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ABSTRACT: A Concentrated Solar Power (CSP) facility harvests energy from the sun by means of an array of
mirror structures known as heliostats where the solar field could comprise tens of thousands of heliostats. Optimal efficiency of this system is obtained through stringent movement criteria imposed on the heliostats. In
line with these criteria, the success of a project requires a foundation solution that allows for mass installation
of thousands of heliostats through an optimised design by determining the minimum required embedment depth
for the monopile foundations as well as by developing a mechanised installation method that could be applied
site wide regardless of ground conditions. This paper illustrates the use of full-scale testing and numerical modelling to optimise the foundation system. This paper presents an innovative design method whereby Young’s
Modulus applied in design is related to induced strain in the soil with depth using a modulus degradation relationship. Through the use of numerical modelling the authors were able to calibrate and back-analyse the ground
model from measured pile test results and thereafter determine the optimum pile embedment length required to
achieve the performance criteria. The design method developed for this work provided a repeatable valuable
design tool that could be applied for various other systems.
1 INTRODUCTION
A commercial Concentrated Solar Power (CSP)
Tower facility harvests energy from the sun by means
of an array of mirror structures known as heliostats.
Each heliostat targets a beam of light onto a high central Solar Receiver Steam Generator tower. This
serves to heat up a tank of water and generate electricity through steam. These solar fields comprise of
thousands of heliostats, sometimes 50,000 to 80,000
No. heliostats dependent on the nominal power output
of the facility.
Optimal efficiency of this system is obtained
through stringent movement criteria imposed on the
heliostats as the targeted reflected beam needs to hit
a particular point on the tower. In line with these
movement criteria, the success of such projects require a foundation solution that allows for mass installation of tens of thousands of heliostat foundations
through an optimised design by determining the optimal required embedment depth for the monopile
foundations as well as by developing a mechanised
installation method that could be applied site wide regardless of ground conditions.
Heliostats are often founded on monopiles with
embedment lengths to carry design loads generally relating to founding depths within 2 m of ground sur-

face. Due to speed and process of installation requirements, shallow pad foundations are generally not considered, even in shallow rock conditions. Due to the
large number of heliostats economic viability of a
project is the length of pile to be installed. Therefor,
an understanding of the shallow ground profile and its
variability across the site is paramount in defining the
minimum required embedment depth as well as in
quantifying the probable risk of movement criteria
not being met. In addition, a foundation solution that
could be installed on mass and with a repeatable process is required, irrespective of ground conditions.
To enable the process of optimisation, full-scale
testing should be undertaken to investigate load-displacement and moment-rotation behaviour for viable
loading foundation scenarios to ensure meeting the
stringent movement criteria in operation and ultimate
cases. Numerical modelling is then applied using
Plaxis 3D finite element analyses to calibrate and
back-analyse the ground model to provide agreement
with actual measured pile test results. In the data
shown in this paper, it was expected that the soil behaviour would mimic a softening with increasing
strain. The authors applied an innovative design
method first applied by Barnard and Vorster (2012)
(utilising mobilised strain within the ground profile
with depth) in determining a representative Young’s
Modulus varying with depth. This entailed using a
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modulus degradation relationship between small
strain shear modulus G0 and shear strain proposed by
Rollins et al. (1998) whereby through an iterative process the resultant strain distribution within the soil
was related to an equivalent modulus. This process
was applied in the back-analysis of the test results as
well as for the foundation optimisation. The calibrated ground model and Plaxis 3D model were used
to determine the optimum pile embedment length required to achieve the performance criteria.

on an exploratory hole grid spacing of 200 m across
the site. The depth of sand horizon can be highly variable over a short distance of less than 1 m.
The percentile occurrence of aeolian sand depths
across the site was used to determine the design depth
for the aeolian sand layer within the ground profile to
be used as input into the ground model for the optimisation of the pylon foundation embedment depth. A
normal distribution was used to determine the design
sand depth representing a 95th percentile occurrence
across the site. This resulted in a design sand depth of
1.2 m thickness.

2 DESIGN DRIVERS
Each heliostat structure comprises of a mechanised
mirror programmed to follow the sun and installed
onto a pylon extending into a mono-pile foundation.
Conventional shallow pad foundations are not utilised
as construction of these foundations cannot meet programme and speed of installation required for construction of such a large-scale facility.
The required movement performance criteria for
the heliostat foundations relate to residual movements
and rotations in the order of less than 1 milliradian
(mRad) at the pile head at ground surface. This is under operating conditions where moments are less than
10kN/m and shear forces are less than 3 kN. Compared with conventional structures, these movement
criteria values are incredibly small. The performance
criteria relate to bending and torque. Operating as
well as ultimate cases are considered.
3 SITE CONDITIONS
The data used in this paper to illustrate the methodologies used related to a project site situated in the
Northern Cape in South Africa. The ground conditions on site comprise combinations of aeolian Kalahari sand, a pebble marker, calcrete horizons, hardpan
calcrete, residual schist, gneiss and granite horizons
underlain by schist, gneiss, granite or amphibolite
bedrock. The depth to bedrock / hardpan calcrete
ranged from 0 m to greater than 1.2 below ground
level (bgl). Large rock outcrops were also present on
site. The underlying ground profile is highly variable
where within a distance of 1m the depth to bedrock
can vary from 0.5 m to 1.3 m bgl.
The thickness and consistency of the aeolian sand
horizon is an important design consideration for the
bending and torque constraints of the pylon foundations. This includes the contribution of the sand horizon in providing support to the pylon and the potential
collapsible nature of the aeolian sand under wetting
and cyclic loading due to wind.
The statistical distribution of aeolian sand depths
across the site based on 136 No. exploratory holes
drilled or excavated for the ground investigation
works is shown in Figure 1. This distribution is based

Figure 1. Statistical variation of the aeolian sand thickness
across the site

The ground investigation data was also used to define
4 No. representative ground profile scenarios for the
site. These scenarios were utilised in defining the pylon testing works with the aim of testing representative ground profiles and different embedment lengths.
The scenarios were defined in relation to shallow
“rock” profile with less than 0.5 m depth (bgl) to
“rock” and approximately 0.8 m depth to “rock” as
well as deep soil profiles of depths ranging between
0.6 m and 1.2 m bgl (where “rock” is defined as hardpan calcrete, granite, gneiss, ampihibolite or schist
bedrock).
4 FULL-SCALE TESTING
The tested foundation design comprised a closeended steel tube (194 mm diameter) installed into a
predrilled 305 mm (12”) DTH hole with a grout backfill (having a minimum grout strength of 25 MPa). An
additional foundation design option was tested consisting of a close-ended steel tube (194 mm diameter)
installed into a predrilled 355 mm (14”) diameter
DTH hole infilled with a wet-mix soilcrete backfill
(having a minimum soilcrete strength of 5 MPa). A
matrix of tests was developed considering bending
and torque tests under operational and ultimate cases
considering a range of embedment depths and the 4
No. ground profile scenarios. Included within the test
matrix was a study on the effect of the aeolian sand in
providing resistance where it was in place or removed
for tests and the potential for collapse during wetting
was also considered. The test locations were selected
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at borehole locations where CSW testing had also
been undertaken, in order to utilise representative
small-strain stiffness results as well as known ground
conditions. Variation in ground profile within small
distances affected this selection and testing schedules
were adapted as pylon holes were drilled.
The instrumentation utilised for the full-scale testing included Linear Variable Differential Transformers (LVDTs) and tiltmeters installed at predefined locations onto the different test setups along with load
cells and a digital data logger. The selection of instrumentation was driven by the small movements that
needed to be measured.
The time it takes to complete a foundation installation is paramount for project construction schedule
determinations and plant volumes. The testing included a study on drilling time. In addition, records of
backfill volumes were kept to correlate with actual
drill hole sizing to ensure accurate back-analyses of
full-scale pylon response.

bending tests where the soil had been removed. This
allowed a modulus for the rock socket to be back-calculated. Here it was assumed that no degradation of
the rock modulus occurred during loading and that the
socket remained in a small-strain environment. This
is regarded as a viable assumption for sockets in excess of 1.5D (where D is pile diameter) penetration.
Once the modulus of the rock was obtained by calibrating test results where the sand cover had been removed for the test, the soil cover was added to the
model and calibrated with tests where sand cover was
in place. In the Plaxis model input shown in Figure 2,
the blue coloured material represents the rock and the
green coloured material represents the soil.

5 ANALYSIS METHOD
Following full-scale testing on site, a design model to
analyse the required embedment depth was developed
using Plaxis 3D Finite Element software. This at first
entailed the calibration of the model by the development of soil models based on a series of bending test
results. Parameters in the soil model were back-calculated to provide agreement with measured pile head
load-displacement and moment-rotation curves from
test results. The calibrated models were subsequently
used to analyse the embedment depth required to
meet performance criteria.
5.1 Design model
The ground profile encountered on site can broadly
be categorised into two layers, namely soft material
(an upper transported gravelly silty sand layer denoted loosely as aeolian sand) and hard material (rock
/ hard-pan calcrete) into which the pylon is socketed.
For the analyses, the soft material is referred to as
“soil” and the hard material as “rock”.
The Plaxis 3D model developed for the analyses is
shown in Figure 2. The pylon was modelled as an embedded pile protruding from the ground profile with
the loading arm modelled as a beam element. The
horizontal shear force applied at ground level on the
pylon and the vertical force on the loading arm simulating bending were applied as point loads. The model
has 47,000 No. 15-node elements with 123,188 No.
nodes and an average element size of 64 x 10-3 m.
This represents an optimised mesh following a mesh
discretisation sensitivity analysis.
5.2 Back-analysis of ground model
The ground profile modulus with depth was back-calculated from the test results by first considering the

Figure 2. 3D view of model input in Plaxis 3D finite element
software

The modulus of the soil was back-calculated by considering pile test results where the soil remained in
place during testing and assuming the back-calculated
rock modulus for the rock socket. The modulus of the
soil layer was determined using an iterative process
where at first a small-strain shear modulus was assumed for the full depth of the soil layer. The small
strain Young’s Modulus was calculated from the
small-strain shear modulus (G0) determined from the
Continuous Surface Wave (CSW) tests (Heymann
2007) for the applicable soil depth (refer to Figure 4
for examples of CSW test results).
Based on the resultant strain distribution within the
soil layer in the numerical model, the soil layer was
sub-divided into sub-layers representative of the different strains present throughout the depth of the soil.
It was expected that the soil behaviour would mimic
a softening with increasing strain. To be able to describe such behaviour, the stiffness degradation relationship between G0 and shear strain proposed by
Rollins et al. (1998) was used to back-calculate the
461

17th ARC Conference 2019

shear modulus of the sub-layer applicable for each
load step and resultant shear strain taken at mid-level
of each sub-layer. A number of modulus degradation
relationships are available in the literature (Mair
(1993), Clayton & Heymann (2001), Oztoprak & Bolton (2013) to name a few) which are applicable for
different types of materials. Rollins et al. (2001) degradation relationship was applied as it is better suited
for cohesionless materials.
Once convergence of the assumed stiffness and resultant strain occurred (within generally 3 No. iterations), a representative modulus profile had been
achieved for the pylon test data. Convergence was set
to be achieved when the difference in the shear strain
at mid-level of the sub-layer between consecutive
steps was less than 4.7%. Rollins et al.’s (1998) stiffness degradation relationship is represented by the
following equation:
!
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where G = Shear modulus at shear strain, γ; G0 =
Small strain shear modulus; and γ = shear strain.
Note: The equation in the paper (Rollins et al. (1998)) has an
error which has been corrected in the equation presented here

Figure 3. Load-displacement curve for deep soil case without
soil: rock modulus back-calculation
Table 1. Small-strain moduli for the “rock” component of the
ground
model computed from CSW test results (Fig. 4)
____________________________________
Depth bgl (m) Small-strain
Small-strain
shear modulus Young’s modulus
G0 (GPa)
E0 (GPa)*
__________________________________
1.3 – 1.9
3.7
8.8
1.9 – 2.3
3.7
9.0
2.3 – 2.9
3.8
9.1
2.9 – 4.4
4.4
10.6
4.4
–
5.0
4.5
10.9
____________________________________
* Assuming Poisson’s ratio of 0.2

6 CALIBRATION OF GROUND MODEL
6.1 Back-calculation of rock modulus
The back-calculation of the rock modulus was undertaken using bending test results for test cases where
the soil had been excavated away for so-called deep
ground profiles. A test pylon having an installed embedment length of 1.7 m where soil was excavated to
a depth of 1m bgl exposing rock at the base of the
excavation (indicating a socket length in rock of
700 mm (3.6D)) was used. The test data load-unload
curve is shown in Figure 3 with the results of the
back-calculation of the rock socket modulus showing
convergence at 10 GPa.
A comparison of the back-calculated 10 GPa rock
modulus with the small-strain Young’s modulus determined from the in-situ CSW test results (using
CSW-4.6 test results) gives an indication of the applicability of the back-calculation. The small-strain
shear modulus (G0) with depth below ground level as
determined from the CSW test results is shown in Figure 4. These results are tabulated in Table 1. From the
CSW test results, at 1.7 m depth below ground level
corresponds to a small-strain Young’s Modulus (E0)
of approximately 9 GPa. This can be related to a pylon embedment depth of 1.7 m bgl and this corresponds well to the 10 GPa rock modulus back-calculated for test data.

Figure 4. CSW test results: Small-strain shear modulus (G0) vs.
depth bgl (m) (applicable test data relates to CSW 4-6)

The displacement and rotation profile of the pylon as
measured from the test data and predicted with the
back-calculation model fit are plotted in Figure 5.
There is a good match for displacements and rotations
at ground level (pile head). However, the model results for the pylon at a 2 m height above ground level
(where the moment is applied) are more conservative
than the test data results with a difference between the
results of less than 10%. This is considered acceptable
for the back-calculation model calibration and the
back-calculated 10 GPa rock modulus is representative of the socket material.
6.2 Back-calculation of soil modulus
The back-calculation of the soil modulus was
undertaken using bending test results where the soil
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is in place for deep ground profiles (characterised by
soil depths greater than 1m). The pylons used for
back-calculation were selected with the objective of
optimising the pylon embedment depth for a design
soil depth of 1.2m thickness. The selected pylons had
an installed embedment length of 1.3 m with a socket
length in rock of 300 mm (1.5D), an installed
embedment length of 1.7m with a socket length in
rock of 700 mm (3.6D), and 1.6 m with possibly no
socket length in rock. The back-calculation of the soil
modulus was undertaken for all these three pylon
tests.

modulus (E0) of 130 MPa was assumed for the full
depth of the soil layer. Based on the resultant shear
strain distribution within the soil layer, the soil layer
was sub-divided into sub-layers representative of the
different strains present throughout the depth of the
soil. This is shown in Figure 7 whereby the shear
strain distribution within the soil layer is shown along
with the subdivision of the layer into sub-layers based
on the different strains with depth.
Table 2. Small-strain moduli for the rock component of the
ground
model computed from CSW test results (Fig. 4)
____________________________________
Depth
1.3m (1.5D)
1.6m (<1.5D) 1.7m (3.6D)
bgl (m)
G0
E0
G0
E0
G0
E0
(GPa)
(GPa)*
(GPa)
(GPa)*
(GPa)
(GPa)*
__________________________________
0 – 0.5
28
67
54
130
37
89
0.5 – 1.0 28
67
54
130
37
89
1.0 – 1.3 28
67
133
319
91
218
1.3 – 2.0 28
67
313
319
313
319
2.0 -2.3 313
751
2.3 – 2.8 365
876
2.8
–
4.3
390
936
____________________________________
* Assuming Poisson’s ratio of 0.2

Figure 5. Displacement over length of pylon: test data vs. Plaxis
back-calculation

Figure 7. Resultant shear strain distribution with depth of the soil
layer (Plaxis output)

Figure 6. Load-displacement curve for test data and back-calculated modulus profile for the 1.3m embedment length (1.5D) test
results

The test data load-unload curves are shown in Figure
6. The small-strain shear modulus (G0) with depth as
determined from the CSW test results and the calculated small-strain Young’s Modulus (E0) for the applicable pylons are tabulated in Table 2. For a soil
layer between ground level and 1m depth (as is applicable for the pylons), small-strain shear modulus (G0)
values interpreted from the CSW test results are 28
MPa, 37 MPa and 54 MPa with equivalent smallstrain Young’s Moduli of 67 MPa, 89 MPa and 130
MPa (assuming a Poisson’s ratio of 0.2). A smallstrain Young’s Modulus of 130 MPa was used for the
back-calculation of the soil modulus.
Back-calculation of the soil moduli was determined
using an iterative process where at first a small-strain

Figure 8. Back-calculated moduli for each sub-layer plotted onto
the Rollins et al. (1998) curve for pylon (1.3m embedment
length 1.5D socket). Note depth ranges indicated on curve

For each sub-layer and strain, Rollins et al.’s (1998)
stiffness degradation relationship (Eq. 1) was used to
back-calculate the modulus of the sub-layer applicable for each load step and corresponding shear strain
taken at mid-level of the sub-layer. Once convergence
of the assumed modulus and resultant strain occurred,
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a representative modulus profile had been achieved
for the pylon test data.
Using this procedure, the back-calculated moduli
for each sub-layer plotted onto the Rollins et al.
(1998) curve are shown in Figure 8 for pylon 1.3 m
embedment length (1.5D socket). The fitted load-displacement curve based on the back-analysis for this
pylon shows good agreement with the test data as
shown on Figure 6.
7 FOUNDATION DESIGN OPTIMISATION
Using the calibrated ground model and the Plaxis 3D
model, analyses were undertaken to determine the optimum pile embedment length required to achieve the
performance criteria. Using the test data, a lower limit
of pile embedment length of 1.3m was determined
where embedment depths greater than this value
would reduce the residual rotations as well as reduce
the effect of a possible increase in residual rotation in
the long term due to cyclic loading. The long-term behaviour was assessed by considering the slope of test
data curves (Fig. 9) plotting movement over number
of load cycles. Steeper slopes occurred in “deep” soil
profiles with rock sockets less than 1.5D where the
difference in total and residual movement increases.

Figure 9. Displacement – load cycle curve for test data with total
and residual movement

The design optimisation started with considering a
sand depth for the soil of 1.2 m bgl (based on the 95th
percentile occurrence of sand depth (refer to Section
2)) with a 3D socket into rock resulting in a pile embedment depth of 1.8 m. Consideration of a 1.8 m and
1.6 m pile length with no rock socket appeared to display similar displacement and rotation profiles compared with a 1.8 m pile socketed into rock. This confirmed a 1.6 m embedment length as a limit for pile
embedment length after which no difference in in pile
behaviour occurs by extending the pile length.
Due to the possible long-term softening of the
ground as a result of cyclic loading on the pylons,
degradation of the soil layer may occur as a result of
stiffness degradation due to continuous straining under cyclic loading. This is observed to a degree in the

total versus residual behaviours for the test data plotted in Figure 7. To design for the long-term behaviour
of the pile, a pile embedment length of 1.7 m for sand
depths up to 1.2 m in depth (that is representing 95%
of the site) was proposed. For the 5th percentile of the
site with soil profiles greater than 1.2 m thickness, a
pile embedment length of 2 m was required.
Pile lengths not socketed into rock are at risk of
residual movements increasing over time due to the
anticipated softening response of the soil due to stiffness degradation under continuous straining due to
cyclic loading in the long term. The optimised pylon
lengths consider this effect for the data range that was
observed during the testing works. However, the full
effect of this response on the residual rotations cannot
be designed for the full project life and this could be
a risk particularly for pylons not socketed sufficiently
into rock. Due to the small number of pylons for
which this was envisaged, this risk was deemed acceptable for the project.
8 CONCLUSIONS
The use of full-scale testing coupled with numerical
modelling serves as a powerful tool to understand design drivers in meeting stringent design requirements.
The consideration of strain and representative mobilised modulus for induced strain in relation to smallstrain modulus provides a powerful design tool in analysing ground response and soil-structure interaction
especially in the optimisation of designs as opposed
to traditional approaches. With access to in-situ testing such as CSW testing, designers have access to
representative small-strain shear modulus providing
representative design parameters with depth. The design method used in this work provided further repeatable design example to the case shown earlier by
Barnard and Vorster (2012) and could be applied for
various other deep foundation systems.
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