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Abstract

Utility-scale solar farms require reliable design of tens of thousands of driven steel pile foundations, where wind-induced uplift 

governs. Spatial variability of the shallow subsurface and limited cone penetration test (CPT) coverage mean pile reliability depends 

on distance from the nearest test – an uncertainty Eurocode 7 does not capture. This paper proposes a probabilistic methodology 

combining sequential Gaussian simulation (SGS) of CPT data with three capacity methods (LCPC, AFNOR NF P 94-262 and ICP-05) and 

FOSM/FORM reliability analysis to quantify uplift reliability along linear Chains connecting adjacent CPT locations. The methodology 

is applied to a solar farm in Pleistocene sandy deposits with 70 CPTs. Two Chains are analyzed: a 309 m Chain through five CPTs in 

a uniform zone and a 302 m Chain through four CPTs in a variable zone. Pile reliability is governed by two independent contributions. 

The first is conditioning geometry: the COV of uplift resistance is smallest at CPT locations and grows with distance, forming a wave-like 

profile with minima of 1.4–2.7% at CPTs and maxima of 3.2–6.1% at midpoints. The second is geological variability: differences in soil 

strength shift the mean resistance and dominate the reliability index wherever the deposit is non-uniform. Along Chain 1, the FORM 

reliability index β varies only moderately, driven almost entirely by conditioning geometry. Along Chain 2, β spans a range over three 

times wider, reflecting dominant geological heterogeneity. The Chain-based framework provides a site-specific basis for separating 

these contributions, for optimizing CPT spacing and delineating geological zones.
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1 Introduction
The global transition toward renewable energy has 
driven a remarkable expansion of utility-scale photovol-
taic (PV) solar panel installations. A typical solar farm 
of 50–100  MW capacity requires between 20,000 and 
100,000 individual pile foundations to support the panel 
mounting structures [1]. These foundations are predomi-
nantly prefabricated steel sections, most commonly H-piles 
(e.g., HEA profiles) or channel sections (e.g., SIGMA pro-
files), driven into the ground to depths of 2–6 m [2, 3]. 
Unlike conventional building or bridge foundations, solar 
farm piles are designed primarily to resist wind-induced 
uplift and lateral forces rather than large compressive 
loads, making tensile (pull-out) capacity their govern-
ing design criterion [4]. The geotechnical design of these 
foundations must ensure adequate safety against uplift 

failure over the 25–35 year design life of the installation, 
typically across sites that can span multiple square kilo-
meters. At this scale, the spatial variability of subsurface 
conditions becomes a significant concern: soil properties 
can change markedly across pile locations, yet a single, 
representative ground model is commonly used for the 
entire site or for large sub-zones within it [5]. The mis-
match between the assumed homogeneity and the actual 
heterogeneity of the ground introduces design uncertainty 
that is not fully captured by conventional safety factors.

In current European practice, the design of pile foun-
dations follows the partial factor method prescribed by 
EN 1997-1 (Eurocode 7) [6]. When the pile resistance is 
derived from ground test results (e.g., CPT data), the stan-
dard requires the application of correlation factors (ξ ) to 
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account for ground variability that depend on the number 
of tests available. Larger number of available tests lead 
to smaller correlation factors, reflecting increased con-
fidence in the representativeness of the design ground 
model [6, 7]. However, the correlation factors are often 
applied globally and do not differentiate between locations 
where the spatial variability is high or low, nor do they 
account for the distance between the test locations and the 
location of individual piles.

The objective of this paper is to investigate how the spa-
tial arrangement of cone penetration test (CPT) soundings 
affects the uncertainty in the predicted uplift resistance of 
solar panel foundations and the resulting reliability index. 
A probabilistic framework based on the sequential Gaussian 
simulation (SGS) of CPT data is proposed, complemented 
by a Chain-based sampling strategy that places virtual CPT 
points at uniform spacing along straight lines connecting 
real CPT locations. This sampling strategy is shown to be 
essential for separating the geometric effect of the inves-
tigation distance from the underlying geological variabil-
ity of the soil. The methodology is demonstrated through 
a case study involving approximately 70 CPT soundings at 
a planned solar farm site in Pleistocene sandy deposits.

2 Recent practice
Driven steel piles are the most widely adopted foundation 
type for utility-scale solar farms because their installation is 
both fast and economical. A relatively shallow embedment 
of steel piles is sufficient to mobilize the required pull-out 
resistance, no concrete curing is involved, and drive rates 
of 200–500 piles per day per driving rig are common, pro-
viding significant schedule advantages over cast-in-place 
alternatives [4, 8]. The loading regime of solar panel foun-
dations, however, differs fundamentally from that of build-
ings. Solar panel arrays are lightweight structures with 
small self-weight and large surfaces. Therefore, gravity 
loads are insignificant compared with wind loads acting 
on the panel surface. Therefore, the dominant design loads 
are wind-induced uplift forces on the windward pile row 
and combined compression-moment loading on the lee-
ward piles [2, 9]. Considering design wind speeds accord-
ing to regional standards (e.g., EN 1991-1-4 standard [9] in 
Europe), the resulting characteristic uplift force on an indi-
vidual pile is typically in the range of 10–50 kN, depend-
ing on panel geometry, tilt angle and exposure to the 
major wind direction [2, 4]. Because the piles are slender 
with a shallow embedment depth, the uplift resistance is 
mobilized almost entirely through shaft friction along the 

soil-pile interface, with negligible contribution from the 
pile toe [10]. Reliable design therefore hinges on an accu-
rate prediction of the unit shaft friction in tension along the 
upper few meters of the soil profile, where the variability of 
natural deposits is most pronounced.

In European practice, the design of these piles is gov-
erned by EN 1997-1 (Eurocode 7) [6], which prescribes 
limit state verification with partial factors applied to actions 
and resistances. The standard permits to derive the charac-
teristic tensile resistance of steel piles from static load tests, 
dynamic load tests or, from CPT-based empirical correla-
tions [7]. In solar farm projects, where individual pile testing 
across an entire site is economically impractical, the latter 
is most commonly adopted. After the pile characteristic ten-
sile resistance is derived from CPT results, Eurocode 7 [6] 
requires the application of correlation factors, ξ3 or ξ4 , that 
depend solely on the number of test profiles available, and 
decreases the characteristic value to account for statistical 
uncertainty and limited sampling. The design tensile resis-
tance, Rt,d , is then obtained by dividing the characteristic 
resistance by the partial resistance factor γs,t (typically 1.25–
1.60 depending on the National Annex and Design Approach 
adopted) [6, 11]. Several well-established direct CPT-based 
methods are available to estimate the ultimate shaft fric-
tion of steel piles. The most common ones are the LCPC 
method of Bustamante and Gianeselli [12], the NF P 94-262 
standard [13] by the AFNOR, and the ICP-05 method [10], 
that all require the classification of the soil profile in order 
to select appropriate coefficients during the calculations. 
The  Robertson [14] soil behavior type (SBT) classifica-
tion is widely used for this purpose. Despite the maturity 
of these procedures, the EC7 correlation factors (ξ) are cal-
ibrated for generic conditions and do not take into account 
either the site-specific spatial variability of the soil or the 
distance between the CPT location and the pile [15], which 
are the central limitations that motivate the present work.

Research specifically addressing the geotechnical 
design of solar farm pile foundations has emerged pri-
marily in the last decade. Kelly et al. [2] presented one of 
the most comprehensive contributions to date, combining 
Monte Carlo simulations with unsaturated soil mechan-
ics to assess pile displacements in expansive clays. Their 
analysis showed that the largest movements are associ-
ated with extreme wetting or drying events and that the 
predicted displacements are sensitive to the probability 
distributions assumed for the governing input param-
eters (e.g.,  soil and load parameters). This sensitivity to 
probability distributions has been further highlighted 
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in geotechnical limit state problems by Chemali and 
Tiliouine [16], who showed that lognormally distributed 
design variables yield substantially different reliability 
indices than normally distributed ones. In a closely related 
context, the offshore wind energy sector has produced par-
allel work on tensile-loaded driven piles. Cai et al. [17, 18] 
developed a CPT-based framework for tension-loaded 
open-ended piles in spatially heterogeneous sandy soils, 
in which the design resistance profile along the pile was 
optimized to achieve a specified target reliability. They 
demonstrated that the appropriate statistical approach for 
constructing this profile depends on both the spatial prox-
imity of the nearest CPTs to the pile and the spatial vari-
ability characteristics of the cone tip resistance, including 
its scale of fluctuation and coefficient of variation. Their 
work, however, employed synthetic random fields with 
prescribed statistical properties rather than site-specific 
geostatistical simulations conditioned on real CPT data, 
which limits its direct applicability to practical engineer-
ing projects. The broader question of soil property uncer-
tainty in geotechnical design has been treated extensively 
by Phoon and Kulhawy [19, 20], who identified inherent 
spatial variability, measurement error, and transforma-
tion uncertainty as its three principal sources. These have 
direct implications for pile design: the vertical averaging 
of soil properties along the pile shaft artificially reduces 
parameter variance [19, 20], while disregarding the hor-
izontal variability of soils away from the CPT location, 
misses how representative the selected CPT profile is for 
various pile locations. Although the partial factor method, 
as prescribed by EN 1990 standard [21], aims to achieve 
a target reliability index of β ≈ 3.3–3.8 for 50-year refer-
ence periods (corresponding to annual failure probabili-
ties of about 10−4 to 10−5), the actual reliability achieved 
at any specific pile location depends on the site-specific 
spatial variability of the soil, which routine design does 
not assess explicitly [15]. For solar farm sites in particular, 
where the number of foundations is very large and the con-
sequences of an individual pile failure are comparatively 
modest, there is a strong case for calibrating the design 
against a site-specific target reliability rather than relying 
on uniform, code-based correlation factors  [2], to  opti-
mize design and economy. Geostatistical simulations pro-
vide a natural framework for such probabilistic assess-
ments. Sequential Gaussian simulation (SGS) [22, 23] is 
among the most widely applied techniques for generating 
conditional realizations of spatially correlated random 
fields. In SGS the variable of interest is first transformed to 

a standard normal distribution and then simulated sequen-
tially on a  grid by drawing the value of each node from 
the local conditional distribution obtained from simple 
kriging [24, 25]. Unlike deterministic interpolation meth-
ods (e.g., kriging), which return a smoothed best estimate, 
SGS generates an ensemble of realizations that each honor 
the observed data at measurement locations, reproduce the 
histogram and the spatial correlation structure of the orig-
inal field, and exhibit the same level of spatial variability 
as the real data [24, 25]. The SGS ensemble can therefore 
be interrogated directly to obtain a quantitative measure of 
the predictive uncertainty at any unmeasured point. To the 
authors' knowledge, however, the combination of site-spe-
cific SGS applied to dense CPT data for the explicit prob-
abilistic assessment of driven pile uplift resistance at solar 
farm sites, with particular attention to the effect of the inves-
tigation distance, has not been reported in the literature, and 
addressing this gap is the central aim of the present study.

3 Methods
The study site is in a region characterized by Pleistocene 
alluvial and fluvial deposits. The subsurface conditions 
within the pile embedment zone (upper 3–5 m) consist pre-
dominantly of medium-dense to dense sandy soils, accord-
ing to the Robertson soil behavior type classification (SBT 
zones 5–6, Ic ≈ 1.3–2.0 over most of the pile depth, with 
locally higher values where weaker silty or clayey lenses 
occur). The groundwater table is located at approximately 
5  m below the prepared ground level, i.e.,  the pile tip. 
The unit weight of the soil was assumed as γ = 18 kN/m3. 
A  comprehensive ground investigation program compris-
ing approximately 70 CPT soundings was carried out across 
the site per Fig. 1. The average spacing between CPTs is 
40–80 m. The mean qc within the upper 3 m varies between 
approximately 3 and 9 MPa across the investigated area, 
reflecting moderate-to-significant lateral variability.

The spatial distribution of qc was modelled using SGS 
conditioned on all available (~70) CPT data. The simu-
lation was performed on a three-dimensional grid with 
10 × 10 × 0.1 m block dimensions. 100 conditional reali-
zations (i.e., plausible spatial fields of qc ) were generated 
from conditioning data of the 24 CPTs nearest to each grid. 
The experimental variogram of the transformed qc was fit-
ted with a nested model comprising two spherical horizon-
tal structures and a Gaussian vertical structure (Table 1) to 
characterize its spatial variability. The anisotropic model 
captures the different scales of spatial correlation in the 
two principal horizontal directions, with ranges of 150.5 m 
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at an azimuth of 358° and 110.8 m at an azimuth of 88°, 
while the much shorter vertical range of 1.05 m reflects 
the finely layered nature of the alluvial deposits. A nug-
get effect of 0.003 was included in the model to account 
for short-scale measurement variability and microscale 
heterogeneity below the resolution of the simulation grid. 
This nugget value was determined during the automated 
variogram fitting procedure and is shared across all three 
directional structures; it represents the spatially uncor-
related component of the variance that persists at lag dis-
tances shorter than the smallest voxel dimension (0.1 m 
vertically, 10 m horizontally). 

Two Chains of CPTs were selected to demonstrate the 
proposed approach for the reliability analysis of pile ten-
sile resistance. The first Chain consists of five real CPTs 
(22CPT, 21CPT, 20CPT, 19CPT, 18CPT) arranged along 
an approximately straight, 309 m long north-south line in 
a geologically uniform zone of the site, with 59, 50, 100 and 
99 m spacing between respective CPT locations. Along this 
line, 27 additional virtual CPT points were placed at 10 m 
intervals between the real soundings, yielding 32 analysis 
locations in total. The second Chain comprises four real 
CPTs (9CPT, 31CPT, 40CPT, 62CPT) along a 302 m long 

west-east line in a markedly variable geological zone, with 
inter-CPT spacings of 116, 60 and 125 m, supplemented 
by 27 virtual CPT points to give 31 analysis locations in 
total. The two regions were selected because the constitu-
ent CPTs lie approximately in a straight line (the maximum 
perpendicular deviation from the best-fit line is under 1.5 m 
in both cases), and other CPTs nearest to the Chains lie at 
least 25–30 m away, so the conditioning effect of off-Chain 
CPTs on the simulated variance is negligible. At each anal-
ysis point (virtual and real CPT locations), a simulated 
CPT profile was extracted from each of the 100 realiza-
tions, providing qc(z) at 0.1 m depth intervals. These vir-
tual profiles serve as input to the pile capacity calculations.

The pile uplift resistance, Rt , was computed for a driven 
HEA 160 steel pile with 3 m embedment length, typical 
in solar panel foundations. The pile has a flange width 
b = 160 mm, section depth h = 152 mm, and effective perim-
eter P = 2 × (b + h) = 624 mm (circumscribed rectangle, 
assuming soil plugging between flanges). The equivalent 
radius is R* = √(b ∙ h/π) = 88 mm and the equivalent diam-
eter D* = 176 mm. Three direct CPT-based methods were 
applied to compute the unit shaft friction in tension,  qs, 
at 0.1 m intervals along the pile shaft. These three meth-
ods were originally developed and validated primarily for 
deeper driven piles (embedment depths of 10–40 m) and 
larger load magnitudes [10, 12, 13], but have been shown 
to be applicable to shorter pile segments provided that the 
shaft friction is integrated over the actual embedded length 
and that the lower-bound friction fatigue limit (h/R* ≥ 8 in 
ICP-05) is respected. The resulting pile capacities in this 
study are in the range of 30–80 kN, which is lower than 
the typical calibration range of these methods; the method 
uncertainty is therefore larger than for deeper piles and is 
a key motivation for including three independent estima-
tion approaches and for recommending site-specific pull-
out test calibration. All three methods take the cone tip 
resistance, qc, as the primary input and use the Robertson 
Ic index to select the soil-type-dependent coefficients. 
This ensures that the soil classification varies naturally 
between SGS realizations and is internally consistent with 
the qc profile from which it is derived.

First, the LCPC method of Bustamante and 
Gianeselli [12] adopts a purely empirical formula, in which 
the unit shaft friction is obtained by dividing qc by a soil- 
and pile-type-dependent coefficient α and capping the 
result at a limiting value qs,max:

q
q
qs

c
s� �

��
�
��
�min ; .

,max�
� 	

Fig. 1 Site plan showing the locations of approximately 70 CPT 
soundings (gray triangles), Chain 1 (22-21-20-19-18CPT, north-south, 

blue), and Chain 2 (9-31-40-62CPT, west-east, red)

Table 1 Variogram parameters for the SGS model of qc

Structure Model Nugget Sill Range (m)

Horiz. 1 (az. 358°) Spherical 0.003 0.23 150.5

Horiz. 2 (az. 88°) Spherical 0.003 0.23 110.8

Vertical Gaussian 0.003 0.23 1.05
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For driven steel piles in sand, the LCPC coeffi-
cients depend on the magnitude of the cone tip resis-
tance: for qc < 5 MPa, α = 120, and qs,max = 35 kPa; for 
5 MPa ≤ qc < 12 MPa, α = 200, and qs,max = 80 kPa; and for 
qc ≥ 12 MPa, α = 200, and qs,max = 120 kPa. In finer-grained 
soils (Ic greater than 2.60), α = 60 and qs,max = 15 kPa are 
adopted. The factor ηt = 0.70 converts the compressive 
shaft friction to its tensile counterpart.

Second, the NF P 94-262 standard [13] by the AFNOR 
adopts a nonlinear formulation for the unit shaft friction. 
Instead of a simple linear scaling of qc, the method com-
putes a soil-dependent function:

f a q b esol c
c qc� � �� � � �� �� �

1 , 	

where the coefficients a, b and c depend on the soil type 
determined via the Robertson Ic classification. The unit 
shaft friction is then calculated by the formula:

q f q qs s sol c s t� � � �� �min ; ,
,max

� � 	

where ηt = 0.70 is the tension reduction factor. For 
clean sand (Ic < 2.05): a = 0.0012, b = 0.1, and c = 0.15 
with αps  =  0.70 and qs,max = 130 kPa; for sand-mix 
soils (2.05 < Ic < 2.60): a = 0.0015, b = 0.1, and c = 0.25 with 
αps = 0.65 and qs,max = 90 kPa; for cohesive soils (Ic > 2.60): 
a = 0.0018, b  =  0.1, and c = 0.40 with αps = 0.55 and  
qs,max = 90 kPa.

Third, the ICP-05 method [10] departs from the empiri-
cal α-based framework and adopts a mechanistic effective 
stress formulation instead. The unit shaft friction is com-
puted as the product of the post-installation radial effective 
stress �� rc  and the tangent of the constant-volume interface 
friction angle δcv , with an additional factor accounting for 
the difference between compression and tension:

qs rc rd cv� � � � �� � �� � � �� tan , 	

where, for steel piles in sand, δcv = 28°, and η = 0.75 
(a smaller reduction adopted by ICP-05 relative to LCPC), 
while �� rc  for the for ICP-05 method is given by:
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where �� v0  is the vertical effective stress at the given 
depth, pa = 100 kPa is the atmospheric reference pressure, 
h is the distance from the pile tip to the given depth (so that 
h decreases with depth toward the tip), and R* is the equiv-
alent pile radius for non-circular sections.

� �� rd  is the dilation-induced radial stress increment 
computed from the cylindrical cavity expansion solution as:

�
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D

4
*
, 	

where G is the shear modulus of the surrounding soil esti-
mated from the cone tip resistance via:
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where Δr = 0.02 mm is the typical interface dilation for 
clean steel-sand contacts under pull-out [10], and D* = 2R* 
is the equivalent pile diameter for the non-circular HEA 
160 cross-section. The � �� rd  term applies only to gran-
ular soils (Ic ≤ 2.60); in cohesive soils the ICP-05 method 
reverts to the original total-stress formulation.

In the equation for �� rc ,  the �� �� v ap0

0 13.  term intro-
duces a mild dependence on overburden pressure, while 
the (h/R*)−0.38 term captures the well-documented friction 
fatigue effect, by which the radial stress at any given depth 
degrades as the pile is driven further past that depth. A lower 
bound of h/R* = 8 is imposed according to the ICP-05 
method to prevent an unrealistic over-prediction of the unit 
friction near the pile tip, where the formula may diverge. 

The total uplift resistance, Rt , along the 3 m solar panel 
pile was obtained by integrating the unit shaft friction 
over its embedded length, considering P = 0.624 m effec-
tive perimeter of the HEA 160 section (including soil plug 
between the flanges). Because each SGS realization yields 
a complete qc profile for each realization, this integration is 
performed independently for all 100 realizations, producing 
an ensemble of 100 Rt values per analysis point, per capac-
ity method. The mean μR, standard deviation σR, and 5th and 
95th percentiles of this ensemble characterize the predictive 
uncertainty of the uplift resistance at any location.

The reliability index β was evaluated using two 
methods of increasing rigor. The First-Order Second-
Moment (FOSM) approach and the First-Order Reliability 
Method (FORM). First, based on the limit state function 
G = Rt − S, where S is the applied uplift load, the FOSM 
reliability index was computed as:

�
� �

� �
FOSM

�
�

�
R S

R S
2 2

, 	

where μR and σR are the mean and standard deviation of the 
Rt ensemble. The FOSM approach is consistent with a nor-
mal-tail approximation of both the resistance and the load.

Second, the First-Order Reliability Method (FORM) 
was implemented based on the same limit state func-
tion with both Rt and S modelled as lognormal random 
variables. As the limit state in the log-space is linear for 
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lognormally distributed Rt and S, the FORM reliability 
index has the closed-form solution:

�
� �

� �
FORM

�
�

�
R S

R S
2 2

, 	

where λ = ln(μ) − 0.5 ∙ ζ 2 and  are the parameters of the 
underlying normal distribution of ln(Rt ) and ln(S). The log-
normally distributed uplift load has a mean of μS = 20 kN, 
and a coefficient of variation COVS = 0.20, giving σS = 4 kN. 
This corresponds to the wind-induced uplift force on a sin-
gle pile under a fixed-tilt photovoltaic panel of moderate 
dimensions in flat terrain [2, 4]. The COV of 0.20 reflects 
the combined uncertainty of wind speed, panel configu-
ration, and load model, consistent with the variability 
reported for wind loads on structures in EN  1990 stan-
dard [21] and with values adopted in comparable reliability 
studies of solar farm foundations [2]. The load's equivalent 
characteristic value under EN 1991-1-4 standard [9] quan-
tile conventions is Sk = μS × 1.1 = 22 kN.

4 Results
As a result of the sequential Gaussian simulation (SGS) 
detailed previously, the expected (mean) qc values were 
established for the entire investigated area depicted in 
Fig.  1, alongside their exact simulated values for each 
conditional realization. Consequently, the qc profile cor-
responding to each realization could be extracted at any 
arbitrary location within the model domain, allowing for 
the robust determination of its statistical distribution. 
An example realization along Chain 1 is depicted in Fig. 2, 
while Fig. 3 illustrates the ensemble of realizations near an 
actual CPT sounding  (19CPT), and one with at the mid-
point between 18CPT and 19CPT. It is obvious from the 
figures that the simulated profiles tightly cluster around the 
measured qc at the point near 19CPT, whereas further away 
from this conditioning point the increased kriging variance 
produces a noticeably wider spread of realizations.

The statistical distributions of the pile uplift resistance 
calculated at these two points are illustrated in Fig. 4. 
Comparing the histogram of the well-conditioned loca-
tion (close to 19CPT) with that of the midpoint between 

19CP and 18CPT, the increasing uncertainty with increas-
ing distance from existing CPT soundings is pronounced.

Using the nodal data, the Chain-based analysis is con-
ducted to produce two complete uncertainty profiles. One 
along Chain 1 (N-S direction, 32 analysis points) and one 
along Chain 2 (W-E direction, 31 analysis points), per 
Fig. 1. The mean and variability of the pile uplift resistance 
estimates given by the three CPT-based formulas, as well 
as the corresponding FOSM and FORM reliability indices 
are generated along each Chain. The complete numerical 
results are provided as supplementary spreadsheets, while 
the most important findings are summarized below.

4.1 Chain 1: N-S Direction (Homogeneous Soil Zone)
The three CPT-based capacity methods produce clearly 
different mean resistance levels along Chain 1, as shown 
by Fig.  5. The AFNOR method, with its nonlinear fsol 
formulation, yields the highest mean resistance values 
( μR  =  45–54  kN), followed by the LCPC method (37–
42 kN) and the ICP-05 method (35–44 kN). Although the 
mean values differ, the spatial pattern of the resistance is 
remarkably consistent across the three methods. All three 
exhibit the same wavy variation along the Chain, with local 
maxima at the positions of existing CPT sounding and 

Fig. 2 qc profile obtained by SGS along Chain 1

Fig. 3 qc profiles at 19 CPT and at the midpoint between 18CPT 
and 19CPT

Fig. 4 Histograms of bearing capacities
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minima at their midpoints. The LCPC and ICP-05 meth-
ods produce nearly identical mean resistance values along 
the Chain (within approximately 10%), while the AFNOR 
method gives systematically higher values by approxi-
mately 25–40%. Importantly, the COV of Rt is very similar 
across all three methods at any given location, per Fig. 6. 
This consistency indicates that the relative uncertainty in 
the resistance is governed by the underlying qc uncertainty 
rather than the structure of the empirical uplift capacity for-
mulas. The wavy pattern of COV along the Chains (Figs. 6 
to 8) are reproduced consistently by all three methods, 
therefore, the choice of method will only affect the value of 
the reliability index, not its spatial pattern.

The FORM reliability index, βFORM, (Fig. 5) along Chain 
1 varies between 2.75 (at the 18CPT endpoint) and 4.12 (at 
21CPT) for the ICP-05 method, between 3.07 and 3.68 for 
LCPC, and between 4.21 and 5.05 for NF P 94-262 stan-
dard [13]. Using the ICP-05 and LCPC methods, the target 
reliability (βFORM  = 3.3) is exceeded only at the well-con-
ditioned Chain points near 21CPT and 19CPT, while at the 
midpoints and Chain endpoints βFORM falls below the tar-
get. With the NF P 94-262 standard [13] method, βFORM 

exceeds 3.8 at every point along Chain 1. As shown in 
Fig.  7, the FOSM reliability index is consistently higher 
than the FORM value by approximately 0.4–1.0 units, 
reflecting the effect of the lognormal tail approximation.

Table 2 summarizes the numerical results at selected 
points along Chain 1, highlighting the wavey, ris-
ing-then-dipping pattern of the COV and reliability index 
corresponding to positions far from- and near to existing 
CPT sounding locations.

4.2 Chain 2: W-E Direction (Variable Soil Zone)
Chain 2 traverses a much more variable soil environ-
ment. The depth-averaged qc ranges from 3.16 MPa near 

Fig. 5 Chain 1: mean uplift resistance with P5-P95 confidence bands 
(top), and FORM reliability index for μs = 20 kN (bottom), for the three 

CPT-based methods

Fig. 6 Chain 1 (22CPT → 18CPT, N → S): COV of the uplift resistance 
for the three CPT-based methods

Fig. 7 Chain 1: FOSM and FORM reliability index along the Chain. 
Horizontal lines indicate target reliability levels β = 2.3, 3.3 and 3.8 

from EN 1990 standard [21]

Table 2 Selected results along Chain 1 (ICP-05, μs = 20 kN)

d (m) Position qc,avg 
(MPa) μR (kN) COV (%) βFOSM βFORM

0.7 22CPT 3.69 35.43 2.23 3.79 2.97

31.4 mid 22–21 4.13 41.35 3.85 4.96 3.69

61.3 21CPT 4.41 44.44 1.43 6.03 4.12

91.2 mid 21–20 4.06 38.59 3.21 4.44 3.37

111.1 20CPT 3.76 34.30 2.24 3.51 2.80

151.8 mid 20–19 3.97 36.89 3.79 3.99 3.13

211.5 19CPT 4.57 40.32 2.65 4.91 3.61

262.3 mid 19–18 3.97 37.91 4.94 4.06 3.22

309.5 18CPT 3.56 34.03 3.00 3.40 2.75

Fig. 8 Chain 2 (9CPT → 62CPT, W → E): COV of the uplift resistance 
for the three CPT-based methods
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the center of the Chain (around d = 100 m from 9CPT) to 
9.27 MPa near the 270 m mark, almost a threefold differ-
ence. As a result, the mean uplift resistance (per ICP-05) 
varies from Rt = 32.1 kN at the weakest point to 75.2 kN at 
the strongest; a factor of 2.3 that directly reflects the vari-
ability of soil strength rather than the conditioning geom-
etry (i.e., the spatial configuration of the existing CPT 
sounding points used in the kriging system). The COV 
pattern (Fig. 8) retains the wavy structure observed along 
Chain 1, but its amplitude is higher. The local minima at the 
existing CPT positions reaches 1.9–3.8%, while the max-
ima half-way between existing CPTs rises to 7–8%, where 
the inter-CPT spacings are the largest. The mean resis-
tance and FORM reliability index profiles along Chain 2 
are shown in Fig. 9, and the FOSM vs. FORM compari-
son is given in Fig. 10. The FORM reliability index along 
Chain 2 for Rt , calculated via the ICP-05 method, ranges 
from 2.42 in the weak soil zone (around d = 100 m from 
9CPT, where qc is lowest) to 6.48 in the eastern strong soil 
zone (around d = 270 m, where qc reaches its maximum). 
The contrast with Chain 1 is striking, along Chain 1 the 

β variation is approximately 1.4 units and is driven almost 
entirely by the conditioning geometry, while along Chain 2 
it spans more than 4 units and is dominated by the strong 
spatial variation in soil strength.

The western half of Chain 2 (0–200 m) remains the most 
critical part of the site. With the ICP-05 method, βFORM stays 
below 3.3 over a contiguous stretch from approximately 
70 to 170 m, reaching a minimum of 2.42 near the center of 
the Chain where the soil is the weakest. The LCPC method 
gives marginally higher values ( βFORM = 2.68–5.84) across 
the weak zone. The NF P 94-262 standard [13] method, how-
ever, maintains βFORM above 3.9 even in the weak zone of 
Chain 2, with a minimum of 3.91. In the eastern half (200–
290 m), all  three methods produce βFORM well above 3.3, 
with ICP-05 reaching 6.48 and NF P 94-262 standard [13] 
reaching 6.73 at the point with the strongest soil, near 270 m. 
The contrast with Chain 1 remains striking, along Chain 1 
the βFORM variation is approximately 1.4  units (ICP-05), 
while along Chain 2 it spans more than 4 units, confirm-
ing that the geological variability dominates the reliability 
index of uplift capacity in the heterogeneous zone.

Table 3 summarizes the numerical results at selected 
points along Chain 2, illustrating the dominant role of the 
spatial variability of soil strength.

The FORM reliability index is consistently lower than 
the FOSM value across all analysis points along Chain 2. 
The difference for the ICP-05 method (Δβ ) is approxi-
mately 0.3–1.0.

The systematic discrepancy between the FOSM and 
FORM β values are due to the difference in the assumed 
distribution of the random variables between the two meth-
ods. FOSM assumes normal, while FORM uses lognormal 
distribution. The errors introduced by assuming a normal 
distribution originates from two related sources. First, the 
underlying cone tip resistance, qc , does not follow a normal 
distribution but is much closer to a lognormal distribution. Fig. 9 Chain 2: mean uplift resistance with P5–P95 confidence 

bands (top), and FORM reliability index for μs = 20 kN (bottom), for the 
three CPT-based methods

Fig. 10 Chain 2: FOSM and FORM reliability index along the Chain 
(ICP-05 method, μs = 20 kN)

Table 3 Selected results along Chain 2 (ICP-05, μs = 20 kN)

d (m) Position qc,avg 
(MPa)

μR 
(kN)

COV 
(%) βFOSM βFORM

0.0 9CPT 4.02 38.89 1.87 4.64 3.44

50.7 midpoint 9–31 3.88 37.73 6.83 3.73 3.11

100.5 midpoint 9–31 3.16 32.09 4.40 2.85 2.42

110.5 31CPT 3.30 32.55 3.78 3.00 2.51

141.5 midpoint 31–40 3.28 32.48 4.52 2.92 2.48

171.3 40CPT 3.62 34.58 3.70 3.47 2.81

241.9 midpoint 40–62 7.34 60.74 7.01 6.97 5.37

271.7 midpoint 40–62 9.27 75.24 6.06 9.11 6.48

301.6 62CPT 5.82 51.94 6.24 6.20 4.68
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Second, the Chain of transformations from, qc , to the uplift 
resistance, Rr , is non-linear throughout all the three CPT-
based calculation methods, therefore, even if qc were nor-
mally distributed, the resulting Rt would not be.

5 Discussion
The combined results from the two Chains support a  key 
conclusion on the reliability of CPT-designed piles: the spa-
tial variation of the reliability index along a CPT investiga-
tion grid arises from two largely independent contributions. 
Namely the kriging variance of the simulated soil profile, 
which depends on the geometric distance to the nearest 
conditioning CPTs, and the actual change in the local soil 
strength, which depends on the geological variability of the 
deposit. The Chain-based sampling strategy makes the two 
contributions directly visible. Along Chain 1, where the geol-
ogy is uniform, the variation of β is dominated by the wavy 
conditioning pattern ( β is inversely proportional with rela-
tive distance from the closest CPT location), whereas along 
Chain 2, where the geology varies markedly, the same wavy 
pattern is overshadowed by a much stronger trend driven by 
the change in soil strength. In a geologically homogeneous 
setting such as Chain 1, the most direct way to improve the 
local reliability is to densify the CPT investigation grid, con-
sistent with the spirit of the Eurocode 7 [6] correlation fac-
tors. Conversely, in a geologically variable setting such as 
Chain 2, the rational design strategy is to delineate the geo-
logically distinct zones and treat each as a separate design 
unit, also fully aligned with the Eurocode 7 [6] framework.

The Eurocode 7 [6] partial factor approach uses correla-
tion factors that depend solely on the number of profiles 
and do not account for the spatial arrangement, local CPT 
density, or geological variability. Along Chain 1, the max-
imum permissible characteristic uplift force on solar panel 
piles, Sk,max, for a target βFORM = 3.3, the permissible char-
acteristic uplift force Sk,max (range and spread) by method 
is summarised below. Chain 1 (uniform zone): ICP-05: 
19.7–25.9 kN (31% spread); LCPC: 20.9–23.8  kN (14% 
spread); NF P 94-262 standard [13]: 26.1–31.2 kN (20% 
spread). Chain  2 (variable zone): ICP-05: 18.4–42.6  kN; 
LCPC: 19.4–37.1  kN; NF P 94-262 standard [13]: 24.9–
44.0 kN. The three capacity methods differ by up to 40% 
in predicted mean uplift resistance but yield identical spa-
tial COV patterns. The NF P 94-262 standard [13] method 
produces the highest values and achieves βFORM above 3.8 
across the entire site, while LCPC and ICP-05 fall below 
βFORM = 3.3 at distant points from existing CPT sounding 
locations and in weak soil zones. This model uncertainty 
can be substantially reduced by performing a small number 

of static pile pull-out tests at the site, allowing the practi-
tioner to identify the most accurate method and utilize it 
for pile design across the entire solar farm. A pragmatic 
intermediate solution is to derive site-specific correction 
factors akin to the standard EC7 correlation factors, which 
represents a promising direction for future development.

Several limitations warrant further investigation. 
The  analysis considers a single pile type (HEA 160) at 
a single embedment depth (L = 3.0 m). The load COV is 
fixed at 0.20. The Chain-based sampling assumes negli-
gible conditioning effect of off-Chain CPTs, which was 
verified at 25–30 m distances in this study, but may not 
apply for denser SGS grids. Despite these limitations, the 
framework provides a transparent basis for separating the 
geometric and geological contributions to the reliability 
of solar panel pile uplift capacity and can be extended to 
other pile types and multi-site optimization studies.

6 Conclusions
The reliability of CPT-designed driven piles supporting 
solar panels is governed by two distinct contributions. 
A geometric component based on the SGS conditioning, 
showing wavy COV profile along a chain of CPT tests 
with kriging-variance-driven minima at CPT positions 
and maxima at their midpoints, and a geological compo-
nent from the actual soil strength variability. The proposed 
Chain-based sampling strategy separates these cleanly. 
Along the analyzed Chain 1, where the soil was uniform, 
the wavy pattern reflects almost exclusively the condition-
ing geometry, while along Chain 2, where the soil was 
highly variable, it is overshadowed by a much stronger geo-
logical trend following the change in soil strength.

For design practice, densifying the CPT grid is effective 
in zones with uniform soils, while delineating geotechni-
cal units is the recommended priority in zones with highly 
variable soils. In this study, the partial factor approach 
with uniform correlation factors produced reliability that 
varies by 31% along the uniform Chain 1 and by more than 
a factor of two along the variable Chain 2.

The model uncertainty stemming from the choice of 
pile uplift capacity estimation method was shown to be 
comparable to the spatial uncertainty in within a uni-
form soil zone. The three methods differ by up to 40% 
in mean resistance but produce identical spatial COV pat-
terns. This model uncertainty can be substantially reduced 
by performing a small number of static pull-out tests at 
a project site, allowing the selection of the most accurate 
method in an Eurocode-compliant manner.
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The combination of Chain-based SGS analysis with 
site-specific load test calibration opens the door to genu-
ine reliability-based design of solar power foundations, in 
which pile embedded lengths can be adjusted locally to 
adhere to a prescribed target reliability index. The follow-up 
work will extend the framework to a multi-site database 
with the objective of optimizing the trade-off between inves-
tigation density, pile length, and target reliability. Beyond 
solar farm foundations, the Chain-based SGS framework 
can be applied to any geotechnical design problem where 
linear infrastructure (roads, pipelines, embankments) inter-
sects a spatially variable deposit and where the distance 

from ground investigation points to the design cross-section 
governs uncertainty, including slope stability assessments, 
pavement subgrade design, and buried pipeline routing.
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