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Abstract A significant issue for both researchers and stakeholders within the photovoltaic industry is the use of
solar tracker systems to gain the most efficient degree of solar irradiance, by following the movement of the sun.
This paper introduces a complete view of the main parts of solar photovoltaic technology, focusing primarily on
structural and geotechnical aspects. Firstly, it examines the role of geotechnical engineering, from the selection of an
appropriate site to the properties of its soil layers and the establishment of secure foundations. Secondly, it
introduces the most important factors related to the structural analysis of solar trackers (i.e. stability and reliability)
to maintain the safety and performance of solar photovoltaic systems. The study considers the importance of
geotechnical analysis to obtain optimal gains from solar irradiance. Moreover, it discusses the need for appropriate
structural analysis to maintain optimal solar irradiance, as well as ensuring the safety of solar tracker systems in
relation to their aerodynamic loads. It is found that proper geotechnical investigations to establish the presence of
adequate soils with a high bearing capacity and low degree of settlement are vital for the selection of optimal sites
for solar tracker systems.
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1. Introduction

One of the most important global issues currently
facing the production of electricity concerns the use of
free and clean energy, in order to significantly decrease
the current dependence on fossil fuels, i.e. gas and oil.
Moreover, the use of renewable energy is vital for
addressing the negative impact of global warming and the
related environmental issues [1,2,3,4]. The recent increase
in the price of oil and natural gas is now encouraging the
use of renewable energy. This has led to solar photovoltaic
energy being one of the promising energies recently
implemented in Kuwait and other countries rich in solar
irradiance due to their lengthy hours of sunshine and high
levels of solar irradiance [5-13].

Solar energy is a multidisciplinary science [14],
involving a number of engineering fields, including civil
and electrical engineering. This study focuses on structural
and geotechnical engineering, as these are the primary
aspects ensuring the stability and reliability of both solar
trackers and their foundations. There have been a number
of encouraging results concerning use of solar trackers
systems that follow the irradiance of the sun during
daytime wusing single and dual-axis solar trackers

(Figure 1). This includes a 30% and 40% increase in the
amount of energy produced through the use of single and
dual-axis solar trackers rather than fixed solar systems
[15,16]. Research into the most effective solar tracking
systems has also led to excellent outcomes [5,8,10,12].

Studies have established that it is possible to obtain an
increase in produced energy of 24% and 28%, respectively,
though the use of single and dual-axis tracking systems, in
place of fixed tracking systems.

Efficiency is one of the most significant issues facing
solar photovoltaic technology, due to most of received
irradiance being incompletely utilised, as much is lost
as a result of the lack of efficiency of solar modules
and converters. As stated above, this current research
focuses on structural and geotechnical aspects. The
orientation and angle of inclination of the solar tracker
plays a vital role in obtaining the highest amounts of solar
irradiance, inferring that stability and reliability is
important for following the sun during the day. This is one
of the main objectives of proper and optimal structural
engineering design.

Many previous researchers have studied the implementation
of solar trackers by means of design and analysis
procedures [6,17-21], identifying that the main variables
impacting their stability consist of firstly, their weight and
secondly, the impact of wind speed [6,22,23].
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Figure 2. Failure and damage of the mount ground solar tracker caused by strong wind [7]

This indicates that ignoring the significance of high
speed wind can lead to serious economic and/or
performance consequences for an entire system, including
partial or major damage (Figure 2) to the solar trackers
and their accessories (i.e. solar modules), which represent
around 60% of total project cost. Moreover, as the wind
load changes in both magnitude and direction, it is vital to
consider the influence of fatigue, as this can cause failure
to the superstructure. A fatigue assessment of solar
trackers conducted by [6] found that an important step in
avoiding fatigue failure is to vary the impact of
aerodynamic and cyclic forces over time. Moreover, it is
also important to recognise the thermal stresses induced in
solar trackers, particularly in countries with high summer
temperatures that are capable of compromising the
tracker’s structure.

The second main focus of this paper concerns the
geotechnical aspects related to the use of both fixed and
tracking systems, i.e. single and dual-axis tracking
systems. The stability and reliability of the foundations of
solar trackers directly impact the superstructure (i.e. the
tracker itself), and consequently the orientation and tilt
angle required to obtain the highest degree of solar

irradiance, by maintaining the optimal tilt angle of solar
modules facing the sun. A number of special codes are
employed to design solar trackers foundations, which in
this paper will focus on a case study from Kuwait.
Theoretically, there is little difference between the
design of the foundations for solar trackers and any other
construction. The basic principle is practically identical, as
it takes into consideration the loads transmitted from the
superstructure to the ground, as well as the soil bearing
capacity beneath the proposed foundations. When it comes
to solar trackers, the proposed foundations should be able
to withstand both the weight and aerodynamic load [6].
The most common foundations for solar trackers are
driven and helical piles and isolated shallow foundations.
These are implemented in accordance with technical and
economic criteria that tend to prioritise cost and time. The
most commonly used pipes for typical solar systems are
made of steel, as these can be partially embedded in the
soil and can be easily used and distributed within the site
[24]. In addition, foundations to support the trackers on
the ground generally consist of steel piles, concrete piles,
precast concrete piles, cast-in -pace piles, driven piles, and
helical piles [25]. It should be noted that helical piles are
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considered the most appropriate choice for lightweight
structures and solar panel trackers [26].

An important stage of any geotechnical application is
the collection of all available data and information for the
proposed site, as this represents the solid benchmark
employed by geotechnical engineers, including
determining the scope of works and necessary tasks for
any proposed site. This therefore includes an accurate
description of the basic soil properties, including its layers,
i.e. thickness, classification reports and strength
parameters. This acts to ease the preliminary geotechnical
site investigations. Moreover, it is crucial to obtain clear
field soil test samples, as some software programs
(i.e. numerical modelling software) require specific, rather
than assumed, input data, including the modulus of
elasticity and Poisson’s ratio. However, in some
circumstances, the use of assumptions can be beneficial,
due to saving time and effort, although it is more effective
to employ accurate data to reduce any minor errors arising
from improper assumptions. In addition, it is vital to
utilise lab and field tests to check the properties of the soil
at the site, as well as analyse and verify geotechnical data
with local and international codes and specifications.

This current research therefore presents intensive
descriptions and reviews of the main structural and
geotechnical aspects related to solar photovoltaic
technology, supplemented by the relevant works
conducted in Kuwait.

This study offers a complete and proper reference for
structural and geotechnical engineers and stakeholders
involved (or with an interest) in solar energy technology,
and particularly mounted solar trackers, which are widely
implemented in large areas, such as desert or parks.

a 50 mibes

2. Methodology

2.1. Geotechnical investigations

A main aspect of this study is to present a complete
view of geotechnical investigations, from site selection to
the implementation of the most appropriate foundations.

2.1.1. Site selection

The selection of a site for any proposed solar
photovoltaic system is an important step requiring a
feasibility study. This paper examines a case study
conducted by [27], in order to give clear and practical
explanations for the main geotechnical issues. The site is
located in the Shagaya area, in the southwest part of the
state of Kuwait (Figure 3), which consists primarily of
desert terrain, with a surface of sandy soils [27].

2.1.2. Field and Laboratories Tests

It is generally accepted that field tests commence with
the excavation of test pits for surface and near surface
samples, or the use of boreholes to obtain soil samples
from deep beneath the surface. The latter also form the
most commonly used method of obtaining detailed
information concerning the thickness of soil layers, as
well as their main physical and mechanical properties. See
Table 1 for the most commonly used field tests and their
procedure and references.

Following the collection of samples from the field,
laboratory tests are then conducted to establish the basic
soil properties. The most commonly used field tests and
their procedure and references are listed in Table 2.

Iran
Iraqg
Kuwait
*.Kuwait City
i vc Arabian
Shagaya
Al !\-l—.a:il.
Saudi Arabia
Figure 3. location of the Shagaya area on Kuwait map [27]
Table 1. Common field tests

Fields Tests Procedure Reference
Standard Penetration Test ASTM D-1586 [29]
Electrical Resistivity Test ASTM G-57 [30]
Plate Load Test ASTM D-1194 [31]

Cone Penetration Test

ASTM D-5778 [32]
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Table 2. Common lab tests

Laboratory Tests Procedure Reference
Sieve Analysis ASTM D- 422 [33]
Moisture Content ASTM D- 2216 [34]
Bulk Density ASTM D- 6683-19 [35]
Atterberg Limits ASTM D- 4318 [36]
Direct Shear ASTM D- 3080 [37]
Triaxial compression tests ASTM D- 7181-20 [38]
Constant/ Fall head Permeability test ASTM D- 5084 [39]
Chemical Tests BS-1377 Part 3 [40]

For the study under discussion, the geotechnical data
were collected from boreholes at the Shagaya site, with
various soil samples from differing depths below the
earth’s surface. This was followed by laboratory and field
tests. The laboratory tests focused on basic soil properties,
such as specific gravity and unit weight. The main field
tests are the Standard Penetration Test (SPT) and the Plate
Load Test (PLT), which were conducted at different
locations. Moreover, direct shear tests were used to
establish the strength parameters of the soil samples.

2.1.3. Bearing Capacity

The foundations form an important part of a building’s
structural elements. In geotechnical applications, it is vital
to find the bearing capacity of the soil layers at the
proposed site, i.e. the applicability of the soil to support
the anticipated load of the proposed structure. This allows
the geotechnical engineer to compare the bearing capacity
with the expected loads transmitted from the proposed
structure, and so determine the type of foundation required,
i.e. shallow or deep. In addition, this forms an essential
step in locating the embedment depth of the footing.

Meyerhof introduced several common equations now
widely used to calculate the permissible bearing capacity
for a 25mm settlement [28]. The allowable bearing
capacity was therefore calculated as follows:

2
N ,(B+03
= Ky For B>1.2m 1
Oa 0.08( B j d ()
q —lK For B<1.2m 2
a7 0,05 ¢ '
Ky :1+0.33(gj 3)

N represents the SPT value, Ky represents depth factor, B
and D represent the footing width and depth of foundation.

2.1.4. Foundation Design

It is important to recall that the basic principle of
foundation design is to protect foundations from shear
failure and excessive settlement. Therefore, their design
should take into consideration the expected loads of a
superstructure, as well as other safety factors related to
bearing capacity failure and any expected settlement. This
indicates that the design should consider soil properties
and the loads the proposed foundation is expected to support.

The type of soil layers (as represented by soil
classification tests) gives important information
establishing the type of foundation to be implemented, as

well as specify the appropriate methods for the analysis
and design stage. For instance, when designing for clayey
soil, it is vital to consider the issue of primary
consolidation settlement.

2.1.5. Types of foundation for solar trackers

Geotechnical engineers are aware of the need to select
the most appropriate type of foundations for proposed
solar trackers. This establishes that the type of soil layer
(i.e. sand or clay) should be accurately estimated, along
with the expected loads of the superstructure (i.e. the solar
tracker) and the aerodynamic pressure (i.e. wind load). In
addition, it is vital to consider the safety parameters
related to the geotechnical design procedure, including the
approved code and specifications for the country in question.

In general, the most commonly implemented foundations
for solar trackers consist of direct drilled, precast and
cast-in-place concrete piers, along with precast concrete
piers, and driven and helical piles [25]. The final selection
depends on the properties of the soil layers and the
conditions of the selected site. For instance, helical piles
footings are commonly employed for sandy soils, while
driven pile footings are used for clayey and dense sandy
soils [41].

In addition, earth-screws footings can prove the best
choice for some circumstances, i.e. landfills sites or tough
soils for which penetrating footing is difficult, or may
impact on the surrounding facilities [41]. However, the
most widely used footings are steel piles, particularly
when it comes to large scale solar photovoltaic projects in
free areas such as deserts. Figure 4 presents the most
common types of foundations employed throughout the world.

2.2. Structural Aspects

The second part of this research explores the main
structural engineering aspects of solar technology that
need to be taken into account to ensure the successful
execution of any proposed project. The super structure
(i.e. the solar tracker) should be correctly designed to
support the solar photovoltaic modules and should be
stable and reliable, capable of withstanding aerodynamics
loads. As stated above, the main variables in need of
consideration from a structural engineering view concern
aerodynamic loads and the self-weight of the solar
trackers. This paper examines research by [6] to present a
practical case study for the important issues regarding
structural ~ engineering  aspects related to the
implementation of solar tracker systems. The study was
conducted by means of Finite Elements Method (FEM),
using COMSOL Multiphysics software.
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Figure 4. Categories of typical ground mount solar foundations [7,25]

Figure 5. Solar tracker model [6]

2.2.1. Geometry

The solar tracker model (Figure 5) of 4 x 4 modules has
an area of 27.4 m?, and is used in a three-dimensional (3D)
finite element model, simulated in COMSOL
Multiphysics 5.3 software. The model has been verified
and validated through a study conducted by [42].

2.2.2. Boundary Conditions

In order to prevent horizontal and vertical movements,
a fixed constraint was applied to the bottom of the model
and horizontal constraint roller constraints to the
remainder.

2.2.3. Loading

This study’s main parameters consisted of self-weight
and wind load. The parameters used in the wind load
calculation is listed in Table 3. In this study, the wind load
was determined using the American Society of

Civil Engineers method [43], [6] with the following
equation:

g, =0.613K, K, K4V 2l (4)

Where

g velocity pressure of wind

K, velocity pressure exposure coefficient
Kyt topographic factor

Kg wind directionality factor

\% basic wind speed

| importance factor

Table 3. Parameter values used in wind load calculations [6,8]

Basic wind speed V =40 m/s
Velocity pressure exposure coefficient Exposure D
Topographic factor Kx=1.0
Wind directionality Kq=0.85
Velocity pressure exposure coefficient K,=0.85
Importance factor 1=1.0
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Figure 6. Validation of the proposed model

2.2.4. Validation

The obtained results for the numerical model was
compared with a case study conducted by [8] for the validation
purposes. in this study, six different inclination angles
0°, 15°, 30°, 45°, 60°, 75° were considered. Figure 6
shows the results obtained by the COMSOL Multiphysics
software, and the validated case study. The computed
results in the current study were found to be in good
agreement with the case study. It is found that standard
deviation ranged between 5 % to 14.4 % and that is an
acceptable range by means of numerical modelling
applications.

3. Results and Discussions

Table 4 lists the basic properties of the soil layers. It
can be noticed that both the unit weight and the cohesion
of the soil layers increase with the increase of soil layers
and that would be attributed to cementation bond between
the soil particles. The borehole investigation report shows
that the surface and subsurface of the selected site are
characterized by granular soils and mainly sandy soil. The
soil classification tests, conducted with accordance to
unified soil classification system, present poorly graded
clayey sand (SC), silty sand (SM), and poorly graded sand
with silt (SP-SM). Figure 7 shows the grain size

distribution curve for collected samples at different depths.

It is found that the standard penetration value (N) varies
between 12 and 39, increasing with depth. This is
explained to the cementation of soil layers beneath the
surface. Figure 8 shows the direct shear test graph
conducted on different samples. It is found that the
cohesion was 15 kN/m? and the internal angle of friction
was 35°. Moreover, Figure 9 shows the modified
compaction tests. It found that the maximum average dry
unit weight was 18.54 kN/m® (ranges between 17.51 and
19.57 kN/m®). The average optimum moisture content was
11.2% (ranges between 9.9 to 12.5%). The permeability of
the soil layers was tested using the falling head
permeability test. The average coefficient of the
permeability of the tested soil samples was 2.85 x10°® m/sec
(varied between 1.75 x10° m/sec to 9.49x10° mi/sec).
Figure 10 shows the stress against settlement graph for the

Plate load test. From the graph, the average failure load
for the plate wasl75 KPa with settlement of 1.2 mm.
Table 5 summarise the allowable bearing capacity values
for the proposed foundations with assumption of using
square footing having a width of B. It should be
highlighted here that the use of pile foundation is another
important option which did not used in this study. As the
selected site is characterised by dense and cemented sand.
In other words, there was no need to go deeply under the
earth surface. However, it should be recalled here that the
solar trackers are generally subject to axial and uplift
forces resulting from their self-weight and wind loads.
Therefore, the selection of pile types is dependent on
several factors such as the soil layers properties in
addition to other technical and economic issues. From the
profile of soil layers which extending for over 12 m below
the ground surface, it revealed medium to dense soil layers.
Thus, bored piles could be more effective than driven pile
foundations. The above listed information collected from
lab and field tests would be very beneficial, particularly
when they are used as input data for finite element
methods. Recently, the use of technology such as software
based in finite element methods.

The structural analysis was based the numerical model
mentioned above, the method applied in this analysis
focused on calculating the following criteria: maximum
von Mises stress, displacements, strains, and factor of
safety. These criteria would provide the most important
information and data required to present and investigate
the behaviour of solar tracker under static loads
(self-weight of the solar structure and wind load). Table 6
shows the obtained results of the proposed numerical
model. Moreover, Figure 11. introduces the von Mises
stresses over the solar tracker. It can be seen that the
maximum stress was 92.51 MPa which represent the
induced stresses by a wind load that blowing from a
southerly direction, with correspondence inclination angle
of 75° for the solar tracker. Moreover, the calculated
safety factor was 2.16. Thus, this value indicates that the
solar tracker is safe and stable under the applied loads. In
addition, it was obvious that the maximum stresses and
strains occurred at the joint connections and particularly,
between the main beam that supporting the solar panels
and post. Theoretically, this was true due to that fact that
the joints are the weakest and critical areas.
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Table 4. Properties of the soil layers [27]

Layer Unit weight (kN/m?) Cohesion (KN/m?) The angle of internal friction (¢) Modulus of Elasticity (MPa)
0-3m 18.38 15 32 10
3-10m 19 16.79 39.2 40
>12m 20 19.14 41.6 100
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Figure 7. Grain size distribution curves [27]
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Table 5. Bearing capacity for the foundations [27]
Depth (m) Width (m) Net allowable soil pressure for maximum 25 mm settlement (kN/m?)
1.0 1to6 200
2.0 1to6 300
3.0 1to6 300
Table 6. Obtained results of the proposed numerical model [6]
Criterion
Maximum von Mises stress (MPa) 9251
Maximum displacements (mm) 19
Equivalent strains 1.3610°
Factor of safety 2.16
(& ]
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Figure 11. Von Mises stress (MPa) [6]

From Table 6, it is apparent that the maximum
equivalent strain obtained was equal to 1.36x107°. This
clearly explains the behaviour of the solar tracker under
the static loading moreover, it shows that all solar tracker
is within the elastic region, and it is slightly affected by
the applied loads applied, by means of the deformation
and elongation of the solar tracker’s elements.

The fatigue assessment for the solar tracker found that
its usage fatigue failure of 0.046 was obtained at the

critical area, where the maximum stresses and strains were
computed for the proposed solar tracker model.

Figure 12 presents the usage fatigue failure location.
A value of 0.046 was recorded at the critical region
where the maximum stresses and strains occurred. This
indicates that the proposed solar tracker resists more than
21,700 cycles, representing the number of cycles the solar
tracker can withstand before failure due to aerodynamic
loads.
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Figure 12. Maximum usage fatigue factor location [6]

The results confirm that the design of the solar tracker
is safe in terms of static load analysis and fatigue criterion.
Furthermore, the joints of solar trackers (primarily those at
the main connection between the main beam supporting
the solar modules and the post) form the critical regions,
as these were observed to be subject to the highest strain
and stress values. This indicates the need for additional
focus on this area during design and analysis stage, as well
as for appropriate selection of materials, i.e. high quality
materials with high allowable stresses.

In addition, it is vital to take into consideration the
implications of aerodynamic loads represented by high
wind speeds, as extreme speeds can have serious
consequences for the tracker’s structure. This highlights
that the performance of the proposed project could be
partially or completely impacted. In severe cases, damage
to solar trackers may occur, as well as damage to all other
elements, including solar modules. Therefore, it is
generally accepted in solar technology that it is necessary
to apply a defensive position, particularly for large scale
projects, to protect solar trackers from severe wind speed.
This can be done using a defensive position in which the
inclination angle is set to 0°. This decreases the surface
area of the solar structure directly exposed to the wind,
and thus the induced stresses.

4. Conclusions

This study has undertaken intensive geotechnical
investigations both in the laboratory and in relation to
field tests of a selected site at Shagaya, in Kuwait. In
addition, it has considered structural analysis of the
proposed solar tracker by means of finite element methods,
using COMSOL Multiphysics 5.3 software. The study
examined the most important aspects of geotechnical and
structural engineering involved in solar technology,
concluding that the most important step in saving effort
and expenditure is the selection of an appropriate site.
Moreover, it has established that laboratory and field tests
are important parameters capable of assisting the designer
stakeholders in solar technology to take the most
appropriate decisions. This is important, as the selection of

correct foundations to support the solar trackers is crucial
for ensuring the stability and reliability of the proposed
solar project, as well as saving time and expenditure at the
solar project installation stage.

From a structural engineering point of view, the optimal
design of solar trackers is an important step for
maintaining the reliability and stability of a solar structure.
Thus, the most significant factors to be considered in the
design of solar trackers are self-weight and aerodynamic
loads. This indicates the need to focus additional attention
onto the weakest regions of solar trackers, which showed
the maximum strains and stresses, as well as the impact of
fatigue. In addition, the implication of severe wind speed
should not be ignored, and a defensive position of solar
trackers should be applied, in order to avoid serious
consequences from wind pressure.

This study therefore concludes that the use of numerical
modelling is beneficial for undertaking preliminary checks
into the stability of both proposed solar trackers and their
foundations.
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