scale plate
loading and large-diameter foundation behavior.
Further validation under varying density states,
column geometries, and loading conditions is
necessary before the framework can be applied with
confidence in practice [24-27].

The implications for ringwall foundation design
are twofold. First, performance is highly sensitive to
differential settlement; ground improvement
strategies must therefore aim to reduce both total
settlement and spatial variability. Second, the
proposed modeling framework provides a practical
basis for calibration using site-specific plate load
tests and in-situ stiffness indicators such as CPTu,
SDMT, or geophysical methods [12-15], enabling a
consistent linkage between laboratory observations
and field-scale performance.

5. CONCLUSION

This study investigated the settlement behavior
of stone-column-reinforced dense sand under plate
load testing and compared a power-law settlement
model against a linear baseline, with both fitted to
the experimental load-settlement data. The
following conclusions are drawn within the scope of
this study: Stone column inclusion significantly
reduces settlement. Maximum settlement
decreased from approximately 21.3 mm for
untreated sand to 9.87 mm, 6.42 mm, and 5.19 mm
for one, two, and three-column configurations,
respectively, at the maximum applied stress of 437.5
kPa.

Settlement reduction ratios reached
approximately 54%, 70%, and 76% for one, two, and
three columns, respectively. The diminishing
incremental improvement with additional columns is
explained by geometric saturation of the stress bulb
beneath the loading plate and overlapping column
influence zones, consistent with a unit-cell geometric
argument.

The power-law model provides a substantially
improved representation of settlement behavior,
with R? = 0.986-0.995 compared to 0.73-0.94 for the
linear model, and significantly lower RMSE across all
configurations. The AIC confirms that the
improvement reflects a more appropriate functional
form rather than increased model complexity.

The nonlinearity exponent B decreases from
approximately 3.09 for untreated sand to 1.56 for
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the three-column configuration, providing a
physically meaningful indicator of composite
stiffening as reinforcement increases. The proposed
model is calibrated for dense sand (Dr = 80%) under
controlled laboratory plate loading and should not
be applied directly to field design without
recalibration. A single relative density, one column
geometry, static loading only, a finite rigid test tank,
and the absence of site-representative fines content
in the laboratory material. Subject to these
constraints, the model provides a reproducible and
statistically supported calibration reference for
serviceability = assessment of  stone-column-
reinforced granular soils, and the calibration
procedure described is transferable to field-scale
plate load tests and in-situ stiffness measurements.
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