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Geosynthetic-reinforced and pile-supported embankments:
theoretical discussion of finite difference numerical analyses
results

Viviana Mangravitia,b , Luca Flessatia,c and Claudio di Priscoa

aDepartment of Civil and Environmental Engineering, Politecnico di Milano, Milan, Italy; bDepartment of
Architecture and Civil Engineering, Chalmers University of Technology, Gothenburg, Sweden; cGeo-Engineering
Section, Faculty of Civil Engineering and Geoscience, Delft University of Technology, Delft, the Netherlands

ABSTRACT
Piled foundations are commonly employed to reduce settlements of artifi-
cial earth embankments on soft soil strata and geosynthetic reinforcements
are installed at the embankment base to increase pile spacing and reduce
construction costs. Despite the well-documented effectiveness of this tech-
nique, the mechanical processes, developing during the construction in the
different elements constituting the ‘geo-structure’, are not fully understood
and the design approaches are based on very simplified assumptions. They
disregard the deformability of the various elements constituting the system
and cannot be employed to estimate settlements. With the aim of intro-
ducing a displacement-based design approach to optimise the use of rein-
forcements and piles, in this article, the mechanical response of the system
during the embankment construction is studied by means of large dis-
placement non-linear finite difference numerical analyses, in which the
geosynthetic reinforcement is modelled as an elastic membrane. The arch-
ing effect developing within the embankment body is described and the
evolution of the process zone, where shear strains localise, is discussed.
The global system response is described in terms of (i) average, (ii) differen-
tial settlements at the top of the embankment and (iii) maximum tensile
force within the geosynthetic reinforcement.
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1. Introduction

A very popular strategy to reduce settlements of artificial earth embankments founded on soft soil strata
consists in employing regularly spaced piles and, to improve piles effectiveness, the use of geosynthetic
reinforcements laid at the base of the embankment is very common. According to the actual state of the
art, the mechanical behaviour of geosynthetic-reinforced pile-supported (GRPS) embankments is gov-
erned by the vertical stress transfer to piles mechanism (arching effect), associated with the arising of a
plane of equal settlements defined as the plane above which differential settlement increments are
negligible.

As was experimentally shown by many authors by performing small-scale centrifuge model tests and
trapdoor tests (Terzaghi, 1936; Ladanyi & Hoyaux, 1969; Vardoulakis et al., 1981; Iglesia, 1991; Wang et al.,
1996; Dewoolkar et al., 2007; Girout et al., 2016, 2018; Fagundes et al., 2017; Rui et al., 2019; Almeida
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et al., 2020; Reshma et al., 2020), and full-scale field tests (Hoppe & Hite, 2006; De Souza Soares De
Almeida et al., 2007; Liu et al., 2007; Van Duijnen et al., 2010; Sloan, 2011; Nunez et al., 2013; Zhang
et al., 2016; Lai et al., 2018; Van Eekelen et al., 2020), the vertical stress transfer to piles mechanism (arch-
ing effect) is strongly affected by both geometry and materials mechanical properties. For instance, in
case of trapdoor tests, the experimental results put in evidence that the stresses acting on the founda-
tion soil significantly depend on the differential displacements imposed at the base, suggesting the cru-
cial role played by the material deformability.

Although the mechanical response of GRPS embankments was studied numerically by performing
either finite element (FE) or finite difference (FD) analyses by many authors (Han & Gabr, 2002; Stewart &
Filz, 2005; Yan et al., 2006; Han et al., 2007; Abdullah & Edil, 2007; Liu et al., 2007; Zheng et al., 2009;
Potts & Zdravkovic, 2010; Huang & Han, 2010; Jennings & Naughton, 2012; Ariyarathne et al., 2013;
Yapage & Liyanapathirana, 2014; Rowe & Liu, 2015; Zheng et al., 2019; Wijerathna & Liyanapathirana,
2020; di Prisco et al., 2020a), in all the cases, with the exception of (Han et al., 2007; Huang & Han, 2009),
small displacement approaches were used and the membrane effect of the geosynthetics disregarded.

All the authors adopted simple constitutive models: the geosynthetic reinforcement has been mod-
elled as an elastic inclusion and embankment and foundation soils as elastic-perfectly plastic materials. In
few cases (Stewart & Filz, 2005; Liu et al., 2007; Ariyarathne et al., 2013), the foundation soil has been
modelled by means of modified Cam-clay (Roscoe & Burland, 1968) constitutive relationships.

Nowadays, the models used for the design of GPRS embankments completely disregard the deform-
ability of the various elements constituting the system and, therefore, cannot be employed in a displace-
ment-based design perspective. According to Van Eekelen et al. (2013), they may be classified as (i) rigid
arch models (Carlsson, 1987; Rogbeck et al., 1998; Svanø et al., 2000; Van Eekelen et al., 2003), (ii) limit
equilibrium models (Hewlett and Randolph, 1988; Low et al., 1994; Zaeske, 2001; Raithel et al., 2008; Van
Eekelen et al., 2013) and (iii) frictional models (Marston, 1913; Terzaghi, 1943; McKelvey, 1994; Russell &
Pierpoint, 1997; Naughton, 2007; Y. M. Chen, Chen, et al., 2008; Chen, Cao, et al., 2008; McGuire, 2011).

Only very recently, some authors (King et al., 2017) stated that the assessment of average and differ-
ential settlements to ensure the serviceability of the infrastructure over its all lifetime is mandatory and a
first noteworthy attempt of introducing a simplified numerical tool dealing with stresses and settlements,
although referred to the classical trapdoor problem, has been done (Filz & Smith, 2006 and Filz et al.,
2012, 2019).

With the goal of introducing a displacement-based design approach for Conventional Pile-Supported
(CPS) embankments, di Prisco et al. (2020a) proposed a generalised constitutive relationship, based on
the results of a series of FD numerical analyses, to evaluate, under drained conditions, both differential
and average settlements at the top of the embankment induced by construction. This approach is a very
convenient tool for designing geometry (pile diameter and spacing) and assessing the costs, once the
system performance (e.g. displacements at the embankment top) is assigned (Flessati, 2021 Mangraviti,
2022).

di Prisco et al. (2020a) have shown that: (i) the position of the plane of equal settlements evolves dur-
ing construction; (ii) shear strains accumulate only in a narrow crown (process height) close to the pile
upper edge and (iii) the dimension of process zone increases during construction.

With the aim of extending the approach of di Prisco et al. (2020a) to the case of GRPS embankments
(Mangraviti et al. 2021, 2022), in this article, the authors discuss the results of a series of FD numerical
analyses in terms of evolution of process height, by considering the development of the arching effect
and by accounting for the membranal mechanical behaviour of the geosynthetic layer. The considered
problem is ideal, since it assumes the pile shaft to be smooth, the piles to be founded on a rigid bedrock
and the embankment construction to take place under drained conditions. The numerical results
obtained in this study are very useful to: (i) design a proper experimental setup, in terms of both geom-
etry and materials mechanical properties; (ii) individuate the most strategic points where measuring
deformations and stresses and (iii) interpret the experimental data.

The article is structured as it follows: in Section 2, the geometry of the problem numerically analysed
in this article is described and the mechanical processes developing in CPS embankments during con-
struction, already described in di Prisco et al. (2020a), are briefly illustrated. In Section 3, the FD numerical
model used for GRPS embankments is described, in Section 4, the numerical results relative to a refer-
ence case are discussed and critically compared with current design standards and, finally, in Section 5,
the results of a parametric study are illustrated.
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2. Approaching the mechanical behaviour of piled embankments

The comprehension of the mechanical processes governing GRPS embankments response during construction
cannot disregard the three-dimensionality of the problem, but in the preliminary design stages, focused on
the choice of both pile diameter and spacing, flank effects are commonly disregarded and axisymmetric unit
cells, reproducing the response of the central part of the embankment, are considered to be representative for
the overall system response (Han & Gabr, 2002; Chen, et al., 2008a; Chen, et al., 2008b; Plaut & Filz, 2010; van
Eekelen et al., 2011; di Prisco et al., 2020a, 2020b; Mangraviti et al., 2021; Flessati et al., 2022).

In this article, the authors considered the construction of GRPS embankments, and the problem schema-
tised in Figure 1(a) is reduced to the analysis of one central axisymmetric cell (Figure 1(b)). The unit cell of
diameter s, assumed to be equal to the pile spacing (different values can be considered in case of different
pile dispositions) includes: (i) one pile of diameter d and length l, (ii) a homogeneous soft soil stratum of
thickness l resting on a rigid bedrock, (iii) an embankment whose height h evolves during the construction
process and (iv) the geosynthetic reinforcement laid at the embankment base. In this article, the pile shaft is
assumed to be smooth and the construction process to take place under drained conditions.

As observed by di Prisco et al. (2020a), during the construction of CPS embankments, due to the dif-
ference in stiffness between pile and foundation soil, differential displacements accumulate at the
embankment base. Consequently, (i) strains localize in the proximity of the pile edge, (ii) differential set-
tlements are expected to develop at the embankment top and (iii) stresses tend to migrate towards the
piles (‘arching effect’). In more detail:

(i) due to the progressive evolution of the embankment height (geometric non-linearity), shear
strains localize in a cylindrical narrow crown close to the pile edge (process zone), whose height
(hp), initially equal to the embankment height (hp ¼ h), stops evolving when the embankment
height becomes sufficiently large (h ¼ hp ¼ h�);

(ii) differential settlements at the embankment top develop for h < h�, whereas for h > h� their
increments due to embankment construction nullify. Therefore, h� can be assumed to coincide
with the position of the plane of equal settlements (Terzaghi, 1943; McKelvey, 1994; Naughton,
2007; McGuire, 2011; di Prisco et al., 2020a);

(iii) vertical stresses at the embankment base are not uniform, for r < d/2 (being r the radial coordin-
ate defined in Figure 1) they are significantly larger than the ones for r > d/2. This difference
markedly decreases within the embankment body towards the top and nullifies for z ¼ h� (being
z the vertical coordinate defined in Figure 1), where vertical stresses practically coincide with the
geostatic ones.

Figure 1. GRPS embankment: (a) problem geometry and (b) representative unit cell. (c) Substructuring for both CPS and GRPS
embankments.
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According to the numerical results obtained by di Prisco et al. (2020a) for CPS embankments, h�
depends on geometry (s and d) and materials properties (i.e. embankment and foundation soil stiffness,
and embankment soil friction and dilatancy angle values). The evolution of h� and all mechanical proc-
esses taking place in the embankment body are severely affected by the construction process. For this
reason, all the theoretical approaches, experimental tests and numerical analyses results obtained by
assuming a non-evolving embankment geometry (Terzaghi, 1936; Iglesia, 1991; Zaeske, 2001; Han & Gabr,
2002; Stewart & Filz, 2005; Yan et al., 2006; Dewoolkar et al., 2007; Chen, et al., 2008a; Chen et al., 2008b;
Van Eekelen et al., 2012b, 2012a; Iglesia et al., 2014; Rui et al., 2019; Almeida et al., 2020) cannot be con-
sidered to be representative for the problem discussed in this article.

To simplify the interpretation of the mechanical processes taking place in the system, by following a
substructuring approach, di Prisco et al. (2020a) introduced for CPS embankments a subdivision of the
system in six subdomains (Figure 1(c)): 1) the pile; 2) the foundation soil; 3) the embankment for
0< r< d/2 and 0< z < hp; 4) the embankment for d/2< r< s/2 and 0< z < hp, where the arching effect
develops; 5) the embankment for 0< r< d/2 and hp < z< h; 6) the embankment for d/2< r< s/2 and hp
< z< h. This substructuring is the same as for GRPS embankments, as it will be discussed in Section
4.1.The height of subdomains representing the embankment (subdomains 3 to 6) evolves during con-
struction with both h and hp, introducing a geometrical non-linearity in the problem. This substructuring
procedure is particularly convenient since it can simply be extended to take into account floating piles,
hydromechanical coupling and rough pile shafts (Flessati et al., 2022).

The geosynthetic layers positioned at the embankment base, behaving as membranes (i.e. their flex-
ural stiffness is negligible) under large displacements, are expected to reduce both settlements (at the
embankment base and top) and h�. This reduction is expected to be governed by the geosynthetic-foun-
dation soil relative stiffness ratio: by increasing this ratio smaller both displacements and h� are expected.
During the embankment construction, tensile stresses are expected to develop in the reinforcement,
influenced by both system geometry and material mechanical properties (embankment and foundation
soil stiffness, embankment soil friction and dilatancy angle values and reinforcement stiffness).

In this article, the authors, by discussing the results of a series of large-displacement FD numerical analy-
ses and by interpreting them with the use of the previously mentioned substructuring approach, intend to
highlight the influence of geosynthetic reinforcements on the evolution of (i) stress redistribution in the
embankment body, (ii) displacement field, (iii) process height and (iv) reinforcement tensile force.

3. Numerical model

The unit cell of Figure 1(b) has been numerically modelled (Figure 2) by means of a FD numerical code
(FLAC3D version 6.0, Itasca, 2017). A large displacement approach has been chosen and the spatial dis-
cretisation has been optimised with the aim of improving the results accuracy.

Figure 2. Numerical model and spatial discretization.
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Pile, foundation soil and embankment layers have been discretised by means of 2400, 5120 and 480
brick-type zones, respectively. Normal displacements are not allowed along both lateral boundaries and
base. The pile is assumed to be elastic and analogously to what often done by many other authors (Han
& Gabr, 2002; Stewart & Filz, 2005; Yan et al., 2006; Liu et al., 2007; Chen, et al., 2008a; Chen et al., 2008b;
Ariyarathne et al., 2013; Lehn et al., 2016; Zheng et al., 2019; Zhuang et al., 2020), the soil behaviour has
been modelled by means of a non-associated elastic-perfectly plastic constitutive relationship with a
Mohr-Coulomb failure criterion. According to the authors, this constitutive relationship, despite of its sim-
plicity, can capture the main aspects of the mechanical processes taking place in the domain. Therefore,
the results obtained by employing more sophisticated constitutive relationships, for instance strain hard-
ening elastic-plastic constitutive models (di Prisco et al., 1993; Manzari & Dafalias, 1997; Dafalias &
Manzari, 2004; Marveggio et al., 2022), are not expected to be qualitatively different. It is also worth men-
tioning that, for practical applications, sophisticated constitutive relationships, although more reliable in
reproducing the material response, very often cannot be properly calibrated owing to the lack of a suffi-
cient number of laboratory/in situ tests data.

As done by other authors (Han & Gabr, 2002; Stewart & Filz, 2005; Yan et al., 2006; Han et al., 2007;
Liu et al., 2007; Huang & Han, 2010; van Eekelen et al., 2011; Yapage & Liyanapathirana, 2014; Lehn et al.,
2016; Zhuang et al., 2020; Wijerathna & Liyanapathirana, 2020) the geosynthetic reinforcement has been
modelled as an elastic isotropic membrane (the flexural stiffness is therefore neglected) of axial tensile
stiffness J. This choice is justified by the presence of the underneath (isotropic) soil and to the transversal
loads applied to the reinforcements (Boschi et al., 2020, 2021).

Between pile and foundation soil, smooth interface elements are introduced. Along normal direction,
under compression, the interface elements are ‘quasi rigid’ (the elastic stiffness is sufficiently larger than
the soil one, equal to 4e5 kN/m3), whereas under tension perfectly fragile.

Between the geosynthetic and the surrounding soil, frictional interface elements quasi-rigid along the nor-
mal direction are introduced. The interface friction angle is imposed to be equal to the soil one (in agreement
with the experimental findings of Liu et al., 2009a; Liu et al., 2009b); Moraci et al. (2014)).

In contrast with what already done by Han and Gabr (2002) and Jennings and Naughton (2012), who
analysed the embankment mechanical response to additional vertical loads after the embankment con-
struction for different embankment heights, in this study, the embankment construction process is
numerically simulated. This implies that a comparison of the numerical results illustrated here in the fol-
lowing with what obtained by the previously mentioned authors is possible only by considering the
incremental response of the system (see Section 4.2). The layer-by-layer embankment construction is sub-
divided in single stages, each one corresponding with the deposition of 25 cm of compacted granular
material (for the sake of simplicity, the ground surface levelling is not reproduced). At each construction
stage, a new stratum of elements is added on the current position of the embankment top. This allows
to reproduce although in a simplified way, the real loading path followed by the system during the
embankment construction.

4. Reference case

To highlight the mechanical processes taking place during the embankment construction, the authors
performed a parametric study. However, for the sake of clarity, in this section, the main aspects of the
system response are discussed by comparing a reference case of GRPS embankment (with J ¼ 1000
kN/m), with the corresponding CPS one (J¼ 0) from di Prisco et al. (2020a) . The results of the parametric
study are presented in Section 5.

The system geometry and the materials mechanical properties for the reference case are reported in
Tables 1 and 2, respectively.

In Figure 3 the variation, during the embankment construction, of vertical stress (rv) along the radial
coordinate r at z¼ 0 is reported: Figure 3(a) refers to the reinforced case below the membrane, whereas
Figure 3(b) to the unreinforced one.

As was expected, in both unreinforced and reinforced case the arching mechanism, deviating vertical
stresses towards the pile, develops during the embankment construction and, for a fixed embankment
height, it is more effective in the reinforced case (see also Section 4.2). As already observed in Han and
Gabr (2002), the presence of the membrane severely also affects the shape of the stress profile: both an
increase in vertical stress at the edge of the pile and a decrease in the foundation soil crown adjacent to
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the pile are evident in the reinforced case (Figure 3(a)). This is due to a reduction in the differential
settlement at the embankment base, as is discussed in the following, and to the transfer mechanism of
vertical stresses from the reinforcement (Figure 4).

In fact, the presence of the membrane severely influences the shape of the vertical stress profiles
above the membrane (z¼ 0 Figure 4(a)): the rv curves for d/2< r< s/2 are characterised by a well-pro-
nounced peak in the proximity of the pile edge, absent in the unreinforced case (Figure 3(b)). This peak
depends on the reinforcement stiffness, but the corresponding results are here omitted for the sake of
brevity. The difference in vertical stresses above and below the membrane (Dr), representing the ‘net’
vertical stress acting on the membrane, is characterised by two opposite peaks (one external and the
other internal to the pile) and is practically nil for both small (r< 0.3d) and large (r> d) r values (Figure
4(b)). This net distribution is very similar to the one experimentally observed by Briançon and Simon
(2012).

The large values of Dr of Figure 4(b) in the proximity of the pile edge (r> d/2) cause a discontinuity
for z¼ 0 in the distribution of rv along z (Figure 5).

For the sake of completeness, in Figure 6 the numerical stress distribution above the membrane
(Figure 6(a)) and the Dr distribution (Figure 6(b)) for h¼ 5m are compared with the ones calculated by
employing the approaches suggested in the most popular design standards (BS8006-1, 2010; EBGEO,
2010). According to these approaches, for the sake of simplicity: (i) rv ¼ Dr, since, under the reinforce-
ment, the presence of the soil is disregarded and (ii) the relative stiffness of the various elements of the

Table 1. Reference case geometry for both GRPS and CPS embankments.

d (m) s (m) l (m)

0.5 1.5 5

Table 2. Reference case mechanical properties for both GRPS and CPS embankments.

Unit weight
(kN/m3)

Young
modulus (MPa)

Poisson
ratio (�)

Friction
angle (�)

Cohesion
(kPa)

Dilatancy
angle (�) J (kN/m)

Foundation soil 18 1 0.3 30 0 0 –
Embankment 18 10 0.3 40 0 0 –
Pile 25 30,000 0.3 – – – –
Geosynthetic reinforcement

(only GRPS embankment)
– – 0.3 – – – 1000

Figure 3. Variation of vertical stress along the radial coordinate for z¼ 0: (a) GRPS embankment, below the geosynthetic
reinforcement and (b) CPS embankment.
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geo-structure (embankment, foundation soil, geosynthetic and pile) is not accounted for. As is evident
from Figure 6, the numerically calculated spatial distribution of vertical stresses on geosynthetic is not
captured by the distributions assumed by the standards neither in amplitude nor in shape.

The distribution in the membrane of the tensile force per unit length T along r, corresponding to the
vertical stress distribution in Figure 4, is plotted for different embankment height values in Figure 7(a).
The trend of T with r is very similar to the one already obtained by Han and Gabr (2002). However, Han
and Gabr (2002) used fully bonded interfaces between piles and soil and geosynthetics and soil. As a
consequence, the T trend for r< d/2 is slightly different from the one obtained in this study, where a
smooth interface between the pile shaft and the soil is considered, as well as a geosynthetic – embank-
ment soil frictional interface. The maximum T value (Tmax) is reached close to r¼ d/2 and, after the peak,
T rapidly decreases. Consistently with the vertical distribution of Dr (Figure 4(b)), for r> d/2, the spatial
distribution of the vertical component of T (Tz in Figure 7(b)) is characterised by a peak in the proximity
of the pile, whereas rapidly decreases for r> d/2, where the horizontal component of T (Tr in Figure 7(c))
governs the T trend of Figure 7(a).

Figure 4. Numerical results of GRPS reference embankment in terms of: (a) vertical stress acting above the membrane and (b)
net vertical stress acting on the membrane along the radius for different values of embankment height.

Figure 5. Reinforced reference case: distribution for r¼ d/2 of vertical stress for different h values.
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The corresponding evolution of Tmax with h is plotted in Figure 8 (solid line). The change in the curve
inclination (‘knee’ of the curve) testifies the arch effect formation, as it will be discussed here in the fol-
lowing. Again, very instructive is the comparison with the curves obtained by employing the equations
suggested by both BS8006-1 (2010) and EBGEO (2010). The BS8006-1 curve, obtained by choosing a
design strain of 5% (Pham & Dias (2021)) markedly overestimates the tensile force for any h values. In
contrast, the EBGEO curve seems to capture the numerical results for very small values of h, but under-
estimate them for h> 0.5m.

The presence of the membrane also severely influences the shape of the settlement (ub) profile at the
embankment base if compared to the unreinforced case (Figure 9(a,b), referring to reinforced and unre-
inforced case, respectively). In the reinforced case, the ub profile, coincident with the membrane-
deformed shape, is continuous and characterised by an upward concavity and is almost constant for
r> 0.9d. This ub profile is due to the distribution of net vertical stresses Dr illustrated in Figure 4(b) and
does not coincide with the parabolic profile that would be obtained by employing BS8006-1 (2010),
assuming a uniform pressure distribution along r (Figure 6(b)).

The settlements at the embankment top (ut) are reported in Figure 10 for both reinforced and unre-
inforced cases (Figure 10(a,b), respectively). Since geometry is evolving during the embankment construc-
tion, settlements at the embankment top are calculated as:

ut rð Þ ¼ h� ztðrÞ
where zt (r) is the position of ground surface, evolving (like h) during the embankment construction. In
Figure 10(a,b), the dashed lines represent different h values, whereas the solid lines utðrÞ are not the

Figure 6. Comparison for the reference case between the current standards and the FD analyses of GRPS embankment in
FLAC3D for h¼ 5m in terms of both (a) rv acting above the geosynthetic reinforcement and (b) net vertical stress, Dr, against
the radial coordinate.

Figure 7. Variation of the tensile force (a) T in the geosynthetic reinforcement and of its (b) vertical and (c) horizontal compo-
nents along the radius for different embankment height values.
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settlement induced by each loading step (that is the positioning of each soil stratum), but represents the
cumulative settlement at ground surface evolving during construction.

As was expected, the reinforcement reduces both the mean and differential settlement values.
For the reinforced case, both vertical stress and displacement (u) profiles along r are reported in

Figure 11(a,b) for different z values at the end of construction (h¼ 5m).
For negative z values (for the sake of clarity in Figure 11 only z ¼ � 2.5m is reported), both rv and u

are uniform within both pile (0< r< d/2) and foundation soil (d/2< r< s/2). In contrast, for 0< z< 1.1m
and 0.5< r/d< 0.6 (that is, close to the pile edge), the arching effect makes both rv and u not uniform.
This variation is clearly shown for z¼ 0 in Figure 11(c,d).

For z> 1.1m, rv is almost constant with r, and u does not change with z, since the thickness of 1.1m
is sufficient for the formation of the arching effect.

Figure 8. Comparison between different standards and FD analyses results in terms of maximum tensile force in the geosynthetic
against height of the embankment.

Figure 9. Settlement profile at the embankment base for both (a) the reinforced and (b) the unreinforced reference case.
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The evolution of irreversible deviatoric strain contours with h for the reinforced case is illustrated in
Figure 12. In both reinforced and unreinforced case (for the sake of brevity the results relative to the unre-
inforced case are omitted, but can be found in di Prisco et al., 2020a), deviatoric strains are localised in a
cylindrical crown (defined in di Prisco et al., 2020a as ‘process zone’) close to the pile edge, while in the rest
of the spatial domain deviatoric strains are negligible, implying the remaining spatial domain to be under
pseudo-oedometric conditions and, therefore, according to the employed constitutive relationship, the soil
to behave elastically.

For small h values, the height of the process zone (hp) coincides with the embankment height, but,
when the embankment height gets a threshold value (hp ¼ hr

� ¼ 1.1m), hp stops evolving. For both rein-
forced and unreinforced cases, the evolution of hp with h is plotted in Figure 13: the trend is very similar,
but the final value of hp for the unreinforced case (h

�
) is larger than hr

�
. According to di Prisco et al.,

2020a, h
�
is a function of geometry (s, d and l), soil friction and dilatancy angle and the relative stiffness

between pile, foundation soil and embankment soil. In the reinforced case, as it will be shown in Section
5, it also depends on J.

4.1. Discussion of the arching effect

As is well-known, the response of GRPS embankments is dominated by the arching effect, that, according
to the interpretation/substructuring suggested by the authors, develops progressively during the
embankment construction in subdomain 4 of Figure 1(c). In this subdomain vertical stresses are not uni-
form (see results in Figure 14(a) for h ¼ 5 m, i.e. hp ¼ hr

�
). In particular, at the base of the embankment,

i.e. for z¼ 0 (solid line of Figure 14(b)), vertical stresses are significantly larger close to the pile edge
r¼ d/2 with respect to the ones for r¼ s/2. This difference markedly decreases for larger z values (dotted
line of Figure 14(b)) and nullifies for z ¼ hr�, that is at the plane of equal settlement. At this depth, which
is the boundary between subdomain 4 and 6 in Figure 1(c), the vertical stress value practically coincides
with the geostatic one (equal to c(h-z), being c the unit weight of the embankment soil).

As is expected, the redistribution of vertical stresses is associated with the arising of shear stresses (s)
in the z - r plane in subdomain 4 (Figure 14(c)). For any z value, s gets its maximum value close to r¼ d/2
(Figure 14(d)). Even if for z ¼ hr� vertical stresses are almost uniform, shear stresses are not nil but their
value is negligible with respect to the correspondent vertical stresses.

The arching effect mainly develops in subdomain 4, that is for z < hr�. This is also evident by the
trend along z for r¼ d/2 of rv , rh (horizontal stresses), k ¼ rh=rv and s (Figure 15(a–c), respectively).
For z> hr�, the vertical stress distribution is linear and practically coincident with the geostatic one,
whereas s practically negligible. For z slightly larger than hr�, s starts increasing due to the previously
mentioned localisation of shear strains taking place in the process zone. For 0< z < hr�, that is in the

Figure 10. Settlement profile at the embankment top for (a) the reinforced and (b) the unreinforced reference case.
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process zone, (i) both rv and rh stop increasing linearly with depth, (ii) k starts increasing and (iii) s gets
very large values.

The role of the geometrical evolution of the embankment, described by the progressive increase in h,
has been already mentioned in Section 2. Hereafter, the development of the arching effect within the
embankment is illustrated, for r ¼ 0, r ¼ ðs� dÞ=2 and r ¼ s=2 (Figure 16(a–c), respectively), by plotting
against z=d the vertical stress, normalised with respect to c h� zð Þ: In this non-dimensional plane, geo-
static conditions coincide with a vertical straight line rv=c h� zð Þ ¼ 1: For 0< z/d < hr�/d, due to the
development of the arching effect, vertical stresses significantly differ from the geostatic ones. In this
zone, all the curves corresponding to h > hr� (only the curve with asterisks in Figure 16(a) is not in this

Figure 11. Numerical results of GRPS reference embankment in terms of: profiles of (a) vertical stress and (b) vertical displace-
ment for different values of z; contour plot of both (c) vertical stress and (d) settlements in z¼ 0.
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range, since for the reference case hr
� ¼ 1.1 m, see Figure 12) are practically coincident, testifying that

the arching effect is mature.
The numerical results demonstrate that, for h > hr�, that is when the arching effect is mature, vertical

stresses on the foundation soil linearly increase with h and, in fact, data of Figure 16(b,c) are not coinci-
dent for �2< z/d< 0. This testifies that, due to the embankment deformability , a "full arching" mechan-
ism, totally transferring vertical stresses to the piles (van Eekelen et al. 2011), does not develop (di Prisco
et al., 2020a).

Particularly interesting is the evolution during construction of the distribution along z/d of normalised
shear stresses s=c h� zð Þtan/0

ss, being /
0
ss the embankment soil friction angle under simple shear

Figure 12. Progressive evolution of deviatoric strains in the GRPS reference embankment during construction.

Figure 13. Evolution of the height of the process zone (process height) during construction.
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(Vermeer, 1990; Drescher & Detournay, 1993; di Prisco & Pisano, 2011; Pisan�o et al., 2016; di Prisco et al.,
2020a; di Prisco & Flessati, 2021). In the non-dimensional plane (Figure 17), for h > hr� that is when the
arching effect is mature, all the curves superimpose, and the normalised shear distribution reaches a sort
of steady condition. In Figure 17, three branches are evident: (i) for 0< z/d < hr�/d (where irreversible
strains develop) tangential stresses almost linearly increase with depth; (ii) for hr

�/d< z/d< 4 (where the
material behaves elastically, according to Figure 12) parabolically increase with depth and (iii) for z/d> 4
are practically nil.

Figure 14. Numerical results of GRPS reference embankment, for h¼ 5m, in terms of: (a) contour plot of vertical stresses in sub-
domain 4 of the embankment, (b) vertical stress profiles for z¼ 0, z ¼ hr�/2 and z ¼ hr�, (c) contour plot of shear stresses in sub-
domain 4 of the embankment, (d) shear stress profiles for z¼ 0, z ¼ hr�/2 and z ¼ hr�.
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4.2. Interpretation of the system response by means of non-dimensional variables

From an engineering point of view, with reference to Figure 1(c), the system response may be described
by means of: differential and average settlements at the top of the embankment, average vertical dis-
placement at the base of subdomain 4 (ub,f), average stresses at the base of subdomain 4, calculated
above and below the membrane (rf , a and rf , b, respectively), and average stresses at the base of subdo-
main 3 (rc, average vertical stress on the concrete pile head).

By following what proposed in di Prisco et al. (2020a), the mechanical response of the system is
studied by employing a non-dimensional expression of these variables:

Ut, diff ¼ ut, f � ut, c
l

Eoed, f
cd

(1)

Ut, av ¼ ut, f s2 � d2ð Þ þ ut, cd2

s2l
Eoed, f
cd

(2)

Ub, f ¼ ub, f
l

Eoed, f
cd

(3)

Rf , a ¼ rf , a
cd

(4)

Rf , b ¼ rf , b
cd

(5)

Figure 15. Numerical results of GRPS reference embankment, for h ¼ 5 m, in terms of (a) vertical and horizontal stress; (b) k ratio
and (c) tangential stresses within the embankment for r¼ d/2.

Figure 16. Numerical results of GRPS reference embankment in terms of variation of vertical stresses along z for: a) r¼ 0, b) r ¼
(s-d)/2 and c) r¼ s/2.
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Rc ¼ rc
cd

(6)

being ut,c and ut,f, the average vertical displacements at the top of subdomains 5 and 6 respectively,
whereas Eoed,f the foundation soil oedometric elastic modulus.

As is suggested in di Prisco et al. (2020a), the employment of these non-dimensional variables is par-
ticularly convenient since, in the non-dimensional Ut,diff - H (being H¼ h/d) and Ut,av - H planes, the unre-
inforced embankment response is unique if the non-dimensional geometrical ratios (s/d, l/d), the non-
dimensional stiffness ratio (Eoed,e/Eoed,f, being Eoed,e the embankment soil oedometric modulus) and the
embankment soil failure parameters (friction and dilatancy angle values, /

0
e and we, respectively) are kept

constant.
The numerical results, relative to both GRPS and CPS embankments, in terms of variation with H of

the non-dimensional displacement (Ut,diff, Ut,av and Ub,f) and stress (Rf,a and Rf,b) variables, are reported in
Figure 18.

In both reinforced and unreinforced cases, the curves associated with differential settlements (Figure
18(a)) are characterised by a downward concavity, testifying a progressive stiffening of the system. In the
unreinforced case, this is due to the propagation of process zone (di Prisco et al., 2020a), whereas in the
reinforced case to both the propagation of process zone and the progressive stiffening of the membrane
(geometric non-linearity). At a certain H value, corresponding to the plane of equal settlements (Terzaghi,
1943; McKelvey, 1994; Naughton, 2007; McGuire, 2011; di Prisco et al., 2020a), differential settlements
stop increasing. These two H values (Hr

�
and Hu

�
, for reinforced and unreinforced cases, respectively),

coincide with the maximum height of the process zone (h�r/d and h�u/d of Figure 13, respectively).
Initially, Ut,av and Ut,diff practically coincide (Figure 18(a,b)) but for H>Hu

�
or Hr

�
the trend markedly

differs since average settlements (Ut,av) continuously increase with H.
Ub,f in both reinforced and unreinforced cases continuously increase with H (Figure 18(c)), signature of

a continuous increase in stresses (Figure 18(d)) applied to the foundation soil and, as previously men-
tioned, of the absence of a ‘full arching mechanism’, totally deviating vertical stress increments towards
the pile. For sufficiently high values of H, the curves tend to linearly increase, since stresses in the foun-
dation soil tend to increase linearly with H, as is testified by Figure 16(b,c).

In the unreinforced case Rf , a ¼ Rf , b, whereas Rf , b < Rf , a in the reinforced case. Moreover, Rf , b in the
reinforced case is smaller than Rf , a in the unreinforced case, although, owing to the increase in stiffness
due to the presence of the membrane, Rf , a in the reinforced case is larger than in the unreinforced case

Figure 17. Numerical results of GRPS reference embankment in terms of distribution of normalised tangential stresses within the
embankment for r ¼ d/2 during construction (different values of embankment height are considered).
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Figure 18. Numerical results for both CPS and GRPS reference embankments in the non-dimensional a) Ut,diff - H, b) Ut,av - H, c)
Ub,f - H, d) the Rf , a - H and Rf , b - H and e) Rc - H planes.
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(Figure 18(d)). The difference between Rf , b in the reinforced and in the unreinforced case (Figure 18(d))
is a measure of the effectiveness of the reinforcement intervention in transferring stresses towards the
pile. As was expected, the average vertical stress acting on the pile (Rc) is larger for the reinforced case,
confirming that the geosynthetic reinforcement significantly contributes to transfer vertical stresses
towards the pile (Figure 18(e)).

To further highlight the effectiveness of both piles and reinforcement to reduce the progressive accu-
mulation of settlements during construction, the response of the embankment is illustrated in Figure 19,
in terms of increment of settlements (DUt,diff/DH and DUt,av/DH) vs H. The trend of DUt,diff/DH vs H, con-
firms the numerical results already obtained by other authors (Han & Gabr, 2002; Jennings & Naughton,
2012). In this study, the number of available data for different values of embankment height is quite
large, if compared to the results by Han and Gabr (2002) and Jennings and Naughton (2012), since one
numerical simulation (h ¼ 5 m) provides 20 values (one for each 0.25m thick layer). The final DUt,av/DH
value for both CPS and GRPS reference embankments is of one order of magnitude smaller than the one
corresponding to unreinforced embankment with no piles (dashed line in Figure 19(b)). Such a reduction
depends on geometry, materials stiffness and only slightly on soil embankment friction angle (as dis-
cussed in Section 5).

In the reinforced case, the non-dimensional maximum tensile force of the reinforcement:

T�max ¼
Tmax

cd2
(7)

Figure 20. Evolution of non-dimensional maximum tensile force in the geosynthetic reinforcement with a) non-dimensional
embankment height and b) non-dimensional average settlement of the membrane, Ub,f.

Figure 19. Numerical results for both CPS and GRPS reference embankments in terms of evolution of the increment of (a) differ-
ential settlements and (b) average settlements at the top of the embankment.
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is introduced. The evolution of T�max with H is plotted against both H and Ub,f (Figure 20): T�max continu-
ously increases with H and the H value associated with the inflection of the curve corresponds to Hr

�
.

5. Parametric study

In this section, the results of a parametric study are reported. In particular, the influence of (i) reinforce-
ment stiffness; (ii) embankment soil mechanical properties (Young modulus Ee, /’e and we; (iii) foundation
soil mechanical properties (Young modulus Ef and friction angle /’f) and (iv) geometry are discussed in
Figures 21–24, respectively.

As was expected, an increase in J, causes a decrease in both differential (Figure 21(a)) and average set-
tlements (Figure 21(b)), and an increment in the maximum tensile force in the membrane (Figure 21(c)).
As already suggested by Han and Gabr (2002), the effectiveness of the reinforcement is progressively
decreasing with J. In fact, the reduction in differential settlements at the embankment base (above the
foundation soil) associated with an increase in the reinforcement/foundation soil relative stiffness, defined
as:

J� ¼ Jl
Eoed, f d2

(8)

is progressively decreasing and is practically negligible for J� > 15 (Figure 21(d), obtained for H¼ 10).
The embankment deformability slightly influences differential settlements (Figure 22(a)), but severely

affects both Ut,av (Figure 22(b)) and T�max (Figure 22(c)): stiffer embankments are associated with lower
both average settlements and maximum tensile force values. The final slope of the linear branches of

Figure 21. Influence of reinforcement tensile axial stiffness, J, on non-dimensional: both a) differential and b) average settlements
and c) maximum tensile force. d) Non-dimenisonal average settlement at the base of the embankment against non-dimensional
geosynthetic axial stiffness for H¼ 10.
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both Ut,av-H and T�max-H curves progressively decreases with the embankment stiffness. This confirms the
observation referred to CPS embankments in di Prisco et al., 2020a, according to which, for sufficiently
large Eoed,e values a full-arching mechanism develops and average vertical stress stops increasing.

The system response is very slightly affected by the embankment friction angle value (Figure 22(d–f)),
as already observed by di Prisco et al. (2020a), whereas, in contrast with what is commonly assumed by
the simplified approaches mentioned in Section 1 (Marston, 1913; Terzaghi, 1936; Hewlett & Randolph,
1988; Russell & Pierpoint, 1997; van Eekelen et al., 2015), it is affected by the dilatancy angle value
(Figure 22(g–i)): by increasing the dilatancy angle maximum tensile force in the reinforcement, differential
and average displacements decrease.

In Figure 23, the foundation soil mechanical properties are accounted for. T�max decreases by increas-
ing Ef (Figure 23(c)); in Figure 23(a,b) an increase in the foundation soil stiffness, is associated with a
decrease in Ut,diff and an increase in Ut,av. This unphysical result is only apparent, stemming from the

Figure 22. Influence of: embankment deformability on a) Ut,diff, b) Ut,ax, c) T�max; embankment soil friction angle on: d) Ut,diff, e)
Ut,ax, f) T�max and embankment soil dilatancy angle on g) Ut,diff, h) Ut,ax, i) T�max.
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non-dimensional variable definition: the corresponding dimensional average displacement ut,av value
decreases by increasing Ef.

The influence of the foundation soil friction angle, /’f, is plotted in Figure 23(d–f), where for the sake
of completeness the numerical results obtained by considering an elastic foundation soil are also
reported. As is evident, the foundation soil friction angle value does not affect the system response,
implying that irreversible strains do not develop in the foundation soil.

The thickness of the foundation soil stratum slightly affects the evolution of Ut,diff and T�max with H
(Figure 24(a,c)). On the contrary, l influences the evolution of Ut,av but, due to the non-dimensional vari-
able definitions, only for H>H

�
r (Figure 24(b)). H

�
r corresponds to the knees of the numerical results in

the non-dimensional planes (Figure 24).
As was expected, the pile spacing severely influences the system response (Figure 24(d–f)). By increas-

ing s (i) both H�r and the final value of differential settlements increase (Figure 24(d)), (ii) average settle-
ments increase and the curve associated with Ut,av becomes closer to the 1:1 inclined straight line (Figure
24(e)) defining the geostatic case (i.e. when the arching effect is not taking place in the embankment)
and (iii) the axial force in the geosynthetic reinforcement increases (Figure 24(f)).

6. Concluding remarks

In this article, the authors analysed the mechanical response of basal reinforced piled embankments by
means of a series of 3D large displacement FD numerical analyses, simulating a layer-by-layer embank-
ment construction under drained conditions, in which the geosynthetic reinforcement is modelled as an
elastic membrane. The global mechanical response is described in terms of average/differential settle-
ments at the top of the embankment and maximum tensile force in the geosynthetic reinforcement. The
numerical results put in evidence that:

Figure 23. Influence of: foundation soil deformability on a) Ut,diff, b) Ut,ax, c) T�max and foundation soil friction angle on d) Ut,diff,
e) Ut,ax, f) T�max.
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(i) the presence of the membrane reduces settlements at both the embankment top and base;
(ii) the effectiveness of the reinforcement increases with the membrane/foundation soil relative

stiffness;
(iii) for very large membrane/foundation soil relative stiffness an asymptotic value of effectiveness is

reached. This implies that the use of very rigid membranes may become useless if not associated
with a change in pile spacing;

(iv) the presence of the membrane increases the generalised stiffness of GRPS embankments after
construction;

(v) both stress and displacement distribution at the embankment base are affected by presence of
the geosynthetic reinforcements, implying that, in contrast with the most popular design stand-
ards, the arching effect taking place in the embankment is significantly affected by the geosyn-
thetic reinforcement stiffness;

(vi) the shape of the stress distribution acting on the membrane is significantly different with respect
to that suggested in the current design standard;

(vii) the geosynthetic reinforcement mainly deforms close to the pile edge, whereas remains horizon-
tal far from the piles;

(viii) the height of both process zone and plane of equal settlements varies according to the reinforce-
ment tensile axial stiffness;

(ix) owing to the embankment deformability, a full-arching mechanism, deviating vertical stress incre-
ments towards the pile, does not develop;

(x) the foundation soil is under pseudo-oedometric conditions and, according to the adopted consti-
tutive relationship (without a ‘volumetric cap’), behaves elastically;

(xi) the system response is significantly influenced by the embankment soil dilatancy angle value, not
considered in the simplified analytical models commonly employed to analyse the arching effect.

Figure 24. Influence of: foundation soil stratum thickness on a) Ut,diff, b) Ut,ax, c) T�max and influence of spacing on d) Ut,diff,
e) Ut,ax, f) T�max.
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The numerical results obtained in this study (and the understanding of the mechanical processes
occurring within the embankment, during embankment construction) are, according to the authors, very
useful to: (i) design a proper experimental setup, in terms of both geometry and materials mechanical
properties; (ii) individuate the most strategic points where measuring deformations and stresses and (iii)
interpret the experimental data.
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List of symbols

CPS conventional pile-supported
d pile diameter
Eoed,e embankment soil oedometric modulus
Eoed,f foundation soil oedometric modulus
FD finite difference
FE finite elements
GRPS geosynthetic-reinforcedand pile-supported
H non-dimensional embankment height
h embankment height
hp height of the shear zone, process height
h� dimensional critical embankment height for CPS embankments
H�u non-dimensional critical embankment height for unreinforced (CPS) emabnkments
Hr
� non-dimensional critical embankment height for reinforced (GRPS) embankments

hr� dimensional critical embankment height for GRPS embankments
J geosynthetic tensile axial stiffness
J� non-dimensional geosynthetic tensile axial stiffness or reinforcement/foundation soil relative

stiffness
k ratio between horizontal and vertical stresses
k average value of k in the process zone (Figure 15(b))
l pile length and soft soil stratum thickness
s pile spacing
r radial coordinate (Figure 1(b))
T tensile force (per unit length) within the geosynthetic
Tmax maximum value of T
Tr horizontal component of T
Tz vertical component of T
T�max non-dimensional maximum tensile force within the geosynthetic
u vertical displacement
ub embankment base settlement
Ub,f non-dimensional average settlement of the base of the embankment over the foundation soil
ub,f average settlement of the base of the embankment over the foundation soil
ut cumulative settlement at the top of the embankment
Ut,av non-dimensional embankment average settlement at the top of the embankment
ut,c average displacement of the top of the embankment over the pile
Ut,diff non-dimensional embankment top differential settlement
ut,f average displacement of the top of the embankment over the foundation soil
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z vertical coordinate (Figure 1(a))
zt vertical coordinates of the points representing the top of the embankment
c embankment soil unit weight
Dr net vertical stress transmitted to the geosynthetic reinforcement
Rc non-dimensional average vertical stress above the concrete pile head
Rf,a non-dimensional average vertical stress above the geosynthetic reinforcement
Rf,b non-dimensional average vertical stress below the geosynthetic reinforcement
rc average vertical stress above the concrete pile head
rf , a average vertical stress above the geosynthetic reinforcement
rf , b average vertical stress below the geosynthetic reinforcement
rh horizontal stress
rv vertical stress
s tangential stress
/’e embankment soil internal friction angle
/’f foundation soil internal friction angle
/’ss embankment soil friction angle under simple shear
we embankment soil dilatancy angle
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