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Abstract

Basal reinforcement of embankments and supporting with piles is one of the most recent solutions for rapid embankment
construction on soft foundation soils. This paper uses the Particle Image Velocimetry (PIV) to evaluate the performance
of unreinforced and reinforced embankments over soft foundation soils in terms of maximum settlement at the embank-
ment base, lateral displacements of the embankment toe and the strains in the reinforcement layer using the digital
images captured during the centrifuge model tests at 40g. The reinforcement consisted of a single layer of a scaled-down
model basal geogrid and additional support from end-bearing or floating piles. The paper examines the effect of varying
embankment heights on the geogrid strains and deformation characteristics of subsoil under rapid embankment construc-
tion over unreinforced and reinforced soft foundation soil with varying support conditions. The unsupported reinforced
embankments showed a peak geogrid axial strain near the toe, whereas it peaked near the mid-section of the embank-
ment for pile supported reinforced embankments. The study also investigates the failure mechanisms of unreinforced and
reinforced embankments, with and without pile support, using shear strain contours derived from PIV analysis. The paper
underscores the efficacy of PIV as a tool for visualising the deformation behaviour and failure mechanisms in soil during
centrifuge model studies. Additionally, the research provides insights into the operation of an in-flight sand hopper used
for embankment construction in centrifuge model studies. Post-investigation studies contribute to understanding the poten-
tial failure mechanisms in embankments supported by end-bearing and floating piles. Overall, this paper showcases the
practical application of PIV in studying the challenges related to rapid embankment construction on soft foundation soils.

Keywords Geogrid - Embankments - Soft foundation soil - Geogrid - Piles - Centrifuge model tests - Particle image
velocimetry

Introduction

Specific site conditions, project requirements and bud-
get constraints necessitate constructing embankments in a
single stage to minimise delays in construction. Large dis-
placements follow rapid embankment construction on soft
soils. Stability, large total and differential settlements are
important challenges when constructing embankments in a
single stage over soft soil. One of the techniques adopted
for rapid construction in soft soils is the geogrid reinforced
pile supported embankments (GRPSE), as shown in Fig. 1.
Providing a geogrid reinforcement at the base proved to be
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an effective method to restrain lateral movement, replacing
the raker or inclined piles at the embankment toe. The piles
supporting the embankments can be end-bearing or float-
ing piles. It finds applications in many highway and railway
projects [1, 2]. The embankment load is transferred directly
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Fig. 1 Schematic representation
of GRPSE

Embankment fill Geogrid
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to the piles through geogrid reinforcement (GR) via arch-
ing and tensioned membrane effect and the remaining small
component to the subsoil [3, 4]. The current design guide-
lines for GRPSE are BS 8006-1 [5], EBGEO [6], NGG [7],
and CUR226 [8]. The parameters in these guidelines differ
due to the different assumptions made in the load transfer
mechanism.

Many studies have shown that the pile-supported
embankments fail due to deep-seated instability and large
displacements of the soft ground [9, 10]. Most design codes
do not include the estimation of surface displacements [2].
Differential settlements can affect the rideability of the
bridge approach slabs, and the lateral movements affect the
stability and performance of the piles near the toe of the
embankment [10—12]. Hence, it is important to evaluate the
serviceability behaviour of reinforced embankments over
soft clays.

Due to the expense of conducting full-scale field stud-
ies [1, 13—17], many researchers [18—20] have resorted to
small-scale laboratory tests to understand the performance
of embankments over soft soil. However, small-scale test-
ing at normal gravities does not follow the same stress path
and replicate the same stress-strain behaviour as that expe-
rienced by the foundation soil. The centrifuge model studies
are widely used in geotechnical engineering to solve com-
plex soil-structure interaction problems and capture the true
stress-strain behaviour of soil in the field. This study utilises
centrifuge modelling techniques to investigate the behav-
iour of unreinforced and reinforced embankments over soft
clays supported by geogrid reinforcement and piles of dif-
ferent bearing types. By replicating stress states similar to

@ Springer

those in the prototype but on a smaller scale within a con-
trolled environment at increased gravity levels, the research
aims to comprehend the performance of these structures
effectively. Many researchers have conducted centrifuge
model studies on basal geogrid and pile supported embank-
ments with or without subsoil [21-26]. Previous studies
have simulated embankment loading by either applying
water pressure from a reservoir, such as in the mobile tray
device [21, 22, 27], or by constructing the embankment
under normal gravitational conditions and then subjecting
it to higher gravitational forces [24, 28-30]. In that case,
geostatic stress conditions are not simulated, and the soil is
subjected to a different stress state compared to that of the
prototype. The embankment loading induces a decrease in
effective stress under undrained loading leading to move-
ment along the yield surface towards the critical state line
(CSL) before failure. Laboratory modelling at 1 g results in
lower stress compared to field conditions, with differences
in yield surface dimensions and failure stress. Preparing the
embankment model at normal gravity and subjecting it to
high gravity aligns failure stress with field conditions but
follows a distinct stress path. Inflight embankment con-
struction mimics field conditions, exhibiting a stress path
akin to the prototype. Thus, the current centrifuge model
study focuses on inflight construction for comprehensive
analysis. An inflight sand pourer was developed by Davies
[31], where the device had several compartments to store
the sand, and the hopper valves were operated in-flight to
release the sand. Other researchers who worked on inflight
embankment construction or inflight sand pouring are
[32-36]. Detert [37] developed a device for inflight stage
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construction of the embankment. The inflight sand hopper
used in the current study was developed by Hussain [38].

During the past few years, Digital Image Correlation
(DIC) [also known as the digital speckle correlation method
(DSCM), texture correlation, computer-aided speckle inter-
ferometry (CASI) and electronic speckle photography
(ESP)] techniques have been increasingly used to under-
stand the deformations and displacements of subsoil in cen-
trifuge modelling. One of the first reported uses of imaging
techniques in soil deformation measurement was by [39].
The application of DIC in geotechnical engineering for 1 g
tests is given by [40—44], and for centrifuge tests is given by
[45-50]. The accuracy of displacement measurements taken
using image-correlation analysis strongly depends on the
surface contrast of the soil, the quality of the images, and
the effectiveness of the analysis algorithm.

This paper uses Particle Image Velocimetry (PIV) to
evaluate the performance of unreinforced and reinforced
embankments over soft foundation soil in terms of maximum
settlement at the embankment crest and toe, differential set-
tlements, lateral displacements of the embankment toe and
the geogrid strains using the digital images captured during
the centrifuge model tests at 40g [S1]. presented the details
of modelling considerations, model materials and procedure
of the centrifuge tests conducted with details of the results
from instrumentation (LVDT (Linear Variable Differential
Transducer data)), displacement vectors, vertical and hori-
zontal displacement contours from GeoPIV_RG software
[52]. This research focuses on the variations in geogrid
strain concerning both spatial and temporal dimensions
across diverse ground improvement methodologies. Within
this context, the investigation delves into the intricacies of
failure mechanisms by scrutinising horizontal displacement
contours and shear strain contours. Furthermore, an inves-
tigation is performed to find the distinctive deformation
profiles resulting from support by end-bearing and floating
piles. Additionally, the paper meticulously outlines the post-
investigation studies, shedding light on the potential failure
mechanisms inherent in pile-supported embankments. The
study focuses on the short-term stability of embankments
over soft clays due to the heightened criticality of undrained
response in causing slope failure. Rapid changes in pore
water pressure and shear strength under undrained condi-
tions pose significant risks to embankment stability and
excessive settlement, warranting focused investigation into
short-term stability behaviour.

Experimental Procedure

Four sets of tests were carried out on inflight embankment
construction over soft soil using a 4.5 m radius large beam
centrifuge at the National Geotechnical Centrifuge facility,
IIT Bombay. The specifications of the centrifuge equipment
are discussed by [53]. These tests aimed to investigate the
response of the subsoil in both unreinforced and reinforced
support scenarios. The schematic representation of all the
centrifuge tests for the present study is shown in Fig. 2. The
methodologies proposed by [54—56] form the basis for scal-
ing considerations when modelling soil and geogrid rein-
forcement in centrifuge tests. The similitude in modelling
geogrid involves scaling the tensile load-strain relationship
while ensuring consistent frictional bond characteristics.
A pivotal aspect is determining the geometric attributes of
the model geogrid, achieved through reducing the cross-
sectional area of ribs per unit length in both longitudinal
and transverse orientations. Maintaining equivalence in
frictional bonding necessitates similarity in the soil-geogrid
interface friction angle and the proportion of the opening
area. The soil-geogrid friction angle remains unchanged.
The scaling factor for tensile strength and secant stiffness
is calculated by dividing these parameters by a factor of
1/N relative to the prototype geogrid values. The similitude
in modelling tensile strength and percentage open area of
geogrid is as follows:
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where T, is the tensile strength of geogrid, €,,is the strain in
the geogrid, £, is the Elastic modulus of geogrid, A’ is the
rib cross-sectional area, f, is the percentage open area, a is
the grid opening size, b is the width of the rib, N is the scale
factor. The subscripts ‘m’, p’, 1’ and ‘¢’ denotes model,
prototype, longitudinal direction, and transverse direction
respectively.

The similitude in modelling piles can be obtained by
ensuring correct axial stiffness (AE) and bending stiffness
(EI) as the prototype. To achieve this, the model pile wall
thickness is adjusted to reach the required axial and bending
stiffness values that replicate the correct pile section in the
prototype. The similitude in axial stiffness and bending stiff-
ness for modelling piles is as follows:
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Fig. 2 Schematic representation of all the centrifuge tests
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where E is the elastic modulus of pile material, d, is the
outer diameter of the pile, d; is the inner diameter of the
pile.

The strong box used in the present study is 760 mm in
length, 200 mm in breadth and 410 mm in depth internally.
The front wall is provided with a 100 mm thick Perspex
sheet for viewing the model during all stages of the centri-
fuge test at high gravities. In order to achieve plane strain
conditions, the front and rear walls are lubricated with white
petroleum grease and provided with thick polyethene sheet
strips to reduce boundary effects.

The subsoil consisted of a 150 mm thick clay bed made
of kaolin soil with an undrained shear strength of 10 kPa
placed on a stiff sand layer of 20 mm thickness. The clay
employed in this research was procured commercially (lig-
uid limit (LL)=46%, plastic limit (PL)=21%). The fully
saturated soil was arranged in layers of 30 mm thickness.
Initially, each layer underwent manual packing, followed by
compression with a template to eliminate any trapped air.

@ Springer

Considering that all tests were conducted under soft consis-
tency conditions, characterised by a consistency index (/)
less than 0.3 (where /, = (LL - Water content)/(LL - PL)),
the process of placing the soil and achieving a uniform fill
was straightforward. Subsequent to preparing the clay bed, a
surcharge of 5 kPa was applied to the entire bed for approxi-
mately 24 h to facilitate equilibration as described in [57].
The artificial seeding of black fibres cut to I mm X 1 mm
was spread on the clay surface to get displacements through
particle image velocimetry techniques, as described by
Click or tap here to enter text [50]. This was done by tilt-
ing the model and removing the front Perspex sheet. The
soft soil was then reinforced with hollow aluminium tubes,
which simulated piles of different lengths of outer diameter
12.7 mm placed in a square pattern at 6 d spacing at nor-
mal gravity, where d is the outer diameter of the pile. The
piles were installed at normal gravity by vertically driving
through a guide beam, which is akin to the construction of
a bored pile in a field [58]. A single layer of model geogrid
was placed sandwiched within a 20 mm thick sand layer to
represent the drainage layer. A geogrid anchorage system
ensured symmetry at the mid-length of the embankment by
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Fig. 3 Plan and elevation of the
geogrid anchorage system

Fig.4 Sand hopper and its
components

(a) Elevation of sand hopper mounted on the strong box with ancillaries

allowing vertical movement of the geogrid at the centre.
Figure 3 shows the plan and elevation views of the geogrid
fixed to the anchorage system. The model was prepared in a
strong box and was fitted with inflight sand hopper attach-
ments like sand hopper, guide rails, closure plates, and hop-
per supports, as shown in Fig. 4.

The strong box was then loaded onto the swinging basket
of the centrifuge. When the centrifuge reached the required
gravity (40 g), the model was run at an angular velocity of
93 rpm for 10 min to allow the clay layer to settle under its
own weight to simulate in situ stress conditions. The time-
lapse mode of the camera was started to capture continu-
ous photographs during embankment construction inflight.
Figure 5 shows the schematic representation of the front
elevation of the GRPE model at the end of embankment
construction. As shown in Fig. 6, the model is subjected
to rotation about a vertical axis in a horizontal plan with a
velocity V and keeping that in view, directional vanes were
inclined at about 35° with vertical. With this arrangement,
the Coriolis effect could be minimized.

During in-flight, the embankment was constructed to
a height of 150 mm, a crest width of 210 mm and a base
width of 435 mm at a slope of 1 vertical to 1.5 horizontal.
The variation in the prototype height of the embankment
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(b) Plan view of geogrid attached to geogrid anchorage system at the
symmetrical end and earthen bund on the other side
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(b) Plan view of the sand hopper

with time during the centrifuge model tests is shown in
Fig. 6. The time-lapse mode of the camera was turned off
before the centrifuge was slowed. This plot indicates that
the embankment construction could be completed in about
1.75 days on soft clay with and without geogrid supported
pile inclusions. Currently, efforts are being made to slow
down the ramping speed of the construction of the embank-
ment at high gravity for the inflight sand hopper used in the
present study.

Particle Image Velocimetry Technique

The particle image velocimetry technique (PIV) is an image-
based deformation measurement technique that measures
displacements in the form of contours and displacement
vectors. It helps in the accurate determination of localised
strain zones and improves the precision of strain measure-
ments. The PIV measurement system includes image acqui-
sition, data storage, communication, image analysis and
support. The images are captured using the Canon Pow-
ershot A400 digital camera (USA make) affixed to a beam
secured to the base plate positioned on the swinging basket
of the centrifuge machine. Once the centrifugal acceleration
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Fig.5 Schematic representa-
tion of the front elevation of the
GRPE test after embankment
construction
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reaches a gravitational force of 40 g, the camera’s time-
lapse mode is activated. In this mode, the camera captures
consecutive images at a resolution of 2046 x 1536 pixels,
with a frame rate of 0.125 frames per second (fps). The digi-
tal images acquired during the testing were analysed using
a digital image correlation software, Visual Image Correla-
tion, in two dimensions (VIC-2D). The post-processing of
the images in the present study was performed using a per-
sonal computer having Intel ® Core ™ i5-6500 3.20 GHz
processing unit, 32 GB RAM and 64-bit operating system in
five stages using VIC-2D version 6.0. The accuracy of this
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DIC system was evaluated by Khatami [59] to be 2x10~*
mm. Although Particle Image Velocimetry (PIV) serves as
a valuable tool for comprehending deformation and strain
patterns within subsoils, the precision of its outcomes
hinges significantly upon factors such as speckle quality,
light intensity, camera noise, and the selected subset size. To
assess the accuracy of PIV-derived results, Fig. 7 shows the
comparison of deformation profiles at the penultimate stage
of the tests for the GR model. The results are compared with
Imagel software, which tracks the movement of markers
positioned on the subsoil surface, and post-investigation
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Fig.7 Comparison of deforma- 0.1
tion profiles at the penultimate . . .
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measurements acquired manually after test completion,
involving the removal of soil and direct measurement using
a scale. The figure indicates the robust capability of PIV in
capturing deformation profile with good accuracy.

The steps involved in DIC analysis include adding a
reference image, adding more speckle images, selecting
the area of interest (AOI), selecting a calibrated scale, run-
ning the analysis and plotting the results. Square-shaped
black tapes of 0.2 mm size were used as artificial seeding

> Step size (7)
» Subset size (101)

g o

Artificial seeding

0]

O 0]

Calibration image or reference image

“Prototype value

for PIV analysis. An image at 40 g before the embankment
construction is chosen as the reference image for the cur-
rent study. Figure 8 shows the reference image and Area of
Interest (Aol) selected for the current study. It is the area
whose deformations are to be computed. The current study
sets a rectangular area encompassing the foundation soil
as the Aol. The entire Aol is subdivided into small square
image patches known as subsets. Step size determines
the frequency at which the data points are calculated. A
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trial-and-error procedure has been used to fix the subset
size and step size to achieve a standard error of 0-25 pixels,
which is less than the prescribed value of 0-5 pixels in the
GeoPIV-RG program for the geotechnical models [64]. A
step size of 7 and a subset size of 101 was used for the cur-
rent analyses.

The embankment height was used as a reference to
develop the scaling factor for the geometric details of the
captured image. The calibrated scale adopted for all the
tests is 1 px=0.01 m. A point on the area at the bottom
above the hard stratum and below the embankment centre
was selected as the seed point for the current study for all
the tests. After capturing speckle images, an analysis was
performed by comparing them with a reference image to
extract the displacement field. This involved using the Zero
Normalised Square Differences (ZNSSD) correlation algo-
rithm, which aligned subsets within the deformed and ref-
erence images. In VIC-2D, the default filter size is set to
15, which is considered suitable. The strain was calculated
using the Lagrangian Strain Tensor method.

Results and Discussion

Deformation Behaviour and Contours During
Embankment Construction

The deformations in different models at the end of embank-
ment construction are shown in Fig. 9. The results are anal-
ysed based on the front elevation of the photographs captured
in-flight by the onboard camera at their penultimate stage.

Fig. 9 Deformation profiles after | v m————
embankment construction during

the penultimate stage of centri-
fuge tests

Profile before
embankment
oading

Unreinforced embankments underwent significant verti-
cal and lateral displacements due to embankment loading
followed by circular slip failure passing through the founda-
tion soil at the end of embankment construction (Fig. 9a).
The increase in vertical stress due to the embankment load-
ing (Ac’) at the bottom of the clay layer near the embank-
ment centre is calculated as:

Ac!, = yHI; = 15.8 x 6 x 0.49 = 46.5kPa (5)

where vy is the unit weight of the embankment fill, H is the
embankment height, and Iy is the influence factor from
the chart [60]. Iy is a function of B,/z and B,/z, where B,
and B, are the crest width and embankment slope width,
respectively, and z is the depth at which the vertical stress
is computed. In the GR test, the inclusion of geogrid at the
embankment base reduced the settlements and restrained
the lateral movement due to the interlocking of particles
with the geogrid. In contrast, model GRPF was observed to
result in fewer settlements and heaving beyond the embank-
ment toe. The rapid inflight embankment construction was
completed within approximately 1.75 days. As can be seen
Fig. 9d, there is not much variation in the final deforma-
tion profile from the initial profile in the case of the GRPE
test. No heave was observed beyond the toe, and the model
remained stable with the support from the hard strata. The
settlement is reduced due to the added resistance from the
end-bearing piles. This resistance is attributed to the reac-
tion from stiff bearing strata given that the end-bearing piles
rest on a firm stratum in the real scenario.

Embankment height
o150

embankment loading

Profile after
embankment

embankment
loading

(c) GRPF tests
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Geogrid Strains from Marker-Based Analysis

The strain ¢, experienced by the basal reinforcement sand-
wiched between the 20 mm drainage layer during embank-
ment loading, was determined by tracking the movement
of plastic markers glued to the geogrid layer during the
model preparation from the digital images captured. The
study utilised a method where the original length between
markers was determined in the initial figure before embank-
ment construction. Subsequent photographs were analysed
to measure the changing distance between the same markers
over time. The strain was calculated by dividing this change
in length by the original distance, enabling a thorough anal-
ysis of geogrid strains throughout the entire embankment
construction period. The strain developed between two
movable markers along the geogrid reinforcement layer was
calculated using the following equation:

(@h — ) + (h — )’
¢ (%) = 100 1 6
(%) x\/<m2_$1>2+<y2_y1)2 (6)

where (x;,5,), (x,,,), are the initial coordinates of the two
movable markers and (], v1), (x5, v5), are the coordinates
of the displaced position of the movable markers. Figure 10
shows the variation of geogrid strain along the horizontal
distance from the embankment toe for all the model tests at
the end of embankment construction. The embankment toe
is taken at a distance of 0 m in the graph.

When the embankment was reinforced with geogrid
alone, the maximum strain of nearly 8% occurred near the
embankment toe. At the toe, soil experienced maximum
lateral deformations, and the GR underwent significant
strain to restrain this movement. When embankments were
reinforced with geogrids and floating piles, the maximum
strain in the GR occurred at a normalised distance of 1.5
from the embankment toe. Large strain occurred at the mid-
section of the embankment, where the vertical load was
higher for GRPF and GRPE tests. Compared with GRPE
tests, the strain pattern was nearly the same, with a higher
magnitude for GRPF tests. Larger strain values were found
to occur near the edges of the pile cap for both GRPE and
GRPF tests. Figure 11 shows the variation of geogrid strain
with embankment height, which can be related to time. The
geogrid strain had an M-shaped curve, as observed by [61].
The geogrid strain did not continuously increase with time.
It increased initially, then decreased and increased again at
nearly a normalised embankment height of 0.83. The strain
in the GR increased with the embankment height. The mag-
nitude of the mobilised tensile force was higher for GR
tests, followed by GRPF tests. So, it is concluded that the
tensioned membrane effect of geogrid reinforcement plays
a more vital role in the load transfer mechanism of GRPF
tests than the GRPE tests.

Distribution of Lateral Displacements

To investigate the failure mechanism and to visualise the
extent and pattern of lateral spreading of soil, horizontal

Fig. 10 Geogrid strain profile for 16
all the tests at the penultimate
stage of the tests

Initial Pile Position for GRPE and GRPF

Strain in geogrid, &, (%)

0.5 1 1.5

(8]
)
n
w

Normalised horizontal distance from the toe, X;/H,
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displacement contours were plotted for an unreinforced
embankment, as shown in Fig. 12. The evolution of differ-
ent deformation stages is depicted in the contour plots for
certain embankment heights until the penultimate stage of
the test. Figure 12 shows the formation of a global failure
surface for an unreinforced embankment over soft clay,
leading to a deep-seated rotational failure. This is evident
clearly from Fig. 12d. The contours are shown in terms of
the prototype scale.

In the case of an unreinforced embankment, lateral move-
ments increased gradually from the embankment centre and
reached a peak at about 6.5 m from the embankment toe.
These displacements grew proportionally with the increase
in the height of the embankment. When the embankment
height reached 1.1 m, the maximum displacement contour
shifted inward by about 0.2 m, forming a slip circle. With
further height increase, the contour moved downward and
towards the toe of the embankment. Horizontal displace-
ments have reached maximum values at about 2 m below
the ground surface. As the embankment height continued
to increase, the maximum horizontal displacement signifi-
cantly intensified, leading to embankment failure. Notably,
minimal displacement was observed near the centre of the
embankment.

Figures 13 and 14 compare the variation of normalised
lateral displacementswith depth from the subsoil surface.
Normalised lateral displacement (U,/H,) and normalised
depth (d,/H,) are the lateral displacements and the depths
normalised with the embankment height. The plots are

@ Springer

Normalised embankment height, H/H,

obtained by taking a vertical cross-section of the contour
plots on the subsoil surface. During the progress of embank-
ment construction, there had been an observed increase
in the lateral movement of soil near the toe, as depicted
in Fig. 14. A significant increase in the lateral movement
occurs after 1.2 days, indicating a slope failure for the UE
test. Unreinforced embankment experienced a maximum
normalised lateral movement of nearly 0.3. Basal reinforce-
ment enhances the lateral restraint, resulting in a reduction
of lateral movement by approximately 50%. The inclu-
sion of stiffer materials in the subsoil during the GRPF test
results in a 53% reduction in lateral movement compared
to GR test. The lateral movement is relatively small, mea-
suring less than 0.05 when the piles are end-bearing in a
hard stratum. A definite peak value in lateral movement was
observed for unreinforced embankments. However, a defi-
nite peak value in lateral movement was not observed when
reinforced embankments were supported with piles.

Distribution of Vertical Displacements

Figure 15 compares the variation of settlement at point ‘A’
on the foundation surface with time. Settlement increased
linearly with time till the completion of construction at the
end of 1.75 days. Thereafter, with constant embankment
loading, settlement increased slowly. For the UE test, initial
settlement occurred at a slower rate than for the GR tests,
and after one day, there was a steady increase in settlement
with a large magnitude, indicating slip-circle failure.



International Journal of Geosynthetics and Ground Engineering (2024) 10:62

Page 11 of 19 62

I

re
La

Horizontal distance, X, (mm) —

o

(@H,=15m

Horizontal distance, X, (mm) ——»

3

(©)H,=45m

0

-\

(dH,=6m

Fig. 12 Variation of horizontal displacement contours during centrifuge tests for UE test
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Fig. 14 Variation of lateral
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Figure 16 compares the variation of normalised verti-
cal displacement V,,/ H,with normalised distance from the
embankment toe X,/ H, at the penultimate stage of the tests
along different normalised depths from the subsoil surface
d,/H, for GRPE and GRPF tests. The graphs were gener-
ated through PIV analyses, where cross-sections were taken

@ Springer

at intervals of 1 m depth in prototype (d,/H, = 0.17). Posi-
tive displacement indicates heaving, and negative displace-
ment indicates settlement. For the GRPE test at d,/H, = 0,
undulations were seen in the vertical displacement. This is
because the piles being stiff, displaced less when compared
to the soil between the piles. The differential movement



International Journal of Geosynthetics and Ground Engineering (2024) 10:62

Page 13 0f 19 62

Fig. 16 Variation of vertical dis-
placement with distance from the -1

05 1

Normalised distance from the embankment toe, Xp,Hp

distance from th

-1 05 0 05 1

centre of the embankment at the
end of embankment construction
at different depths below ground
level

>

P

Normalised vertical displacement, V_/H

N, -.—.=d /H =0.51
\ PP

—o—d /H =0
PP 1

—s—d H_=0.17
PP

e d [H =0.34[]
PP

15 )
2 | Toeat (0,0 Embankment
Y d—

Normalised vertical displacement, V /F l]‘
o

[Pile|

g

DesE s

(a) GRPE test

Fig. 17 Comparison of vertical
displacement of all tests at the

(b) GRPF test

Normalised distance measured from embankment toe, Xp/Hp

penultimate stage -l -0.5 0 0.5 1 1.5 2 2.5 3
0.15 e e e e :
.",.-::;_\""-... ........ UE
L \ ———
0.1F P Y GR 1]
- o N % = = GRPF
= N\ 4 ——GRPE
B \ %
- 005} e N ]
£ e RN \:
[5) ~ \:
b= N e
(3] 0 B ,\\-(\é\ -
\ 7/
~
§~ -
T~ o Fo -
-0.05 I\ == X P
o : o
T : LTI ot |
1.5 H, '.: \\\ /
0.1 F Toe at 0,0) Embankment % "o // -
of —%, furmemee -]

Normalised vertical displac

results in arching, which causes more load to be transferred
to the stiffer piles. However, this was not observed in float-
ing piles where the displacements appeared comparatively
smoother. This is because floating piles did not have any
resistance to the downward movement. It is inferred that
negative skin friction or drag force is more common in the
end-bearing piles in the GRPE test, causing larger differ-
ential settlement at the foundation surface compared to the
floating piles in the GRPF test.

Figure 17 compares the variation of vertical displace-
ment at the embankment surface with the distance from the
embankment toe for all the tests at the end of embankment
construction. The heave observed in UE and GR tests were
nearly the same. There was only a 7% reduction in heave
when geogrids were introduced at the base. However, the
introduction of floating piles reduced the heave to 64%,
and negligible heave was observed in the GRPE tests. The

Table 1 Comparison of PSR values of models at the penultimate stage

S1 No Model PSR

1 Geogrid Reinforced Embankments (GR) 51.7%

2 Geogrid Reinforced Embankments supported ~ 78.6%
on Floating Piles (GRPF)

3 Geogrid Reinforced Embankments supported ~ 95%

on End-bearing Piles (GRPE)

magnitude of settlement is quantified in terms of the Per-
centage Settlement Reduction factor (PSR) given by Eq. (7),
and the values for different tests are given in Table 1.

|

From Fig. 17 in the unreinforced embankment (UE) test,
notable concentrated settlements occurred, contrasting
with other tests where settlements were dispersed across a

Sm‘x unreinforced) — Sm(x rein forced
PSR:lOOx{ as{unrein forced) — Smax(rein forced) 7

Smax(um‘ez‘nforced)
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broader expanse. The anticipated maximum settlement is
typically expected to occur at the centre of the embankment.
However, it is important to note that the actual maximum
settlement may deviate from the centre due to the high adhe-
sion and friction between the clay soil and the surface of the
wall, especially under higher gravitational forces.

Distribution of Shear Strains

The shear strain contours showing the failure mechanism
for the UE test at different stages of embankment construc-
tion are shown in Fig. 18. The strain values are represented
as unity and not as percentages in the contours. Shear strain
distribution gives the mechanism of failure in the model
tests. Shear strains are positive when the particles move in
the direction of the applied force and negative when the par-
ticles move in the opposite direction to the applied force.
For unreinforced embankments, when the height of the
embankment was 1.5 m in the prototype, shear strain locali-
sation was found at 3 m to 4 m from the embankment toe.
These zones of strain localisation started moving towards
the embankment toe with increasing height, and more zones
of high shear strain started forming at deeper depths with an

2

= Horizontal distance. X

Fig. 18 Shear strain (%) variation with embankment heights for UE test
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increase in the embankment height. These pockets of maxi-
mum shear strain extended to the surface with an increase
in load, leading to shear failure of the subsoil. A clear fail-
ure surface could be observed at the end of construction for
unreinforced embankments due to progressive failure, and
the shear zone was more localised into a narrow band. The
magnitude of shear strains on the failure plane was more
than 200%.

A comparison of shear strain contours of different tests at
the penultimate stage is shown in Fig. 19. When the embank-
ment was reinforced with a geogrid layer at the base, apart
from reducing the magnitude of the shear strains, no stress
concentrations were observed near the embankment base.
This was because the basal reinforcement resisted the lateral
deformation and changed the direction in which the shear
stresses developed. However, at the end of the construc-
tion, a small area of stress concentration was observed at
4.5 m to 5.5 m from the embankment toe and a depth of
4.5 m from the top of the subsoil surface. For unreinforced
embankments, shear strains changed the direction at a depth
of 1.5 m to 2 m. This implied that particles near the surface
moved downwards with the embankment height, and at a

0] a

w5 Horizontal distance, X,

o]

P = T Pt
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Fig. 19 Shear strain (%) variation for all the tests at the end of embankment construction

greater depth, the particles moved laterally outwards and
upwards, causing the formation of slip surfaces and heaving.

When piles supported the embankment, the subsoil had
no stress concentrations. When floating piles supported the
basal reinforced embankments, shear strains of very low
magnitude were observed at a depth of 4.5 m. For GRPF
and GR tests, changes in the direction of shear strains were
observed at 2.2 m and 2.4 m, respectively. However, for
GRPE, shear strains were nearly zero and were more con-
centrated near the embankment surface.

Post-Investigation of the Data

After the termination of centrifuge model tests, post-inves-
tigation analysis was carried out to inspect the cracks that
developed along the surface of the soft subsoil. It has been
assumed that the behaviour of embankments under soft clay
is perfectly undrained during construction, and drainage
starts only after construction. The dry drainage layer was
found to be wet post-investigation in all the tests. There was
some partial drainage during the embankment construction.

For GR tests, geogrid reinforcement came out of place
beyond the embankment toe, as shown in Fig. 20. This was
due to the heaving of the soil beyond the toe of the embank-
ment, as there is very low confinement for the geogrid.

The container was disassembled for GRPF and GRPE
tests, and the clay layer was cut open. The pile cap was care-
fully removed by unscrewing, and the profile of the piles
was observed.

Figures 21 and 22 show the failure mechanism of geogrid-
reinforced embankments supported on piles. It was inferred
that the lateral failure of piles was the primary failure mode
for such embankments compared to sudden slip circle fail-
ure. From the observations, the amount of inclination var-
ies with the pile positions. For GRPE tests, piles near the
mid-section of the embankment, specifically piles 7 and 5,
showed minimal displacement under embankment load, as
seen in Fig. 22. The pile tip at the mid-section of embank-
ment exhibited outward movement toward the embankment
toe, while those near the embankment toe displayed inward
movement. Further analysis of GRPF piles revealed a fail-
ure mode characterized by a combination of punching and
rotation or tilting. Notably, the inclination angle of pile 13
near the toe in GRPF tests exceeded that observed in GRPE
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Fig.20 Plan view of geogrid
reinforcement as observed after
GR test

Fig. 21 Deflection of the piles
in GRPF test observed during
post-investigation
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Fig. 22 Deflection of the piles
in GRPE test observed during
post-investigation
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tests. Deflection patterns for GRPF piles near the mid-sec-
tion of the embankment remained limited, while those near
the toe moved inward toward the embankment centre, as
illustrated in Fig. 21. Thus, it can be inferred that failure
initiation likely begins with piles near the embankment toe.

Limitations of the Study

While centrifuge model tests provide a controlled environ-
ment to simulate real-world conditions, they have certain
limitations. In general, the errors that arise when subject-
ing a model to a higher gravitational field include (i) Varia-
tion of gravity level with depth and horizontal distance in
the model, (ii) Non-linear variation of vertical stresses, (iii)

@ Springer

Coriolis effect, and (iv) boundary and particle size effects.
Limitations from the present study include: (i) The embank-
ment was constructed inflight, but the installation of piles
at normal gravities may have influenced the results. (ii) the
subsoil was not pre-consolidated and hence, the results per-
tain to only normally consolidated foundation soils. Spe-
cialized instrumentation, like earth pressure sensors and
strain gauges on geogrids and piles, is required for a better
understanding of the load-transfer mechanism. Despite the
inherent limitations of the centrifuge modelling, researchers
such as Mitchell [62] have advocated its use as a consulting
tool to enhance the understanding of stability and settlement
issues associated with embankments.



International Journal of Geosynthetics and Ground Engineering (2024) 10:62

Page 17 of 19 62

Conclusions

The principal aim of this investigation is to understand the
deformation characteristics of soft subsoil subjected to an
embankment loading with and without reinforcement and
supported with piles of different bearing types. The study
explained the working of an inflight sand hopper to con-
struct an embankment to a height of 6 m at 40 times the
gravity at a slope inclination of 37° with the horizontal.
Based on the analysis and interpretation of test results, it
can be concluded that:

1. The unreinforced embankments experience significant
vertical and lateral displacement subjected to inflight
loading followed by a deep-seated circular failure at a
normalised embankment height of 0.6, which could be
attributed to the low shear strength of the foundation
soil. Maximum lateral movements were observed near
the embankment toe.

2. Geogrid reinforcement at the base reduced lateral
spreading near the embankment toe by 50% through
interlock and friction mechanisms. Maximum strain in
the geogrid layer was observed near the embankment
toe where significant lateral deformations have taken
place. The shear strain pattern indicated that the basal
reinforcement layer has effectively reduced the shear
strain concentrations near the base, altering the direc-
tion of shear stress development.

3. Using floating piles reduced the settlement and heav-
ing beyond the toe compared to GR test. Geogrid strain
analysis showed higher magnitude near the mid-section
of the embankment indicating effective load transfer
and restraint provided by the piles. The lateral move-
ment was significantly reduced, with a 53% reduction
compared to GR tests.

4. The GRPE test showed the least variation in final
deformation profile with no heave observed beyond
the embankment toe indicating enhanced stability. The
added resistance from the end-bearing piles resting on a
hard stratum has minimized the settlements. The shear
strain contours indicated minimal stress concentrations,
with shear strains concentrated near the embankment
surface.

5. Differential settlements were observed at the ground
surface during the penultimate stage of the GRPE test
but not in the GRPF test at the same embankment height.
This pattern of soil displacements suggests increased
arching for end-bearing piles compared to floating piles.

6. Post-investigation studies suggest that the geogrid-rein-
forced pile-supported embankments experience gradual
pile failure rather than sudden shear failure seen in
unreinforced embankments. Specifically, GRPF piles

demonstrate a combination of punching and rotation
or tilting failure, exhibiting lesser stability than GRPE,
with higher tilt observed for the piles near the embank-
ment toe in GRPF tests.

The PIV application facilitated comprehension of subsoil
deformation behaviour under embankment loading and
visualized the failure mechanisms for unreinforced embank-
ments. Further research is needed to assess the impact
of basal reinforcement compared to conventional piled
embankments and to understand the effects of pile spacing
and the stiffness of the basal reinforcement on deformation
behaviour. In conclusion, this study underscores the efficacy
of PIV in understanding the deformation characteristics of
soft clays during rapid construction with varying embank-
ment heights.
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