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Abstract: Use of reliability analyses to assess the probability of failure for solar farm foundations has the potential to provide
significant capital cost savings to an asset owner if consequent increases in maintenance cost are manageable. Reliability
analyses are described and some initial thoughts about assessing soil properties as a function of wind and rain are discussed.
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1 Introduction

Power consumption in Australia is projected to nearly double from 180TWh to 320TWh by 2050 (AEMO ISP,
2022; CEC Clean Energy Report, 2022). In the past 5 years, 9.8 GW of renewables have been constructed.
Australia needs to build 28 GW of wind and solar by 2030, reaching 81 GW by 2040 then 140 GW by 2050.
Utility Solar is likely to comprise around 30% of generation capacity (i.e., 70 GW over this time). Utility solar
arrays are usually supported by piles and there is typically about 1 pile per 2kW of energy. Therefore about 35
million piles will need to be constructed between now and 2050. A typical 3.6 m long galvanized steel H pile
costs about $86AUD each to procure. The total cost of materials for piles will be in the order of $3 billion
dollars. If the piles could be made lighter, shorter and ungalvanized, their material cost could reduce by at least
$30 per pile resulting in a capital cost saving in the order of $1 billion dollars.

Use of conventional Australian Standards results in foundations for solar arrays being designed using
sacrificial steel and galvanising to withstand the ultimate wind loading event on the last day of operation. That
means the asset owner pays for extra steel and galvanising to achieve a very small probability of failure. An
alternative approach is to reduce the thickness of steel, reduce the post length and try and eliminate galvanising.
These reductions will increase the probability of failure and hence increase maintenance at the same time as
reducing capital cost. Providing the reduction in capital cost sufficiently outweighs the increase in maintenance
and associated risk then there is benefit to the asset owner.

Australian Standard AS5104 Structural Reliability can be used to develop the alternative approach while
also conforming to the National Construction Code.

Here, we briefly outline what is required to perform these analyses and present some initial thoughts about
estimating the depth of wetting front of the ground. First, the Maximum Likelihood Estimation (MLE) method is
used to prove the existing data set covers the required 100-year return period wind speed. Then, the resampling
method is used to sample wind and rainfall data directly. Finally, the Green—Ampt Mein-Larson (GAML) model
is adopted to derive the distribution of the depth of wetting front.

2 Structural Reliability Analyses

A structural reliability analysis is a stochastic analysis that requires inputs as probability density functions (PDF)
and performs Monte-Carlo calculations to estimate probabilities of structural or geotechnical failure. Inputs to
such analyses are:
1. Wind speed, wind direction, rainfall and evaporation data from the Bureau of Meteorology and on site
weather stations
2. PDFs for wind pressure coefficients acting on solar arrays
3. PDFs for structural and geotechnical material parameters and geometries
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4. PDFs for rates of corrosion of steel and potentially galvanised steel
5. The analyses require:
a. Correlations between antecedent rainfall over periods of time, wind speed, wind direction and
evaporation
b. Top of pile loads
c. Monte Carlo analyses incorporating
i. An ability to compute the structural capacity of a pile each year over the design life factoring in
effects of corrosion on effective thickness of (galvanised) steel
ii. Computing the strength of the ground as a function of rainfall and evaporation
iii. An ability to compute the lateral geotechnical capacity of a pile
d. Allow for the spatial correlation of pile performance based on correlated wind speeds, geotechnical
conditions and corrosion
6. Economic assessment to calculate the reduction in capital cost, potential reduction in borrowing cost and
potential increase in maintenance cost, along with any other factors not considered
7. Understanding and written acceptance by the asset owner and any other stakeholders, such as insurers and
bankers, of the proposed approach and the risks and opportunities associated with this approach
The structural capacity of solar array foundations is controlled by lateral-torsional buckling which in turn is
a function of the cantilever length of the array post. Piles can buckle at the ground surface if the ground has
sufficient strength but may buckle below the ground surface if the ground is weak (Lee et al., 2019). The
strength of the ground is a function of its moisture content with depth. The depth of wetting is a function of the
period of time rainfall occurs. The probability of structural failure will increase if the ground is weak at the same
time the design wind event occurs. The probability that the ground is wet at the same time as the design wind
event occurs is required for a reliability analysis to be performed. Bureau of Meteorology data is assessed to
correlate various periods of rainfall with wind speed in order to develop a joint probability distribution function
from which extreme values can be extracted. The probability of structural failure also increases as corrosion
increases over time. However, ground conditions are independent of corrosion and do not necessarily need to be
treated in a time dependent calculation.

3  Correlation between wind and rain

Maximum wind speed and daily rainfall data were obtained from the Bureau of Meteorology for the Nobbys
Beach site in Newcastle between 01/01/1969 to 14/07/2022. Comparisons between daily wind speeds and
different periods of antecedent rainfall are provided in Figures 1 to 4. There is essentially no correlation between
antecedent rainfall and maximum daily wind speed. The data can also be expressed as joint probability
histograms. Examples for 7 day and 30 day antecedent rainfall are presented in Figures 5 and 6.

Figure 3. Wind speed and 14 day antecedent rainfall. Figure 4. Wind speed and 30 day antecedent rainfall.
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Figure 5. Joint probability of wind speed and 7 day Figure 6. Joint probability of wind speed and 30 day
antecedent rain. antecedent rain.

4 Approaches to sample wind and rainfall

Two approaches can be used to sample wind and rainfall. Approach A: Resampling historical rainfall and wind
records; Approach B: Sampling probability distribution of rainfall and wind. Below, a brief introduction to these
two approaches is given.

4.1 Resampling historical rainfall and wind records
Approach A directly sample the wind and rainfall data from the data set. Randomly sample a date to obtain the
wind speed and different periods of antecedent rainfall. Repeat the process 365*%100 times, as the design wind
speed is for the 100-year return period. This method can directly handle correlations between wind and rainfall.
Besides, the rainfall pattern is also reflected in the real rainfall data if high resolution records are available, e.g.,
rainfall data is recorded every minute. The problem with this approach is that the fact that the wind record is long
enough to cover the 100-year return period wind speed needs to be proven first. In this paper, the Maximum
Likelihood Estimation (MLE) method is adopted.

The MLE method consists of finding the value of the parameter vector that maximizes the likelihood

function and therefore makes the observed data most likely (Naghettini, 2017). Let x = (xl,xz,...,xn) represent a

set of n independent and identically distributed observed data and f (x, 6’) is the probability distribution

function with parameter & . The likelihood function L can be written as follows:
L=[]/:(x) (1)
i=1

In this case & is said to be the MLE of @ if & maximizes the likelihood function L . In this paper, the
maximum wind speed is assumed to follow the generalized extreme value (GEV) distribution (Jenkinson, 1955).
The parameters of the GEV distribution are derived based on the MLE method, and the obtained distribution is
further used to calculate the corresponding return period for the observed data. Figure 7 shows that the maximum
of the recorded maximum wind speed corresponds to 173 years return period, which means approach A is
feasible for the Nobbys Beach site. Therefore, approach A is adopted to sample wind and 7 days antecedent
rainfall data, which are further used as inputs to generate the depth of wetting front.
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Figure 7. Relationship between maximum wind speed and return period.

4.2 Sampling probability distribution of rainfall and wind
If the results show that 100-year return wind is not included in the data set, approach B should be used. The steps
of approach B are summarized as follows:
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Step 1: Investigate the correlation between rainfall and wind. The results in section 3 show that there are no
clear correlations between rainfall and wind.

Step 2: Generate two marginal distributions (no correlations) based on the historical rainfall and wind data,
and sample wind and rainfall separately.

Step 3: Since the depth of wetting front in the ground needs to be worked out, rainfall pattern matters.
Random rainfall patterns over 7 days need to be generated as inputs to derive the depth of wetting front.

5 Depth of wetting front

5.1 Green-Ampt model

The Green—Ampt (GA) model (Green & Ampt, 1911) was originally developed to describe the infiltration in
homogeneous soil under ponding conditions. The model assumes that a sharp wetting front separates the upper
saturated zone and lower unsaturated zone. Based on these assumptions, the GA model is written as follows:

f(t)zz{ +%} @

_ (1)
F(t)—Kt+¢//A01n{l+ WAQ} 3)

where f (t) is the infiltration rate, K is the hydraulic conductivity, ¥ is the suction head, A@ is the increase

in soil moisture during infiltration, F (l) is the cumulative infiltration.

In the original form of the GA model, it is assumed that the water starts ponding on the soil surface from the
beginning of the rainfall event, the curve D in Figure 8 shows this situation. However, this is usually not the
case, especially during the initial period of a rainfall event when the rainfall intensity is less than the infiltration
rate. Thus, Mein and Larson (1973) proposed a modified GA model, which is commonly called the Green—Ampt
Mein-Larson (GAML) model. The GAML model divides the infiltration process into two stages (line B and
curve C in Figure 8). In the first stage (line B), all the rainfall infiltrates into the soil, and the depth of the wetting

front gradually increases. In the second stage (curve C), the surface is ponded at 7, and the infiltration rate

gradually decreases. The equations calculate the cumulative infiltration of the GAML model as follows:
F(t)=it for t<t,

y/AHJrF(t):l €

F(t):K(l—tp)+t//A91n|: VAO+ T, fort>1,

where i is the rainfall intensity, #, is the ponding time, F), is the cumulative infiltration at ponding time.
At the ponding time 7, the infiltration rate is equal to the rainfall intensity. Therefore, substituting f (t) =i
and F (l) =it into Eq. (2) results in the ponding time as follows:

_ KyAO
P (i K) ©)

For line A in Figure 8, the ponding condition will never occur as all the rainfall infiltrates. In this case, the
cumulative infiltration equals the cumulative rainfall.

Based on the cumulative infiltration, the depth of wetting front L, is determined as follows:

L _FO

T A0 ©
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Figure 8. Different cases of infiltration behaviour under rainfall (Mein & Larson, 1973).

5.2 Example
Application of the GAML model requires the determination of two key parameters, the suction head ' and the

hydraulic conductivity K (Ma et al., 2010), which are inherent to the soil, the soil cover and the initial soil
moisture (Van Mullem, 1989). Several methods have been proposed to determine the y from measured soil
hydraulic properties (Bouwer, 1969; Neuman, 1976). Brakensiek and Onstad (1977) indicated that the
infiltration and runoff quantities are more sensitive to K with respect to i , and extensive studies have been

carried out to derive the value of K (Risse et al., 1994; Van den Putte et al., 2013). In this paper, the parameters
used in the GAML model are summarized in Table 1. For the purpose of demonstration, the constant rainfall
intensity is assumed, and the duration of rainfall event is calculated as rainfall/rainfall intensity. To consider the
rainfall patterns in approach A, minutes or hours based rainfall data sets are required. The duration of a rainfall
event is divided into many short periods, so that the rainfall intensity is essentially constant within each period.

Table 1. Summary of parameters used in the GAML model
Parameter K, cm/h Y, cm AO I, cm/h
Value 2.3 29.22 0.23 0.2,1.5,2.3,5, 10,20

5.3 Results

Figures 9 and 10 show the distribution and corresponding statistics of the depth of wetting front under various
rainfall intensities. When the rainfall intensity is less than the hydraulic conductivity, the influence of rainfall
intensity on the depth of wetting front is negligible since all the rainfall infiltrates into the soil. In contrast, when
the rainfall intensity is larger than the hydraulic conductivity, the maximum and mean depth of wetting front
significantly decrease as the rainfall intensity increases. The reason is that, for the same cumulative rainfall, the
duration of a rainfall event is inversely proportional to rainfall intensity, and less rainfall infiltrates into the soil
under larger rainfall intensity.
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Figure 9. Distribution of the depth of wetting front under various rainfall intensities.
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Figure 10. Statistics of the depth of wetting front under various rainfall intensities.

6 Concluding remarks

This paper presents an initial thought on estimating the depth of wetting front with the wind and rainfall data set.
The resampling method is proven to be feasible for the Nobbys Beach site. The distribution of the depth of
wetting front is sensitive to the rainfall intensity when the rainfall intensity exceeds the hydraulic conductivity.
The proposed process will be further used to perform reliability analyses of solar farm foundations under wind
and rainfall conditions.
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