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ABSTRACT: Transparent synthetic soil synthetic soil surrogates which permit real-time visualisation of soil
continuum during testing is a novel development for geotechnical physical model tests. This paper presents
model tests on pile penetration effects of differently shaped model piles subjected to axial loads in transparent
synthetic soil model. Model piles, made of mortar of square, hexagonal, octagonal and circular shapes were
utilised for the research. The transparent soil was made from fumed silica powder and pore fluid containing
Paraffin and Technical White Oil. Soil displacement patterns were captured non-intrusively using close range
photogrammetry while Particle Image Velocimetry (PIV) was employed to analyse the images. The analysed
results revealed that the displacements of soil beneath the square pile aligned perfectly vertical with the edge of
the pile, while it inclined with the vertical for piles of other shapes; this angle of inclination θ also varies for the
variously shaped piles. This result, which depicts varying displacement patterns of soils beneath the differently
shaped piles and marks distinguishable features for each shape of pile is significant. It could be used as the basis
for the evolution of design charts and protocols based on shape of piles.

1 INTRODUCTION

Transparent synthetic soil surrogates which permit
real-time visualisation of soil continuum during test-
ing is a novel development to geotechnical physical
model tests (Ganiyu et al., 2016, Kong et al., 2018,
Xiao et al., 2017). Transparent soil is produced from
synthetic aggregates and pore fluids with matching
refractive indices, thus permitting complete penetra-
tion of light (Iskander et al., 2015, Kong et al., 2017).
Transparent soil is an effective tool for modelling
soil-structure interaction mechanisms; and its incorpo-
ration with Particle Image Velocimetry (PIV) provides
an innovative technique for the visualization of failure
mechanisms and the quantification of soil–structure
interaction problems in geotechnical physical mod-
els non-intrusively (Omidvar and Iskander, 2017, Xiao
et al., 2016, Yin et al., 2017).

PIV is an image-processing technology that com-
putes fields of incremental displacement by comparing
two successive images through a precise identification
of several minute parts in image space (pixel) which
are later converted to object space (in millimetres)
(Take, 2015, Sui and Zheng, 2017, Rashid et al., 2017).
GeoPIV is a MATLAB based PIV module developed
specifically for geotechnical applications. In GeoPIV,
image processing algorithms are written to apply the

PIV principle to the images of soil (Stanier et al.,
2015, Chen et al., 2016, Rashid et al., 2014). Internal
displacements and deformations in a transparent soil
slurry are measured by relating images of speckles that
are generated both before and after soil deformation.
This is obtained by employing GeoPIV combined with
advance photogrammetry and the use of laser light
source to optically slice the soil (Ganiyu, 2016, Qi
et al., 2016).

The study of soil movement beneath a pile dur-
ing installation is highly essential. The repositioning
of soil beneath a pile subjected to dynamic forces
may impact underground services such as tunnels
and pipelines, adjacent foundations or archaeological
remains (Hird et al., 2011). Furthermore, the design of
pile foundation is mostly a function of the applied load
and the resisting capacity of pile. The resistance of the
pile is influenced by the state and properties of soils
within the critical zone immediately surrounding the
pile (Burland, 2012, Tomlinson and Woodward, 2014).

Precast concrete piles are prefabricated, displace-
ment piles of different solid cross sections. However,
little is known about the effect of the different shapes
of piles when they interact with the adjoining soils.
Many design equations and charts in geotechnical
engineering were developed based on failure planes
measured from physical model tests (Iskander and Liu,
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Figure 1. Piles cast with pipes at top.

2010). The goal of this paper is to advance the under-
standing of soil-pile interaction for differently shaped
piles through the investigation of displacement of soil
underneath the piles using transparent synthetic soil
and PIV.

2 MATERIAL AND TESTING

2.1 Model piles

The model piles were cast with mortar in the lab-
oratory. The cement was Ordinary Portland Cement
(OPC) while the fine aggregate was naturally occur-
ring river sand; a mix ratio of 1:3 for cement: sand; and
a water: cement (w/c) ratio of 0.45 was used to make
the mortar. Four model piles of circular, square, hexag-
onal and octagonal shapes with overall cross sectional
area of 452.4 mm2 and length 100 mm were cast. The
circular pile is 24 mm in diameter, while the length of
side of the square, hexagonal and octagonal piles are
21.27, 13.2 and 9.68 mm respectively. During casting
8 mm diameter circular plastic pipes were inserted to a
depth of 10 mm at the top centre of each pile, Figure 1
shows the pile cast with pipes at top centre.

The castings were demoulded after 24 hours and
cured in water for 28 days. The average value of the
compressive strength of the mortar cubes cast along
with the model piles was 38.0 MPa. The inserted pipes
were removed after the curing process; and the removal
of these pipes created a hole of 8 mm diameter and
10 mm deep at the top centre of each of the piles.
The holes later served as the point of insertion for
the connector during penetration tests. The piles have
a smooth surface finish and the surfaces were later
sprayed with black Aerosol spray paint to ensure that
the piles have the required black background neces-
sary for laser light during penetration tests (Sills et al.,
2017).

2.2 Transparent synthetic soil

Transparent synthetic soil was made from Fumed Sil-
ica powder (HDK–N20) as the aggregate component,
whileTechnicalWhite Oil ISO 15 (GradeA) and Paraf-
fin oil (P1000) form the pore fluid. A ratio of 23%
Paraffin and 77% technical white oil was adopted for
the pore fluids (Stanier et al., 2014); while the aggre-
gate was 5% of the total mass of the transparent soil.
This mix gave the best quality of transparency after a
series of trial mixes. Specifically, 850 g of technical
white oil was mixed with 254 g of paraffin oil to form
the pore fluid.Also, 0.012 g ofTimiron Ultraluster MP-
111 powder was added to the pore fluid to provide the
contrast (texture) (Hird and Stanier, 2010). The mix-
ture was then added to 58.2 g of fumed silica and an
intense mixing was carried out using the whisk until a
completely homogeneous mix was formed. The mass
of Timiron represents 0.02% of the aggregate mass
(Stanier et al., 2012).

The slurry formed was yet to be transparent as it
contained a significant amount of air. Due to this, a
vacuuming process was performed to de-air the slurry.
The slurry was poured into a cylindrical chamber of
diameter 90 mm and height 260 mm, made from Per-
spex and connected to a vacuum pump. The vacuum
pump was switched on and the de-airing process took
place for six hours (Iskander et al., 2002). Thereafter,
testing cylinder containing the transparent soil was
coupled to the consolidation frame. The arrangement
was left for 24 hours and it ensures consolidation under
self-weight of the transparent soil. Successive increas-
ing load of 3.125, 6.25, 12.5, 25, 50 and 100 kPa was
added and each load was maintained for a period of
24 hours (Hakhamaneshi and Black, 2016). After the
peak load of 100 kPa, the loading was reduced to 50
kPa and maintained for another 24 hours. This gives an
overconsolidation ratio of 2. The height of the sample
was recorded before the consolidation began, prior to
adding successive loadings and at the end of the con-
solidation test. Figure 2 shows the full arrangement of
the consolidation process.

2.3 Penetration tests

After the consolidation was achieved, the set-up was
decoupled again and the target markers were carefully
gummed to the surface of the testing cylinder to serve
as control points for the imminent penetration test.
Target markers were made as stationary control points
because they were needed in the image to permit a
distinction between the soil and camera movements
(Kelly and Black, 2012). Two columns of the target
markers were spaced at 20 mm centre to centre on
vertical axis, and the columns spaced at 50 mm centres.

The testing cylinder was placed directly underneath
the driving unit. A driving unit that generates a con-
stant rate of penetration of the model pile into the soil
was provided for the loading test. The rate of drive unit
penetration was 50 mm/minute as obtained in the cali-
bration test.The LVDT was connected to the top, while
the load cell was mounted at the lower end connected
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Figure 2. Transparent soil under consolidation.

to a flat tipped adaptor. Meanwhile, the adaptor has
been rigidly joined with the black painted model pile
via the hole at its top, with the help of gap sealant. The
driving unit was carefully lowered until the base of the
model pile was at the surface of the transparent soil.

Afterwards, a green diode-pumped solid-state
(DPSS) laser apparatus was connected to power source
and placed on the left side of the testing chamber.
The laser head was adjusted until its illuminated verti-
cal section aligned with the centreline of the pile and
focused on the area directly beneath the pile. The inter-
action between the transparent soil and the laser light
produced a distinctive laser speckle pattern. A Nikon
D5100 digital camera was mounted on its tripod base
and placed in front of the testing chamber; 300 mm
away, and carefully set to focus the test arrangement,
particularly the interface of the model pile and the
transparent soil. A spirit level was used to confirm
the correctness of both the vertical and horizontal
alignments of the camera, and a remote control was
connected to the camera. Figure 3 shows the set-up for
the penetration test.

The actual penetration test was carried out in a
‘dark room’situation (Qi et al., 2016, Black and Tatari,
2015). The driving unit was released to facilitate the
downward movement of the pile with a simultaneous
activation of the camera. The images were captured

Figure 3. Set-up for the pile penetration test.

in a continuous shooting mode at an average rate of
0.8 frame per second. The values of the loads and
displacements of the pile during the penetration test
were recorded by the logging system. The test was
terminated when the penetration of the pile reached
20 mm. The procedure was repeated for the remaining
three piles of other shapes. Figure 4 shows the progres-
sive downward movement of pile with example images
taken at different times during a penetration test.

2.4 PIV analysis

The images from the penetration tests were down-
loaded from the camera to the computer. A total of
100 images were selected for analysis for each test;
the images adequately cover the penetration process
from the beginning to a convenient point proximate to
the termination of each tests. GeoPIV8, a Matlab based
PIV module developed by (White and Take, 2002) was
employed for the analysis of the images.

3 RESULTS AND DISCUSSION

3.1 Consolidation properties of transparent soil

Figure 5 shows the time-settlement graph for the con-
solidation for 0 to 100 kPa for the square pile, and
this is typical for all the four tests as the values closely
matched one another. The steep slope between the first
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Figure 4. Progressive downward movement of pile during
the penetration test.

Figure 5. Consolidation plot for transparent soil.

two points is as a result of the consolidation under self-
weight of the freshly prepared transparent soil. There
is rapid release of pore fluid during this period; which
is the first 24 hours after the soil was prepared, due to
agglomeration of the aggregate components.

The coefficient of consolidation cv was derived
by using the Taylor’s method for the loading range
between 3.125–100 kPa. The coefficient of consoli-
dation, cv obtained was 0.965 m2/year. This value of
cv falls within (0.9 ± 0.2) reported by (Lehane and
Gill, 2004) and (0.8–1.2) reported by (McKelvey et al.,
2004) and (Sivakumar et al., 2007). The coefficient of
compressibility, mv and the hydraulic conductivity, k
were obtained as 1.15 m2/MN and 2.93 × 10−9 m/s

Figure 6. Displacement beneath square pile.

respectively. (McKelvey et al., 2004) reported simi-
lar coefficients of compressibility, mv values while the
hydraulic conductivity, k value is also within the range
of values reported by (Lehane and Gill, 2004) and
(Song et al., 2009). Thus, the transparent soil prepared
and employed for this research can be categorized as
a normally consolidated alluvial clay.

3.2 Pile penetration effects in transparent soil

PIV analysis was done and terminated at the vector
plots stage to show the soil movements beneath the
piles; the stage shows the displacements of soils at ver-
tical directions underneath the differently shaped piles.
According to previous researches on anchors (Ilam-
paruthi et al., 2002, Ilamparuthi and Muthukrishnaiah,
1999), and laterally loaded piles (Liu et al., 2010), it
was assumed that the failure plane from soil displace-
ment is similar to that of the shear strain field. The
failure plane was delineated beneath the piles, and it
was depicted by joining the points which had clear-cut
vertical displacements of half the maximum vertical
displacements beneath the piles. Figures 6–9 show the
soil displacements underneath the square, hexagonal,
octagonal and circular piles, respectively.

From the Figures, it was observed that the displace-
ments of soil beneath the square pile align perfectly
vertical with the edge of the pile, while it inclined with
the vertical for the piles of other shapes. This angle of
inclination θ also varies for the variously shaped piles;
θ was determined to be 45◦ and 49.4◦ for the hexag-
onal pile; 33.7◦ and 41.6◦ for the octagonal pile; and
36.9◦ and 51.3◦ for the circular pile, respectively. It
can be deduced that the behaviour manifested by the
square pile is due to the flat plane of its sides/edges;
while for the other shapes, it is based on the curvilinear
plane of their respective sides/edges. Hence, it is con-
cluded that the soil movements underneath an axially
loaded penetrating pile is influenced by the shape of
the pile, therefore, soil – pile interaction beneath dif-
ferently shaped pile under axial load will be affected
by the shape of the pile.
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Figure 7. Displacement beneath hexagonal pile.

Figure 8. Displacement beneath octagonal pile.

Figure 9. Displacement beneath circular pile.

4 CONCLUSIONS

Transparent soil with geotechnical properties replicat-
ing normally consolidated alluvial clay was prepared
from synthetic materials. The soil enabled a real-time
visualisation of the penetration of differently shaped
piles installed in a unit gravity model test. In addition,
the displacement effects of soil beneath the differ-
ently shaped piles were studied using close range
photogrammetry while PIV was used to analyse the
images taken during the penetration tests. The results
revealed the differences in displacement patterns of
soils beneath the differently shaped piles. It was there-
fore concluded that soil movements underneath an
axially loaded penetrating pile can be associated with
the shape of the pile. These marked distinguishable
features for each shape of pile is a potential. In future,
it could be the basis for the evolution of design charts
and protocols based on the geometry of piles.
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