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Solar farm tracker pile movements in expansive clay

Mouvements de pile de tracker de ferme solaire dans I'argile expansive

Chamari Bamunawita, Prisantha Dissanayake and Richard Kelly
SMEC Australia

ABSTRACT: In recent days, the use of solar power as an alternative method for power generation is becoming more and
more popular throughout Australia. With the growing competition in the solar farm industry, producing a cost-effective pile
foundation is a challenge. While the foundation design needs input from both geotechnical and structural engineers,
geotechnical engineers must overcome additional challenges associated with the limited investigation data provided by the
clients in comparison with the extent of the area covered by solar arrays. While majority of solar tracker foundations are
short piles and the design is governed by relatively high lateral loads, deformation associated with characteristic surface
movements due to expansive nature of soils plays a vital role as most of the solar farms are located in temperate to semi-
arid climate zones. Expansive soils experience significant volume change with the moisture change; either swell or shrink.
Swelling of the soil exerts an additional uplift force on the pile which tends to move the pile up during wet season and
shrinking will move the pile down during dry season. Limiting total movement of piles and the differential movement
between piles as per tracker manufactures requirement is a must. Ground movement related to expansive soils in Australian
solar farms is generally predicted based on Australian Standard AS2870-2011 which does not consider the cyclic climatic
effects over the design life of the solar farm. This paper presents the innovative approach to evaluate the cyclic climatic
effects on likely pile movements of a single pile in expansive clay using the historical rainfall data on selected solar farm
in New South Wales.

RESUME : Ces derniers jours, l'utilisation de I'énergie solaire comme méthode alternative de production d'électricité est
devenue de plus en plus populaire dans toute 1'Australie. Avec la concurrence croissante dans I'industrie des fermes solaires, la
production d'une fondation sur pieux rentable est un défi. Alors que la conception des fondations nécessite la contribution
d'ingénieurs géotechniques et structurels, les ingénieurs géotechniques doivent surmonter plus de défis compte tenu des
données d'enquéte limitées fournies par les clients par rapport a I'étendue du sol couvert par les panneaux solaires. Alors que la
majorité des fondations des trackers solaires sont des pieux courts et que la conception est régie par des charges latérales
relativement élevées, la déformation associée aux mouvements de surface caractéristiques dus a la nature expansive des sols
joue un rdle vital car la plupart des fermes solaires sont situées dans des zones climatiques de tempéré a tempéré. Semi-aride.
Les sols expansifs subissent un changement de volume important avec le changement d’humidité ; soit gonfler, soit rétrécir. Le
gonflement du sol exerce une force de soulévement supplémentaire sur le tas qui tend a déplacer le tas vers le haut pendant la
saison humide et le rétrécissement déplacera le tas vers le bas pendant la saison seche. Il est indispensable de limiter le
mouvement total des pieux et le mouvement différentiel entre les pieux selon les exigences du fabricant du tracker. Le
mouvement du sol 1ié aux sols expansifs dans les parcs solaires australiens est généralement prédit sur la base de la norme
australienne AS2870-2011 qui ne prend pas en compte les effets climatiques cycliques sur la durée de vie de conception du
parc solaire. Cet article présente 1'approche innovante pour évaluer les effets climatiques cycliques sur les mouvements
probables des pieux d'un seul pieu dans de l'argile expansive en utilisant les données historiques sur les précipitations sur une
ferme solaire sélectionnée en Nouvelle-Galles du Sud.
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complicated by the uncertainty of climactic conditions over
the design life. Managing surface movement of piles and
the differential movement between piles as per tracker

1 INTRODUCTION

In recent times, the use of solar farms as an alternative
method for renewable energy has become increasingly
popular throughout Australia as they play an important role
in reducing greenhouse gas emissions. With growing
competition in the solar farm industry, geotechnical
engineers are challenged to produce cost-effective
foundation design solutions for solar trackers.

Most solar farms in Australia are located in temperate to
semi-arid climate zones where typically long dry periods
and periodic heavy rains of short duration occur. Expansive
soils have an extremely high to high plasticity, a stiff to hard
consistency and experience significant volume change with
the suction change during weather cycles. Heaving of the
soil will generate tension on the pile which tends to move
the pile upwards during wet season and shrinking will move
the pile downwards during dry season. This is further
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manufactures requirement is a must for a cost-effective pile
design.

1.1 Climatic zones of Australia

Figure 1 shows the Thornthwaite Moisture Index (TMI) map
of Australia developed by Richards et. al. (1983).

Climatic zone numbers based on the TMI and their
descriptions as per Australian Standard AS 2870 are
presented in Table 1 including depth of suction change (Hs)
for each climate zone. Information provided in Table 1 and
Figure 1 indicates that majority of Australia falls within
Temperate to Arid zones where characteristic surface
movements are expected to be high. In recent years, several
researchers have produced climatic zone maps for different



Australian states using TMI method (Hu et al, 2016, Barnett
et al, 1999, Fox, 2000).

Figure 1. TMI map of Australia (Richards et. al., 1983)

Table 1. Climatic zones of Australia based on TMI and depth of
suction change (AS2870-2011)

TMI Climate Zone  Description H; (m)
>10 1 Alpine/ 1.5
wet coastal
>51t0 10 2 Wet 1.8
temperate
>-15t0<-5 3 Temperate 23
>25t0<-15 4 Dry 3.0
Temperate
>-40 to <-25 5 Semi-arid 4.0
<-40 6 Arid >4.0

1.2 Characteristic surface movement (ys)

As per AS 2870, characteristic surface movement, ys can be
calculated using the equation below.

Vs = 2 o Ipe Aulh
(D

Where u=logarithm soil suction (typically assumed to be
1.2pF units at the ground surface in the absence of
measurements and linearly decreasing to zero with depth to
Hs) and I,~=Instability Index which is equal to als. s is the
shrink-swell index from laboratory testing and « is taken as
1 in cracked zone and 2-z/5 in uncracked zone where z is
depth from finished ground level.

The soil suction is the pressure required to remove water
from a soil above ground water level.Shrink-swell index of
clay refers to the extent of certain clay minerals will expand
when wet and shrink when dry.

The above equation estimates the maximum ground
movement that is anticipated from the driest state to the
wettest state after heavy rain or flooding. Most of the time
moisture changes experienced by the site under
consideration will be smaller than this limiting condition.
Characteristic surface movement varies with the weather
pattern.
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1.3 Pile movement in expansive soils

Previous research shows pile movement in expansive soils
is likely to follow the movement of the surrounding soil
resulting from the drying and wetting cycles and is relatively
less than the soil movement at any given time ( Cameron et
al, 1981, Fityus et al, 2001).

2 WIDELY USED PILE DESIGN METHOD FOR
SITES WITH EXPANSIVE CLAY

In Australia, a general method adopted for pile design in
expansive clay is described in following sections.

2.1  Develop ground model

Development of a representative ground model based on the
available field investigations, field and laboratory test
results and pile load test data is the biggest challenge.
Carrying out a pile load testing program across the site helps
geotechnical engineers in two ways. Firstly, it helps to
improve the geotechnical reduction factor as per AS 2159-
Pile design and installation, and secondly back analysis of
pile load test data assists in validating the proposed ground
model. Also testing helps to reduce the risk of premature
refusal during pile driving and faster overall project delivery.
Depending on the variability of ground conditions, use of
more than one model may be more economical. Field
investigations carried out during the dry season results in a
harder ground condition; consideration must be given to the
weaker ground condition after prolonged period of heavy
rain which will be the critical case under axial and lateral
loading.

2.2 Determine climate zone

Determine the climate zone based on the published map of
climatic zones, depth of suction change and crack depth as
per Australian standard AS 2870. In the absence of climate
zone maps Figure 1 can be used to find the TMI value.

2.3 Calculate characteristic surface movement (ys)

Characteristic surface movement can be calculated using
Equation 1. Shrink-Swell index plays a vital role in
determining the characteristic surface movement for a
selected site. The design shrink-swell values over the depth
of moisture change can be selected based on the measured
shrink-swell index values or correlated values from
Atterberg limit tests results. Different correlations can be
found in the literature (Beal,1991, Jayasekera and
Mohajerani, 2003, Cameron, 1989).

2.4 Determine pile length

Determine the pile length to satisfy the design performance
requirement for pile displacements based on tracker supplier
and ultimate axial and lateral capacity. An appropriate
number for geotechnical reduction factor must be selected
considering all the relevant parameters as explained in AS
2159. Based on AS 2159, the tensile force exerted on pile
due to the soil swelling around the pile shall be considered
in structural analyses but not for the determination of the
geotechnical capacity.

It is the common practice that the designers use pile
lengths greater than the depth of moisture change (/) to
reduce the pile movement as reported by several researchers
(Fityus and Delaney, 2001, Cameron and Walsh, 1981). This
results in reasonably long piles and high overhead cost for



the solar farm developments. However, unlike the houses or
light industrial buildings, solar arrays are flexible structures
that can stand relatively large pile movements. The critical
design criterion for solar array piles is the differential
movement between two adjacent piles. It is highly unlikely
that drying and wetting condition will vary between two
adjacent piles usually located 8 to 10 m apart to the extent

that the differential movement will exceed the design criteria.

3 CONCERNS FROM CLIENTS

A common question asked by the clients are;

. Can we use broad scale published maps to find the
climate zone?

Will the calculated pile movement accumulate
throughout the design life of the solar farm and pile
jacking be an issue?

How many wetting and drying cycles should be
considered in the pile movement calculation?

To answer these questions, the designer should estimate
the number of seasonal cycles and the length of each cycle
that the solar farm will undergo over the design life. This is
further complicated by the uncertainty of climactic
conditions and climate change. The next section describes
the attempt made by the authors to answer these questions.

Published data by Fityus and Delaney (2001) and
Cameron and Walsh (1981) indicate, for piles installed in
active zone, higher swelling was recorded during first
wetting event and then the rate of pile movement became
negligible after 2 to 3 years.

4 ANALYSIS

4.1 Calculation of TMI

The TMI was calculated using Equation 1, based on the
method used by Mitchell (2013).

__ 100(3}2, Surplus)-60(3}2; Defecit)

TMI N

@)

Where,

Surplus = water balance + storageprevious month —
100 (3)

If storage per month=100
Defecit = |water balance| — storageprevious month

“4)

If storage per month=0
Storage = previous month's storage +
water balance for month

®)

(=0 if result is negative and =100 if result is greater than or
equal to 100 mm)

Water balance = rainfall — PE

(6)

Potential Evapotranspiration (PE) is given as,
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PE = 16| ‘
(7)

Where ¢ is the average temperature in particular month in
Celsius which is taken as the average of Mean Maximum
Temperature and Mean Minimum Temperature. Annual
Heat Index, / is taken as,

=312
(8)
1.514
i=(Ys)
©)
And

a =0.00000067513 — 0.000077112 4+ 0.0179211 +

0.49239

(10)

4.2 Calculate logarithmic soil suction

To evaluate the effect of cyclic climate events on likely pile
movement, the method proposed by Mitchell (2008) was
used by the authors which incorporated the changes in soil
suction with depth.

Changes in soil suction with depth were estimated using
a consolidation model developed by Mitchell (2008). The
change of suction profile along the soil depth was calculated
using the solution of the diffusion equation given as
Equation 11.

Pu_ 10
an2 ~ a ot
(11)

Where o is the diffusion coefficient which is calculate
d as a function of TMI as given in Equation 12.

A plot of diffusion coefficient vs TMI is given in
Mitchell (2008).

a =
(1-m) (1
xp((—(TM;B ))*n>+m
2)

Constants m, n and  are taken as 0.00018, 8.3 and 150,
respectively.

The equilibrium soil suction was assessed from Figure 2
based on the TMI value adopted and the maximum change
in suction was taken as 1.2pF (Table 2.4 AS 2870 —2011).

The suction at ground surface was set to the minimum
suction value in months where rainfall exceeds PE and was
set to the maximum suction value in months where
evapotranspiration exceeds rainfall.

A spreadsheet was developed to calculate the suction change
along the pile depth and calibrated using the parameters
provided in Table 1 (Mitchell, 2008).
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Figure 2. Equilibrium soil suction vs TMI relationship (Mitchell,
2008)

5 CASE HISTORY ANALYSIS

5.1 Details of the Site

Selected site for this assessment is located in NSW, Australia
and is in Climate zone 2 based on the published maps and
AS2870. The maximum calculated characteristic surface
movement is in the range of 80 mm to 90 mm using Equation
1 and Iss of 7 and 5.5 for top 1.0 m and below 1.0 m,
respectively. Depth of moisture change and crack depth are
taken as 1.8 m and 0.9 m, respectively.

5.2 Site specific TMI

For this assessment, the rainfall and temperature data for two
weather stations in New South Wales were obtained from
Bureau of Meteorology-Australia. Weather station 1 (WS1)
and weather station 2 (WS2) are located about 10 km and 50
km north of the proposed solar farm site. Figure 3 presents
the annual rainfall for 25-year period (1996-2020) extracted
for the selected weathered stations.

Figure 4 presents the calculated TMI value based on
Equations 1 to 9 for two selected weather stations. Figure 2
and Figure 3 indicates that the variation in TMI is highly
dependent on rainfall and is generally similar to the variation
as annual rainfall. The average TMI is -4.1 and 17 for WS1
and WS2, respectively. The calculated average values
indicate that WS1 is in Climate zone 2 while WS2 is in
Climate zone 1 as per Table 2.5 of AS2870. Analysis
carried out by Chan and Mostyn (2009) using rainfall data
for 109 years indicates that WS2 has an average TMI of
10.45.
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Figure 3. Annual rainfall
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Figure 4. TMI variation for the period of 1996 to 2020 based on
Mitchell (2013)

5.3 Ground surface movement

Figure 5 shows the suction changes calculated using
Equation 11 with depth at different dry-wet cycles during the
25-year period. The figure shows the depth of suction
change of 1.8 m is valid for this site.

As the weather station WS1 is the closest weather station
for the selected solar farm, TMI of -4.1 was considered in
this assessment.

The equilibrium soil suction was assessed from Figure 2
based on the TMI value adopted and the maximum change
in suction was taken as 1.2pF (Table 2.4 AS 2870 —2011).

Ground surface movements for the selected site was
calculated based on the method explained in Section 4.2 and
Equation 1. Figure 6 shows the calculated ground surface
movement using 25-year weather data. The representative
TMI value of -4.1 was used for this site and the design Iss
values are same as section 5.1. A negative value indicates
swell and a positive value indicates shrinkage. Maximum
calculated surface movements for the site is about 90 mm.
Figures 6 indicates that calculated maximum surface
movements using Mitchell’s method is about 90 mm but
occurs only few times within the 25-year period as a result
of extreme wetting and drying conditions. Based on the
calculated ground surface movement for 25-year period
plotted in Figure 6, the ground movement histogram for the
site is shown in Figure 7. Figure 7 also indicates a reduced
likelihood of occurrence of the maximum surface movement.

5.4  Pile movement

Theoretical solutions have also been developed to model
behaviour of piles subjected to swelling in expansive soil
(Poulos and Davis, 1980; O’Reilly and Al-Tabbaa, 1990,
Nelson et al. 2007). Poulos and Davis (1980) presented a
numerical solution based on elastic theory to analyse piles
in expansive soil. The computer-based program (PIES)
computes the axial movement and load distribution of a
single pile subjected to externally imposed vertical soil
movements developed in an expansive soil due to moisture
changes.

Analysis was carried out to check the pile movement
with respect to different characteristic surface movements
shown in Figure 7 and results are summarised in Table 2. For
this analysis, a 1.8 m deep American W section W6X12 pile
was selected with axial load of 7.0 kN for comparison.

2020
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Table 2. Likelihood of Pile Movement For 25 years

Ys Pile movement
(mm) Jrom PIES (mm) Likelihood (%)
Swell Shrink

10 2 0.8
-10 4 2.8
-20 9 6.0
-30 12 12.1
-40 16 16.4
-50 20 26.4
-60 25 18.7
-70 29 11.8
-80 33 3.1
-90 37 0.02

6 CONCLUSION

This assessment indicates that in the absence of site-
specific weather data, the use of broad scale maps to find the
climate zone is acceptable. However further work will be
required to confirm that this is still valid with different
climate zones. Calculated characteristic ground movement
values based on AS 2870 are consistent with the extreme
suction profiles which are related to extended periods of
drought followed by an extreme event of rain or flooding or
vice versa. Analysis of site-specific weather data for selected
site representing climatic zone 2 in New South Wales using
Mitchell’s methods indicates that maximum estimated
surface movement agrees with the value estimated as per AS
2870 method, but the occurrence of these event is not
infrequent. This study also indicates that the solar tracker
pile movement is relatively smaller than ys and the
likelihood of large movements is insignificant. Since the pile
movement are related to the movement of the surrounding
soils and relatively smaller than the surface movement, it is
not expected that pile will ratchet out of the ground. It is not
possible to predict how many cycles of wetting and drying
cycles will be encountered during the design life of solar
farm. However, approach made by the authors considers the
weather pattern over large period of time.
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