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Abstract

Despite the rapid expansion of large-scale solar farms, field-based evidence quantifying how soil shear strength interacts with
composite pile geometry under lateral loading remains limited. This study addresses this gap through 60 full-scale lateral load
tests conducted on concrete-encased steel piles at the Meymand Solar Farm in Iran. Piles reinforced with UNP 100 and UNP
140 steel sections and embedded to depths of 1.2 m and 1.7 m was tested under lateral loading along the strong (L1) and weak
(L2) axes. Results demonstrate pronounced anisotropy, with L1 capacities consistently exceeding L2, yielding an average
L1/L2 ratio of 2.31. Quadratic regression reveals a strong correlation between L1 and friction angle (R2 = 0.93), indicating
that strong-axis resistance is governed primarily by mobilized soil shear strength. In contrast, L2 shows a weak correlation with
friction angle, confirming that weak-axis behavior is dominated by pile bending stiffness rather than soil strength. Increasing
the steel core size from UNP 100 to UNP 140 produced larger capacity gains than increasing embedment depth, particularly
for L1. Comparison with Broms’ theoretical ultimate capacity shows that weak-axis service loads at 10 mm displacement
mobilize only 16-87% of the ultimate soil resistance, providing a substantial safety margin. These findings advance current
knowledge by providing rare full-scale field evidence that decouples the governing mechanisms of strong- and weak-axis
lateral resistance in composite solar piles and offers quantitative, design-oriented guidance for optimizing pile section and
embedment in dense granular soils.
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1 Introduction

The shift toward renewable energy has accelerated in
recent years, driven by growing concerns over environmen-
tal impacts, the gradual depletion of fossil fuel reserves,
and the need for sustainable long-term energy solutions
[1-4]. Among these alternatives, solar photovoltaic (PV)
systems have emerged as one of the fastest-growing renew-
able technologies due to their scalability, low environmental
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footprint, and capacity for decentralized power generation
[5-7]. In many regions, including Iran, rising electricity
demand alongside governmental incentives for renewable
energy development has significantly boosted the large-scale
deployment of solar farms [8—11].

The long-term performance and stability of solar photo-
voltaic installations are critically dependent on the design
and construction quality of their foundation systems [12, 13].
These foundations provide the necessary structural support
for the mounting assemblies, ensuring that panels remain
within permissible displacement limits under both opera-
tional and extreme loading conditions, particularly those
induced by wind-generated lateral forces. In large-scale
solar farms, inadequate foundation performance can result
in excessive tilting, panel misalignment, or structural failure,
ultimately reducing energy yield and increasing maintenance
costs [14]. Various foundation solutions have been imple-
mented worldwide—including driven steel piles, precast
concrete footings, and cast-in-place concrete piles—each
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offering specific advantages depending on local geotechnical
and environmental conditions [15].

In operational environments, foundation systems are sub-
jected to a combination of vertical loads from the self-weight
of the mounting assemblies, uplift forces generated by wind
suction, and dynamic loads induced by temperature fluc-
tuations and operational vibrations. Among these, lateral
loads—primarily resulting from wind pressures acting on
panel surfaces—are particularly critical, as they can cause
lateral displacement, rotation, or progressive loosening of
the foundation—soil interface [16-20]. Inadequate resistance
to such lateral forces can lead to structural instability,
panel misalignment, reduced energy efficiency, and increased
maintenance requirements over the service life of the instal-
lation.

The determination of the load—deformation behavior of
pile foundations has been a pivotal aspect of geotechni-
cal engineering practice [21-26], particularly for structures
subjected to significant wind or seismic forces [27-29]. In
engineering design, this performance is typically evaluated
using a combination of analytical models and experimental
approaches, each aimed at predicting foundation response
under varying soil conditions and loading scenarios [30, 31].

Analytical evaluations of pile performance under lateral
loads often rely on the p—y method, which defines the non-
linear relationship between soil resistance (p) and lateral
deflection (y) at specific depths [32—-38]. This approach incor-
porates factors such as soil type, relative density, depth
variation, and loading rate, making it applicable to diverse
geotechnical conditions. In dense sands and gravels, the
high relative density and interparticle interlock produce rapid
mobilization of passive resistance at small displacements,
resulting in a steep initial slope on the p—y curve and indi-
cating high initial stiffness. As lateral deflection increases,
particle rearrangement and dilation gradually reduce con-
finement, leading to progressive stiffness degradation and a
transition to a softer response until the ultimate resistance
is reached. Consequently, the curve exhibits pronounced ini-
tial rigidity followed by gradual softening under larger loads.
Although widely adopted in practice, the predictive accuracy
of the p—y method depends heavily on empirical parameters
derived from generic soil profiles, which may lead to signifi-
cant error when applied to specific sites without calibration.
This limitation underscores the importance of conducting
full-scale lateral load tests to obtain reliable site-specific
soil-pile interaction data and to refine p—y formulations for
local geotechnical conditions.

Although numerous experimental, analytical, and numer-
ical investigations have examined the lateral behavior of pile
foundations, the majority of existing studies have primarily
focused on homogeneous pile sections, idealized soil pro-
files, or small-scale model testing. In many cases, lateral
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resistance has been evaluated without explicitly distinguish-
ing between strong- and weak-axis loading directions or
quantifying the resulting anisotropic response, particularly
for composite concrete piles reinforced with steel cores
that are increasingly used in solar photovoltaic foundations.
Moreover, while soil shear strength parameters are widely
recognized as influential in lateral pile performance, their
direct correlation with directional lateral capacity, based on
site-specific friction angle measurements, has rarely been
established using full-scale field data. As a result, cur-
rent design practices often rely on generalized assumptions
that do not clearly distinguish between soil-controlled and
section-controlled lateral resistance mechanisms. Therefore,
there is a clear need for field-based studies that systematically
investigate directional lateral behavior in composite piles
and explicitly relate lateral capacity to measured soil fric-
tion angles, in order to provide more reliable, design-oriented
guidance for solar foundation systems in dense granular soils.

The objective of this study is to investigate the lateral
load—displacement behavior of single concrete pile founda-
tions used in large-scale solar photovoltaic installations in
dense granular soils, with particular emphasis on the rela-
tionship between lateral capacity and the soil friction angle.
Field testing was conducted at the Meymand Solar Farm
in Kerman Province, Iran, on sixty single concrete piles
with varying lengths and cross-sections. The study aims
to quantify pile performance under lateral loading in both
strong-axis (L1) and weak-axis (L2) directions, evaluate the
influence of geometric parameters such as pile length and
section size, and establish empirical correlations between
lateral loads (L1 and L2) and an equivalent friction angle
for the surrounding dense sand and gravel. Additionally, the
study seeks to verify the safety margins of the serviceabil-
ity design criteria by comparing the experimental weak-axis
results against theoretical ultimate capacities derived from
Broms’ method. These site-specific load—displacement rela-
tionships and design correlations are intended to support the
development and calibration of reliable foundation design
approaches for solar farm structures subjected to significant
wind-induced lateral forces.

2 Methodology
2.1 Methodology Clarification

The methodological framework adopted in this study was
designed to ensure direct reproducibility, clear physical inter-
pretation, and relevance to serviceability-controlled solar
foundation design. The approach is based on full-scale
field testing, thereby avoiding scale effects and constitutive
assumptions inherent in small-scale or numerical studies.
All piles were tested under static monotonic lateral loading
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applied at a consistent elevation above ground, with bound-
ary conditions representing free-head pile behavior typical
of solar mounting systems. Two orthogonal loading direc-
tions were considered, corresponding to the strong (L1) and
weak (L2) axes of the composite concrete—steel section, in
order to explicitly capture directional stiffness effects. Mate-
rial and soil parameters were obtained from site-specific
geotechnical investigations and laboratory testing, including
Standard Penetration Tests and direct shear tests, rather than
assumed or calibrated values from the literature. The soil
friction angle (¢) used in the analysis represents the average
value over the pile embedment depth at each test loca-
tion, reflecting local variability in dense granular deposits.
While no parametric sensitivity analysis was performed, the
experimental program inherently captures sensitivity through
systematic variation of embedment depth, section stiffness,
loading direction, and friction angle across 60 tests. Over-
all, this methodology is particularly suitable for the present
study as it isolates soil-controlled and structure-controlled
mechanisms using measurable field parameters, providing
transparent, design-oriented insight into the lateral behavior
of composite piles in dense granular soils.

2.2 Case Study Information

All experimental investigations were conducted within the
Meymand Solar Farm, situated in Kerman Province, Iran.
This region has recently witnessed an accelerated demand for
renewable energy solutions, underscoring the strategic sig-
nificance of large-scale solar panel installations. The project
encompassed comprehensive components, including pho-
tovoltaic panel structural design, preliminary geotechnical
investigations, and full-scale lateral testing, all tailored to
address the specific geotechnical and environmental condi-
tions prevalent at the Meymand site (https://zamin-run.co
m/en). To develop a reliable characterization of the subsur-
face conditions, a systematic drilling program was under-
taken. A total of 30 boreholes were drilled across the solar
farm site, facilitating a detailed evaluation of soil stratigra-
phy and essential geotechnical properties. The distribution
of borehole depths and locations are presented in Fig. 1 (a)
and (b).

2.3 Test Configuration and Experimental Program

The experimental program was designed to systematically
isolate the effects of pile embedment depth and core section
geometry on lateral bearing capacity. The study utilized com-
posite piles consisting of concrete shafts reinforced with
centrally placed cold-formed U-shaped steel sections (UNP
series). Two specific core profiles were selected : UNP 100

and UNP 140. The UNP 100 section (nominal depth 100 mm,
web thickness ~ 5 mm, flange width ~ 50 mm) represents a
relatively slender reinforcement with lower bending stiffness.
In contrast, the UNP 140 section (nominal depth 140 mm,
with increased web and flange dimensions) provides signif-
icantly higher flexural rigidity and a larger second moment
of area, particularly about the strong axis.

The selection of the UNP 100 and UNP 140 steel sections
was based on practical design considerations and prevailing
construction practices for solar photovoltaic foundations in
Iran. These two profiles are among the most commonly avail-
able cold-formed U-shaped sections used by local contractors
for concrete-encased solar piles and represent a realistic
range of structural stiffness employed in practice.

To facilitate direct comparison, the 60 tests were organized
into 30 comparative pairs. Within each pair, the embedment
depth was held constant while the core section varied (one
pile reinforced with UNP 100 and the corresponding partner
with UNP 140). This configuration allowed for the quantifi-
cation of the “section effect” under identical soil and depth
conditions. To simultaneously evaluate the “depth effect,”
the target embedment depths alternated between pairs: odd-
numbered pairs (1, 3, ..., 29) were tested at a shallow depth
of 120 cm, while even-numbered pairs (2, 4, ..., 30) were
tested at a deeper embedment of 170 cm. The tests were
labeled sequentially from TS-1 to TS-60, where each pair
consists of an odd-numbered test TS-X and the subsequent
even-numbered test TS-Y (e.g., Pair 1 comprises TS-1 and
TS-2). A schematic view of the piles and statistical summary
of the testing matrix are provided in Fig. 2 (a) and (b).

2.4 Loading and Measurement Setup

The testing program included vertical tension tests, lateral
tension tests in the direction parallel to the web axis of the
section, and lateral tension tests in the direction perpendicu-
lar to the web axis of the section. The vertical tension tests
were not considered in this research, as they were outside the
defined scope of the study. To minimize the influence of reac-
tion forces generated during load application, the distance
between the crane holding the load cell and each pile was
maintained at greater than approximately 3 m. Applied loads
were measured using a digital load cell with a capacity of
10,000 kgf and an accuracy of 5 kgf. Displacement changes
were recorded using precision gauges with an accuracy of
0.01 mm, mounted on special magnetic bases at locations
specified in the testing guidelines. Figure 3 (a) to (e) depicts
the made piles and loading conditions.
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Fig. 1 (a) Borehole depths

Depth of Boreholes

(b) Borehole Locations 10
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3 Results and Discussions
3.1 Geotechnical Properties of the Site

Figure 4(a) and 4(b) presents the borehole locations, the spa-
tial distribution of organic soil thickness, and a representative
geotechnical log from a trial pit. The subsurface stratigraphy
typically consists of a thin surficial sandy—clayey layer under-
lain by approximately 60 cm of cohesive clay. Below this
overburden, the profile transitions into deep, dense granular
deposits comprising alternating strata of well-graded gravel
(GW), poorly graded gravel (GP), and well-graded gravel
with silt (GW-GM)), interbedded with intermediate layers of
poorly graded sand (SP), as classified by the Unified Soil
Classification System (USCS).

AN
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(b)

Standard penetration test (SPT) results yielded average
blow counts (N-values) ranging between 50 and 60 across
the site, confirming the presence of dense, coarse-grained
soils with high relative density. The interpreted average fric-
tion angle (¢) along the pile embedment depth varied from
approximately 32—-43°. While the site is consistently dense,
this range represents a measurable variation in shear strength.
Consequently, rather than treating the soil conditions as uni-
form, this study explicitly incorporates this variability into
the analysis. By developing regression-based relationships
between the measured lateral capacities (L1 and L2) and the
specific friction angle at each test location, the analysis cap-
tures the interplay between structural geometry and local soil
strength. This approach provides a more rigorous basis for
interpreting the load—displacement behavior and refines the
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Fig.2 (a) Section of the piles
(b) Statistical information of the
tests
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design recommendations for solar pile foundations in hetero-
geneous granular soils.

3.2 Load displacement behavior of the piles

Figure 5 depicts load displacement behavior of the piles (TS-
2). It should be mentioned that no piles experienced structural
and geotechnical failure during testing, and as observed from
the trend in Fig. 5, the load—displacement responses main-
tained a stable progression without abrupt drops in capacity.
For each test, the values of L1 and L2 were selected at the load
corresponding to a lateral displacement of 10 mm, ensuring a
consistent basis for comparison. In the case of TS-2 (Section:
UNP140, Length: 120 cm), the curve shows that L1 values
remained higher than L2 throughout loading, with the final
recorded capacities being 1.79 ton for L1 and 1.18 ton for L2,

Section
3 UNPLOD
EE UNP140

15

Depth (cm)

(b)

indicating greater stiffness and resistance in the primary load
direction. The initial portion of the curve demonstrates a rel-
atively steep slope, typical of dense soil support conditions,
followed by gradual softening as displacement increases. All
other piles tested exhibited similar overall trends in their load-
—displacement responses, confirming the general behavioral
pattern observed in TS-2.

Final lateral load of the piles (UNP 100 — L1) in Fig. 6
shows the spatial distribution of the final lateral resistance
values (in tons) for piles with UNP 100 sections loaded in
the L1 direction, mapped across different test zones at the
site. The contour map illustrates localized variations in pile
capacity, with warmer colors indicating zones of higher load
demand and cooler shades representing lower resistance. As
illustrated, the highest recorded values approach 1.05 ton in

75N
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Fig.3 (a) Preparation of concrete pile (b) Lateral loading (¢) LVDT (d) Loading system (e) Failure moment of piles

Zone 13, while some areas such as Zone 4 exhibit lower
values around 0.55 ton.

3.3 Comparative Analysis of Lateral Load
Performance of Piles

Figure 7(a) and 7(b) illustrates the final lateral loads obtained
for L1 and L2 across all tests, as well as the corresponding
L1/L2 ratios. As shown in Fig. 7 a, L1values consistently
exceed L2 for all piles, confirming higher lateral capacity in
the strong-axis loading direction. The maximum recorded L1
was 2.81 T and the minimum was 1.02 T, while L2 ranged
from 0.45 T to 1.18 T, resulting in mean capacities of 1.73 T
for L1 and 0.78 T for L2. In Fig. 7b, the L1/L2 ratio varies
between 1.23 and 4.02, with an average of 2.31, indicat-
ing that strong-axis resistance is typically more than twice
that of the weak-axis direction. Local peaks in the ratio plot

@ Springer

represent cases where section geometry and soil—pile inter-
action effects significantly favored strong-axis performance,
while lower ratios suggest more balanced behavior between
directions. Overall, these trends across all piles reinforce the
anisotropic lateral resistance resulting from both pile cross-
sectional properties and installation conditions, consistent
with the response patterns observed in individual load—dis-
placement curves such as Fig. 6.

Figure 8 shows the correlation between L1 and L2 capac-
ities for all tested piles. Each point represents final loads
at 10 mm displacement, with UNP 100 piles in blue and
UNP 140 piles in red. While both load directions exhibit a
moderate positive correlation (R = 0.49), it was expected
that a higher correlation coefficient would be detected due
to the shared influence of soil properties on both directions.
However, several parameters contributed to the lower-than-
expected value, including anisotropy in pile section stiffness,
localized variations in soil density and particle arrangement,
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Fig.4 (a) Borehole locations and
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differences in pile installation alignment, and possible micro-
layer changes within the dense sand and gravel deposits. UNP
140 piles generally occupy the upper region of the scatter,
reflecting the beneficial effect of increased section size on
both L1 and L2 performance, whereas UNP 100 piles clus-
ter in the lower capacity range. This analysis confirms that
while L1 and L2 are related, the magnitude of strong-axis
advantage is strongly dependent on section geometry and
local geotechnical conditions.

(b)

3.4 Section and Depth Effects on L1 and L2
Capacities

3.4.1 Section Effect of Piles on L1 and L2

Figure 9 presents the influence of pile cross-section size
(UNP 100 vs UNP 140) on final lateral load capacity for both
L1 and L2 directions at two fixed embedment depths (120 cm
and 170 cm). At both depths, L1 consistently exceeds L2 and
UNP 140 piles generally outperform UNP 100 piles, reflect-
ing the role of increased bending stiffness and cross-sectional
area in mobilizing higher soil resistance. For most test pairs,
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Load-Displacement Curve for T5-2

Load (Ton)

Test: T5-2
Section: UNPL40
Length: 120 cm

Final L1 = 1.79 Ton
Final L2 = 1.18 Ton

H 6 B 10
Lateral Displacement (mm)

Fig.5 Load displacement behavior of the piles (TS-2)

the improvement in L1 capacity with larger section size is
more pronounced than in L2, highlighting the strong-axis
advantage due to pile web orientation and reduced lateral
flexibility. However, a few test pairs show relatively small
gains—likely influenced by local variations in soil density,
particle arrangement, and possible installation tolerances.
This uniform trend across depths confirms that section geom-
etry is adominant contributor to lateral load capacity in dense
granular soils.

3.4.2 Depth Effect of Pileson L1 and L2
Figure 10 illustrates the influence of embedment depth

(120 cm vs. 170 cm) for each pile section size across L1
and L2 responses. Longer piles generally achieve higher

Fig. 6 Final lateral load of the Zoned
piles (UNP 100—L1)

3336400

3336200

final loads, particularly in L1, due to greater soil-pile con-
tact length and increased mobilization of passive resistance
at depth. For UNP 140 piles, depth enhancement in L1 is
often larger than for UNP 100 piles, suggesting that deeper
embedment more effectively exploits the stiffer section’s
capacity. Nevertheless, depth effect magnitude varies, with
some test pairs showing modest or even negative differences
in L2; such anomalies may be due to interlayer variability
(e.g., loose sand pockets within the embedment range), dif-
ferences in pile alignment, or localized changes in the p-y
response. Overall, embedment depth is confirmed as a signif-
icant factor, but its benefit can be moderated by site-specific
subsurface heterogeneity.

3.5 Comparison Between Section and Depth Effects
on Pair Piles

Figure 11 directly compares the magnitude of capacity gain
from section increase (UNP 140 — UNP 100) against that
from depth increase (170-120 cm) for each test pair in L1
and L2 directions. This comparative trend analysis shows
that section effect (red curves) is generally more dominant
than depth effect (black curves) across most pairs, especially
for L1, where section improvement frequently exceeds 0.8 T
while depth effect often remains below 0.4 T. For L2, section
effect still leads but with reduced margins, while depth effect
occasionally matches or surpasses section improvement in
isolated pairs. The variation in relative influence can be
attributed to combined factors: the mechanical advantage of
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Load-1 and Load-2 Across All Tests with Min/Max/Mean Lines
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Fig.7 (a) Final loads of the piles (L1 and L2) (b) L1/L2 ratio

larger cross-sections under bending, variability in soil stiff-
ness with depth, and differences in mobilized side resistance.
Notably, in a few cases depth effect is negative, meaning
the longer pile carried less load—suggesting possible struc-
tural settlement effects, soil layering with weaker zones at
greater depth, or testing-related variability. This side-by-side
comparison helps identify which parameter is more efficient

(b)

for increasing capacity under site conditions and provides
guidance for foundation optimization in similar dense sand
profiles.

The observed lateral load—displacement responses reflect
the combined effects of soil stress transfer mechanisms and
anisotropic pile stiffness rather than geotechnical failure.
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Scatter Plot of Load-1 vs Load-2

Correlation: 0.49
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Fig.8 Correlation between L1 and L2 of the piles

ation of pile section size, embedment depth, and site-specific
friction angle across 60 independent tests, revealing that L1
behavior is predominantly soil-controlled through mobilized
shear strength, while L2 behavior is structurally controlled

Across all tests, the absence of abrupt load drops or exces-
sive rotations confirms that none of the piles reached ultimate
soil failure, and that the reported capacities correspond to

by section stiffness.
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Depth Effect on L1 and L2 for UNP100 Section

2.0 =3 120cm L1
I - B 120cm L2
1.8 = N 170cm L]
15 e 1 E 170cm L2
g2 Il 1 N .
B
P 1.0
- |
0.8
0.5
0.2
0.0 5 A o 5 5 A - o 5 > a > o o
2 ¥ o " v 1a ) e ] » L b o 5
‘o&’ ‘c;\‘: bﬁ"’ 9«"’ H«"’ 9&‘" 9«"’ J‘;\L? 9«‘9 E:?? B«‘? ‘;."7 H«‘: 9«": B«fv
«‘O'N «"h o R s 2 3 2 5 & % = L3 o7 o
“ & B & <& & <& & <& & & & &
Test Pair
Depth Effect on L1 and L2 for UNP140 Section
_ 3 120cm L1
2.5 BN 120cm L2
’ B 170cm Ll
= ] Wl 170cm L2
2.0 . M M
E " N M = _
- l5
@
£
1.0
0.5
9.0 B o i 1 o o 5 g 2 o iR al_ BT W & &
) - ~ s A4 ¥ A i 5 ES W 5 & o %
.;LJ .‘f" v«" ‘:" u&" ‘;\"’ ;\"-‘ v«" 9«‘5 ;\"’ v«"’ ;\‘5 ‘;\‘7 ';f" e-'\'"-‘
&G 5 = < i R i 4 i L4 ® o o o
< < <5 e i < < <5 « vl A A o
Test Pair

Fig. 10 Depth effect of piles on L1 and L2

3.6 Correlation of L1 and L2 with Friction Angle

The application of machine learning and data-driven
approaches for correlating geotechnical properties and foun-
dation performance has been widely reported in literature
[39—43], demonstrating strong potential for capturing com-
plex, nonlinear soil-structure interactions. However, the
reliability of such models fundamentally depends on the
availability of high-quality field data and physically mean-
ingful input parameters, such as friction angle and measured
lateral capacity.

In this section, the relationships between the strong-axis
(L1) and weak-axis (L2) lateral capacities and the average
soil friction angle are examined using quadratic regression
analysis. The friction angle adopted for each test corresponds
to the average value over the pile embedment depth, ensuring
that the regression captures the overall shear strength mobi-
lized by the pile—soil system under lateral loading, rather

than being unduly influenced by localized variations within
individual soil layers.

Figure 12 (a) and (b) presents the fitted correlations of
L1—-¢ and L2—-¢, respectively, for the full set of 60 pile tests.
Figure 12 (a) shows the variation of L1 with friction angle,
together with the best-fit second-degree polynomial and its
associated statistical indicators (MSE and R2). The results
indicate that L1 exhibits a clear and consistent increasing
trend with friction angle, and the relatively high R2 value
(0.9326) confirms a strong correlation between L1 and ¢.
This suggests that, under strong-axis loading, the lateral resis-
tance of the piles is strongly governed by the mobilized shear
strength of the surrounding dense granular soil, and that the
adopted friction angle is an effective descriptor for capturing
site-specific lateral capacity in the L1 direction.

By contrast, Fig. 12 (b) presents the corresponding corre-
lation for the weak-axis direction (L2). Although a quadratic
trend is discernible, the data scatter is noticeably larger,
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Fig. 11 Comparison between section and depth effect on pair piles

resulting in a significantly lower R? value compared to
the strong-axis results. This weaker correlation implies that
weak-axis capacity is less sensitive to variations in soil
friction angle and is instead dominated by structural char-
acteristics, specifically the lower bending stiffness about the
minor axis. Collectively, these results highlight a critical dis-
tinction in design: while the soil friction angle is a reliable
parameter for predicting L1, it is insufficient on its own to
characterize L2 behavior, where section geometry and load-
ing direction play the primary roles.

3.7 Comparison of Experimental Results
with Theoretical Ultimate Capacity

In the design of solar panel foundations, verifying that the
service loads remain well within the ultimate geotechni-
cal capacity is essential for ensuring long-term alignment
and stability. It is important to note that throughout the
experimental program, none of the tested piles experienced
complete geotechnical failure (plunging or excessive rota-
tion). The lateral capacities reported in previous sections (L1
and L2) were defined at a specific serviceability limit state of
10 mm displacement, rather than at the ultimate soil failure
point.

S @ Springer

To contextualize these service-level capacities against the
theoretical ultimate resistance of the soil, a comparative anal-
ysis was performed using Broms’ method (1964) [43] for
short rigid piles in cohesionless soil (Eq. 1). The theoret-
ical ultimate lateral capacity (Hy,) was calculated for each
pile location using the specific friction angle (¢) and the cor-
responding Rankine passive earth pressure coefficient (Kp)
derived from the geotechnical investigation.

0.5.y.D.L> K
H, ==Y 0p
e+ L

ey

where:y = Unit weight of soilD = Pile diameter (0.30 m).L
= Embedment depth (1.2 m or 1.7 m).Kp = Rankine Passive
Earth Pressure Coefficiente = Load eccentricity (height of
the load application point above ground level)

For this comparison, the analysis focuses specifically on
the relationship between the weak-axis capacity (L2) and the
theoretical ultimate capacity (H,). The strong-axis capacity
(L1) was excluded from this specific comparison because,
as demonstrated in Sect. 3.4.1, L1 behavior is heavily dom-
inated by the “section effect” (the high bending stiffness of
the steel core) rather than being purely governed by soil
failure mechanisms. Conversely, L2 represents the critical
design scenario where the structural stiffness is lower, mak-
ing the comparison with soil ultimate capacity more relevant
for safety assessments.
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Load-1 vs. Friction Angle (Quadratic Fit)
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Figure 13 presents the ratio <L2/ Hy (Bmms)) for all 60
tests. The horizontal line at Ratio = 1.0 represents the theo-
retical failure point where the applied load equals the ultimate
soil resistance. As illustrated, all calculated ratios fall below
1.0, ranging from approximately 0.16-0.87. This confirms
that at the restrictive displacement limit of 10 mm, the piles
mobilize only a fraction of the soil’s ultimate theoretical
resistance. Consequently, designing based on a 10 mm deflec-
tion limit inherently provides a significant factor of safety
against geotechnical failure, particularly for composite piles
where the internal steel core provides additional reserve
capacity.

4 Practical Implications
The findings of this study have direct implications for the

design of solar photovoltaic pile foundations in dense gran-
ular soils. The pronounced anisotropy observed between

strong-axis (L1) and weak-axis (L2) lateral resistance high-
lights the importance of pile orientation relative to dominant
wind loading directions. From a practical standpoint, the
strong correlation between L1 capacity and soil friction
angle indicates that site-specific geotechnical investiga-
tions can reliably inform strong-axis design using measured
shear strength parameters. Conversely, the weak correlation
between L2 capacity and friction angle demonstrates that
increasing embedment depth alone is not an efficient strat-
egy for improving weak-axis performance; instead, selecting
an appropriate steel core section with sufficient bending
stiffness is more effective. The comparison with Broms’
theoretical ultimate capacity further confirms that adopt-
ing a serviceability displacement limit of 10 mm provides
a substantial safety margin against geotechnical failure, sup-
porting conservative yet economical foundation design for
large-scale solar farms.

5 Limitations of the Study

The results presented in this study are derived from full-
scale lateral load tests conducted at a single solar farm site
characterized by dense granular soils with friction angles
ranging from 32° to 43°. As such, the empirical correlations
and behavioral trends identified herein are specific to dense
sands and gravels and should not be directly extrapolated to
cohesive soils, loose sands, or highly stratified deposits with-
out additional verification. The experimental program was
limited to static monotonic lateral loading applied under free-
head conditions, typical of serviceability-controlled solar
foundation behavior. Cyclic loading, long-term degradation,
combined vertical-lateral loading, and environmental effects
such as moisture variation were beyond the scope of the study.
Furthermore, only two steel core section sizes (UNP 100 and
UNP 140) and two embedment depths (1.2 m and 1.7 m)
were investigated. While these configurations are representa-
tive of common solar foundation practice, broader parametric
ranges would be required to generalize the findings to other
foundation systems or loading regimes.

6 Future Recommendations

Future investigations should extend the experimental frame-
work to other ground conditions, including loose sands,
silty sands, and cohesive soils, where pile—soil interaction
mechanisms and mobilization of lateral resistance may dif-
fer substantially. Additional full-scale tests incorporating
deeper embedment depths, alternative steel core geometries,
and varying pile diameters would help refine the proposed
design trends and assess scalability. Moreover, cyclic and
combined vertical-lateral loading conditions representative
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Comparison of Field Weak-Axis Load (L2) vs Theoretical Ultimate Capacity (Hu)
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Fig. 13 Comparison of measured weak-axis service loads with theoretical ultimate capacities

of long-term wind action, temperature effects, and opera-
tional fatigue should be evaluated to better capture in-service
performance. Integration of advanced numerical modeling
calibrated against expanded field datasets is also recom-
mended to support parametric studies and facilitate broader
application of the proposed design framework for solar pho-
tovoltaic foundation systems.

7 Conclusions

This study presented a comprehensive full-scale field investi-
gation into the lateral load—deformation behavior of compos-
ite concrete-encased steel piles used for solar photovoltaic
foundations in dense granular soils at the Meymand Solar
Farm, Iran. Based on the analysis of 60 full-scale tests on
piles with varying core section sizes (UNP 100 and UNP
140), embedment depths (1.2 m and 1.7 m), and site-specific
friction angles, the following conclusions are drawn:

* Lateral resistance exhibited pronounced anisotropy, with
strong-axis (L 1) capacities consistently exceeding weak-axis
(L2) capacities for all configurations. The average L1/L2
ratio of 2.31 confirms that pile orientation relative to the
dominant wind load direction is a governing factor in solar
foundation design.

@ Springer

* Increasing the steel core section size from UNP 100 to
UNP 140 produced larger and more consistent gains in lat-
eral capacity than increasing embedment depth. This section
effect was particularly dominant for L1 loading, yielding
improvements of approximately 0.8 T at the serviceability
limit, whereas the depth effect was more variable and, in
some cases, negligible due to local soil heterogeneity.

* Quadratic regression analysis demonstrated a strong and
statistically significant correlation (R?> = 0.9326) between
L1 capacity and soil friction angle (¢), indicating that strong-
axis resistance is primarily governed by the mobilized shear
strength of the surrounding dense granular soil. In contrast,
L2 capacity showed a weak correlation with friction angle,
confirming that weak-axis behavior is mainly controlled by
the structural bending stiffness of the steel core section.

* Comparison of measured weak-axis service loads (L2
at 10 mm displacement) with theoretical ultimate capaci-
ties derived from Broms’ method yielded utilization ratios
ranging from 0.16 to 0.87. This confirms that the adopted
serviceability displacement criterion effectively limits mobi-
lized resistance to well below the ultimate geotechnical
failure load, providing a substantial safety margin.

¢ Overall, the results support a decoupled design approach
for composite solar piles in dense granular soils: strong-axis
capacity can be reliably predicted using site-specific fric-
tion angle measurements, while weak-axis capacity should
be controlled primarily through appropriate selection of steel
core section size rather than increased embedment depth.
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