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Abstract. Geosynthetic reinforced piled supported embankments have
been widely used in recent years as a solution to embankments over soft
soils. Geosynthetic-reinforced load transfer platforms (LTPs) have been
used at the bottom of embankments to improve the distribution of stresses
over piles. However, mechanisms governing this technique still demand to
be fully understood. This paper employs a transparent soils technique to
investigate the mechanisms governing geosynthetic-reinforced LTPs.
Transparent small-scale 1-g laboratory models were constructed using two
different transparent materials composing a layered transparent system.
Fused quartz grains were used to simulate the granular fill material of the
LTP, while Laponite RD® was employed to replicate the soft clay. A
seeding particles plane was installed inside the model generating a stochastic
pattern for images capturing. Distribution of displacements and strains were
then interpreted using the Digital Image Correlation (DIC) technology.
Based on the displacements and strains responses of the small-scale model,
this paper discusses the mechanisms acting in unreinforced and
geosynthetic-reinforced LTP (single layer). The presence of geosynthetic
reinforcement reduced, in general, the displacements and deformations of
the models.

1 Introduction

Geosynthetic-reinforced pile-supported embankments have become an effective and often
economical solution for overcoming excessive settlements and bearing failure, particularly
in instances of weak, high-compressive soft soils. For the design analysis and specification
of geosynthetic reinforcements deployed over piled-supported embankments, it becomes
necessary to consider various mechanisms. The soil arching effect and the membrane effect
are two mechanisms considered to estimate the distribution of vertical stresses on the piles,
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which are also used to calculate the tensile load mobilized by the geosynthetic basal
reinforcements. (1-3).

One of the challenges involved in accurately calculating load distributions in
geosynthetic-reinforced embankment systems is understanding the soil arching mechanisms,
including arch shape and shear bands, and the role played by geosynthetic reinforcement
within this system. Many methodologies have been employed to investigate these
mechanisms, including numerical (4-8), analytical (9—12), as well as trapdoor laboratory
tests (13—16). While the latter has proven highly valuable, it does have limitations, notably
in providing a comprehensive observation similar to what a numerical model can offer.
Conversely, reproducing the issue within a numerical model is a complex undertaking,
necessitating rigorous validation using physical models or field data, alongside the selection
of appropriate soil models. At the same time, reproducing the problem in a numerical model
is a challenging task and demands rigorous validation using physical models or field data,
and the selection of appropriate soil models. Similarly, while trapdoor tests are effective in
observing arching mechanisms, they fall short in replicating the stress conditions encountered
in field applications.

Recent advancements in geotechnical research have seen the development of various
techniques utilizing transparent soils coupled with visualization and digital image processing
methodologies. These techniques have proven to be useful in exploring the behaviour of
model-scale geotechnical systems (15,17-20). The use of transparent systems in constructing
physical models has addressed limitations encountered in numerical and trapdoor
approaches. Notably, these transparent models not only yield observational outcomes but
also enable the precise and overall quantification of shear, horizontal, and vertical strains
inherent in the investigated problems.

This paper describes the procedure and complexities encountered during the creation of a
transparent physical model developed to simulate a geosynthetic-reinforced piled supported
embankment. The aim is to demonstrate how the transparent technique can offer insight into
the mechanisms involved in this technique. The chosen methodology employed two types of
"transparent soil" techniques. Fused quartz particles, combined with a matching pore liquid,
were utilized as the embankment base fill. These particles were placed over a layer of
Laponite RD, serving as a surrogate for soft clay foundation conditions. The developed
physical modelling technique within this study holds promise in enhancing our
comprehension of internal deformations and the load transfer mechanisms observed in
geosynthetic-reinforced granular embankments, or embankments with granular base fill, over
soft soil substrates.

2 Transparent materials

2.1 Fused quartz granular soil

In this investigation, fused quartz particles were adopted as a granular medium, which
consists of a non-crystalline form of silicon dioxide (Si02) normally found in natural sands.
The fused quartz particles used herein had a purity of 99.995% and were obtained from the
grinding, sieving, and cleaning of crushed fused quartz tubes manufactured for the laboratory
glassware industry. The grinding process was carried out with a disk mill. The ground
material automatically falls into a pre-set grinding gap in a collection drawer and the ultimate
grain size required can be defined by adjusting the gap width setting. The ground fused quartz
material was then sieved to obtain particles with dimensions ranging from 1.19 mm to 2.38
mm. This particle size distribution was selected to provide adequate transparency with the
matching liquid. Coefficients of uniformity and curvature of 1.41 and 0.94 were obtained.
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The approach used to prepare the liquid with matching refractive index involved mixing
mineral oil (with a refractive index of 1.4779) and turpentine (with a refractive index of
1.4400), both of which are miscible and have higher and lower refractive indices,
respectively, than the fused quartz particles. Geotechnical properties of the transparent
granular material are summarized in Table 1.

Table 1. Geotechnical characteristics of the fused quartz granular soil.

Property Test Method Value
Specific gravity G, ASTM D854 2.220
Mle.ill‘lle dry unit. weight Yamax (KN/m?) ASTM D4253 13.00
Minimum void ratio €min 0.71
Minimum dry unit weight Yamin (KN/m?) 11.20
Maximum void ratio €max 0.99
Friction angle of liquid-saturated ASTM D4254

fused quartz from direct shear Osaturated (%) 49.3°"
tests

Friction angle of liquid-saturated

fused quartz from triaxial tests Psauraea (°) ASTM D181 48

2.2 Soft foundation soil

The clay surrogate for this study was made with Laponite-RD manufactured by BYK
Additives and Instruments. Laponite powder, chemically known as magnesium lithium
phyllosilicate, is a synthetic layered silicate that becomes transparent when mixed with
distilled water. Laponite is a 2:1 layered silicate, with structure similar to that of the natural
clay mineral hectorite (21). In this investigation, 0.14% of Sodium Pyrophosphate
Decahydrate (SPD) was added to 7% of Laponite RD (LRD) to facilitate preparation, achieve
greater density and increase the strength of the hydrated laponite. Geotechnical properties of
the clay transparent material are summarized in Table 2.

Table 2. Geotechnical characteristics of laponite.

Property Test Method Value

Liquid Limit LL (%) 1325

Plastic Limit PL (%) ASTM DA4318 1119

Index Limit IP (%) 206

Undrained shear strength (BPT) S, (kPa) - 0.2

Undrained shear strength (Triaxial) S, (kPa) ASTMD2850 0.5
3 Geosynthetic

All materials, including the geosynthetic reinforcement, were carefully selected to ensure
similitude conditions between the model and prototype responses, following established
guidelines (22). In the small-scale model, the geosynthetic reinforcement had its dimensions
and properties extrapolated to model scale. To simulate a geogrid material in the model, a
commercial screen was adopted, and properties were determined in laboratory including
tensile load-strain characteristics and geometry. Images of the geogrid is shown in Figure 1.
Properties are summarized in Table 3. It is important to note that the tensile load at failure of
the biaxial geogrid is not commercially available but, this is reasonable for a bidimensional
model test.

Table 3. Mechanical characteristics of the simulated geogrid material.

Property Physical model Prototype
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MD CM MD CM
Emax (%0) 45,72 86,27 45,72 86,27
Tinax (KN/m) 4,05 2,76 405 276
Js, (KN/m) 3,01 0,91 301 91

4 Model Construction

In this study, transparent 2D reduced-scale physical models were meticulously produced to
enable clear visualization of the mechanisms involved in pile-supported embankments built
on soft soils. The physical model was constructed on a 1:10 scale (model: prototype), and the
testing configuration is illustrated in Figure 1. The dimensions of the various components in
the physical model were selected to ensure similitude conditions between the model and
prototype responses, following established guidelines (22,23). It comprised a 150 mm-thick
transparent clay surrogate layer designed to replicate a soft soil foundation. Directly above,
a 75 mm-thick layer of fused quartz, saturated with the matching pore liquid, emulated a
granular load transfer layer typically found beneath an embankment. The simulated concrete
piles, each featuring a square cross-section measuring 20 mm and an overall length of 200
mm, were created using cement mortar. These piles were installed at a horizontal spacing of
200 mm (center-to-center). Additionally, the pile system incorporated square pile caps with
dimensions of 50 mm x 50 mm x 25 mm (L x W x H). To facilitate clear observation of the
entire system, the physical model was enclosed within a rigid, transparent acrylic testing box.

The transparent clay surrogate, characterized by a Crrp of 7% and a Cspp of 0.14%, was
positioned within the testing box, where it rested for seven days before the initiation of
testing. This material exhibited an undrained shear strength (S,) of 0.5 kPa, which
corresponds to 5 kPa at the prototype scale, agreeing with the typical undrained shear strength
of soft clays in geotechnical practice.

Above the soft clay surrogate, a 75-mm-thick transparent sand layer was meticulously
placed, attaining a relative density of 95%. Achieving the desired relative density involved
employing a gentle compaction effort with a small hammer and compacting the material in
layers of 5 mm. The mass of particles required for each compaction layer was accurately
determined based on the maximum dry density and precisely compacted to fill the volume
corresponding to each layer.
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Figure 1. Geosynthetic-reinforced piled-supported embankment model: (a) model scheme; (b) model
photography.

Due to the impractically lengthy time required for settlements to develop in the model, as
a result of laponite consolidation, an engineered foam, commercially available as (D28), was
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introduced at the base of the model. This foam was employed to induce displacements and
simulate compression-induced settlements in the reduced-scale model, mirroring the
consolidation-induced settlements that occur in a prototype soft clay. The compressibility
characteristics of the foam were analysed to assist the interpretation of settlements in the
physical model.

To replicate the stress transfer characteristics of an embankment resting over a granular
intermediary layer, a 100-mm layer of expanded polystyrene foam was placed between the
top of the transparent granular layer. This foam layer acted as a compressible intermediary
material between the rigid load plate and the physical model. Subsequently, loading tests
were conducted on the pile-supported embankment physical model using a universal testing
machine, with a displacement rate of 2 mm/min. The testing was discontinued once an axial
load corresponding to 30 kPa of vertical stress was achieved, as this value corresponds to the
stress limit of the testing box.

In this investigation, two test configurations were comparatively evaluated: (1)
unreinforced piled-supported embankment; and (2) geosynthetic-reinforced piled-supported
embankment using a single reinforcement layer in a load transfer platform.

5 Results

Differential settlements occurring between the stationary and active masses inside the
granular embankment base fill play a critical role in soil arching development. This
information is essential for assessing the efficacy of the reinforcement deployed. As depicted
in Figure 3, the distribution of vertical displacements across the elevation shows contrasting
patterns between the unreinforced (Figure 2a) and reinforced (Figure 2b) embankment
models. Notably, the inclusion of geogrid reinforcement significantly contributes to reducing
overall vertical displacements, not only within the granular base fill but also extending into
the clay foundation. This reduction can potentially be attributed to the activation of the
membrane effect by the reinforcement. It is important to highlight that the effectiveness of
the geogrid in reducing vertical displacements in the active mass is greater at higher applied
pressures because of the reinforcement requires elongation for mobilization.
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Figure 2 — Comparison of vertical displacements for (a) unreinforced and (b) geosynthetic-reinforced
piled-supported embankments model captured using the DIC analysis.

For a better comprehension of the geogrid's impact on stress transfer mechanisms, Figure
3 presents the distribution of vertical strains, analysed using digital image analysis.
Examination of the vertical strain distribution in the unreinforced scenario (Figure 3a) reveals



E3S Web of Conferences 569, 28003 (2024) https://doi.org/10.1051/e3sconf/202456928003
GeoAmericas 2024

distinct zones of compression and expansion (tensile) across the entire model. Within the
granular base fill, a prominent area of high compression is observed at the top-center, coupled
with extensive expansion along the projection of the pile's cap.

Directly beneath the high compression zone, an intermediate to low compression area
develops, showing lateral compression distribution toward the pile's caps, an outcome
attributed to the arching effect. Below this, a tensile region forms within the active area,
extending towards the upper portions of the clay foundation.

The compression and tensile zones identified in the unreinforced model have the same
pattern of those in the geosynthetic-reinforced embankment model (Figure 3b). However, a
notable distinction arises in the latter, marked by the increase of a high compression region
along the length of the reinforcement, particularly over the pile's cap. This serves as evidence
of the geogrid's activation of the membrane effect, resulting in increased vertical stress
transfer to the piles. This additional mechanism leads to an overall reduction in compression
and tensile strains, including the contraction within the clay foundation, which previously
caused pile deflection in the unreinforced case. Furthermore, the presence of a low tensile
region at the center of the active granular mass in the geogrid-reinforced model signifies the
development of soil arching.

-0.15 -0.10 -0.05 0.0 0.05 0.1

Vertical strains (m/m)

Figure 3 — Distribution of vertical strains captured using the DIC analysis: (a) unreinforced; and, (b)
geosynthetic-reinforced piled-supported embankment model.

To comprehensively capture the shear bands and arching mechanisms in both piled-
supported embankment models, the distribution of shear strains was obtained using Digital
Image Correlation (DIC) analysis. Figure 4 presents a comparison of shear strain results for
both embankment models subjected to a 30 kPa applied surcharge. In both scenarios, shear
bands manifested along the interface between the active and stationary soil masses within the
granular base fill. These bands delineate the surface where friction is mobilized, and arching
phenomena occur. Additionally, these shear bands extended towards the clay foundation,
particularly adjacent to the piles' shafts. Notably, the unreinforced model exhibited
substantially higher shear strains compared to the geogrid reinforced model. Distinct patterns
emerged in the shear band formations: the unreinforced model displayed a squared to
trapezoidal pattern, while the geogrid reinforced model exhibited a triangular pattern.
Moreover, a secondary triangular pattern seems to be present in the unreinforced model. The
presence of the geogrid induced significant alterations in the shear band pattern, evident from
these observations.

Figure 5 illustrates the distribution of loads mobilized by the geogrid along its length at
various surcharge stages. These loads were determined based on the total strains derived from
the DIC analysis. The results enable the observation of a membrane-shaped distribution of
loads, resulting in a greater transfer of vertical stress to the piles compared to the unreinforced
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model. At lower surcharge levels, there is evidence of a reaction from the clay foundation,
altering the pattern of load distribution.

| |
-0.10 -0.08 -0.06 -0.04 -0.02 0.0 0.02 0.04 0.06 0.08 0.10
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Figure 4 — Distribution of shear strains captured using the DIC analysis: (a) unreinforced; and, (b)
geosynthetic-reinforced piled-supported embankment model.
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Figure 5 — Loads mobilized by the geogrid applied over the pile's caps.

6 Conclusions

A layered transparent system was developed to conduct a comprehensive investigation of the
mechanisms involved in pile-supported embankments over soft soils. This innovative
technique not only provided observational results on the behavior of small-scale physical
models, but also facilitated the quantification of vertical, horizontal and shear strains
developed within the embankment body and soft foundation.

One challenge encountered in this investigation was the development of a transparent
sand embankment over a transparent soft clay, which was overcome by using fused quartz
sand particles with a matching pore liquid as an embankment base layer, and hydrated
laponite RD as a soft foundation soil. No chemical interaction occurred between materials
used in this study, making this a valuable technology for the suggested application. A
technique involving seeding particles was used in the model to capture the distribution of
displacements and strains throughout the 2D section. The methodology presented herein is
currently one of the few that facilitates the identification of arching mechanisms considering
the presence of soft foundation soil, as most studies use the trapdoor test apparatus.
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