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Abstract: Piled embankment reinforced geosynthetics are used as integrated foundation systems
for construction of embankment over soft ground. Several design guidelines are available in the
literature for these embankments based on the soil arching and tensioned membrane theories.
However, among design engineers, there is uncertainty regarding the applicability of these design
methods. This paper investigates some practical aspects and identifies some inconsistencies in
applying these design methods. Discrete element method with the most advanced code description
currently used for analysis of problems and compared to the available design techniques from the
case study. This comparison allows giving recommendations about selecting the most suitable
design method corresponding to detailed items. According to results, methods of Van Eekelen and
EBGEO are the design methods recommended highly for prediction of stress reduction ratio, while
methods proposed by Abusharar et al. and EBGEO are more suitable for the design of geosynthetic
reinforcement.

Keywords: Piled embankment, geosynthetics, available design methods, discrete element method,
deformation, critical height.

1. INTRODUCTION

Embankments constructed over soft soils
induce a significant load over a large area. The
technique of reinforcing soil with columns has
proven to be an interesting solution that
prevents failure or excessive deformations of
embankments. A piled embankment reinforced
geosynthetic is a complex system consisting of
piles, generally arranged in a square or
rectangular pattern and driven into the soft
ground to a firm-bearing stratum, Figure 1.
Geosynthetic reinforcement is installed over the
pile caps at or close to the base of the
embankment. Due to the significant difference

in stiffness between the piles and soft soils, the
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stresses within the soil between piles are
redistributed as the soil tries to establish
equilibrium by transferring loads into stiffer
elements and decrease loads on soft ground. As
a result, different structural arrangements of the
particles are created. Sometimes  this
arrangement and stress redistribution are such
that the resistance provided by the soil is
analogous to a structural arch. This is called soil

arching.
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Figure 1. Load transfer mechanism in reinforced
piled embankments (Van Eekelen et al.,2013)

A number of research studies have been
carried out using experimental and numerical
modelling to investigate the behaviour of
piled embankment reinforced geosynthetic
(PERG) (e.g. Low et al., 1994; Giroud, 1995;
Abusharar et al., 2009; P. Villard, 2009; Van
Eekelen et al., 2014; Joe A. Sloan, 2012). It
has been found that the loads generated in the
geosynthetic reinforcement in piled
embankments are due to two mechanisms.
Firstly, the reinforcement acts to transfer the
vertical embankment load not supported by
the embankment arch to the pile caps.
Secondly, the geosynthetic reinforcement
counteracts the horizontal outward thrust of
the embankment fill. The load due to arching
occurs both along the length and across the
width of the embankment. The load due to
horizontal outward thrust across the width of
the embankment only.

While several methods currently exist for
estimating the magnitude of arching
(Terzaghi, 1943; Guido et al., 1987; BS8006,
2010; Collin, 2007; Hewett and Randolph,
1998; PWRC, 1997; Kempfert et al., 2004;
Abusharar et al., 2009; Low et al., 1994; Van
Eekelen et al., 2014) none yet captures the
essential characteristics of these complex
structures. Also, most of them have not
considered the support of the soft ground in
the load transfer mechanism. The shape of the
arch and its evolution are not consistent with
these guidelines.

This paper aims to investigate a valued
design method for the analysis and design of the
piled embankment reinforced geosynthetic. A
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review of existing design techniques (new and
recently revised design methods), that will help
engineers and  designers access  more
comfortable in practical works. In addition, the
discrete element method, an effective approach
was used in numerical modelling program to
support the comparison, which was not
previously modeled. Moreover, the
inconsistencies in results of the current hand's
methods are identified and discussed in detail.
While the debation and disagree continually
between researchers on the selection of the best
method of the available existing design
techniques for design, there detailed discussions
provide a great insight to clarify and answer
three questions: What popular design methods
are existing? What are the advantages and
disadvantages of each method? Moreover, what
methods should be chosen for the design?

2. NUMERICAL MODELLING BY
DISCRETE ELEMENT METHOD (DEM)

2.1. Discrete element method

Discrete element methods comprise a set of
computational modeling techniques suitable for
the simulation of the dynamic behavior of a
collection of multiple rigid or deformable,
particles or domains of arbitrary shape, subject
to continuously varying constraints. Bodies
collide with one another, new contacts are
established, while old contacts may be released,
giving rise to changes in the contact status and
contact interaction forces, which in turn
influences the subsequent movements of bodies.

The discrete element method used is a three-
dimensional software (SDEC) based on the
dynamic molecular which apply the Newtonian
approach for each particular particle, through
using rigid bodies (Donze and Magnier, 1995,
1997). The basic element employed are
spherical particles of various sizes which can
interact together. The algorithm of calculation
used consists in successively alternating the
application of Newton's second law.

2.2. Discrete element modeling of the problem

Because of the symmetric condition, only a
quarter mesh was modeled to reduce time-
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consuming calculation in this study. An
illustrative example of piled embankment
reinforced geosynthetic is shown in Fig. 2. For a
control case, pile spacing is installed 3m, the
width of pile cap equals 0.6m, the embankment
height is 3m.

2.3. Modeling of the soft ground

The compressible subsoil under the
geosynthetic sheet is assumed to be very weak.
And the action of underlying soil was modeled by
using a Winkler's Spring Model (1867)(springs of
rigidity k are positioned under the sheet). A
compressive modulus of the soft soil is taken into
account to simulate the reaction of the subgrade
soil. For an element of the spring of a section S,
the coefficient K is defined by K=E,.4S/D, with
Eoeq is the geometric modulus of the soft soil and
D is the thickness of the compressible soil.

2.4. Modeling of the geosynthetics

The geosynthetic sheet is a non-woven
geotextile (modeled by 16 directions of fibers)
with an overall stiffness J = 3000kN/m
reinforced in two perpendicular directions. The
friction angle of the interface soil/geosynthetic
is 26°. The sheet is modeled by 1800 three node
finite elements of a thickness e = Smm.

2.5. Modeling of the embankment material

The embankment is modeled by discrete
element (8000 particles per m’). The particles
shape is given in Fig. 2. The vertical interfaces
between pile-soil-geosynthetics were modeled
to take into account the friction between pile
and embankment materials. The mechanical
properties of interfaces have the similarity to
mechanical properties of embankment clusters.

2.6. Modeling of the structure element

According to J. Han et al. (2002) showed that
as the Young modulus (E;) of the pile is higher
than 1000Mpa corresponding to 1356Mpa/m,
the stiffness of the pile will not have an effect
on the settlement and load transfer. To eliminate
the effect of pile stiffness, a value 2000Mpa/m
was chosen for all cases.

2.7. Interface behavior and boundary
condition

Specific interaction laws are used to
characterize the interface behavior between the
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soil particles and the sheet elements. The main
contact parameters are the normal rigidity, the
tangential rigidity, and the friction angle. In
order to rather than the absence of relative
roughness between the sheet elements and the
soil particles, the microscopic friction angle of
contact between exactly to the macroscopic
friction angle given by the model.

The boundary conditions include four
frictionless vertical rigid walls to fix the
horizontal displacement because of the
symmetric condition. A simulation image is
shown in Figure 2.

Granular
emb ankanen

T Geossnthetic

Interface

Figure 2. Numerical modeling of problem by
discrete element method

All parameters of materials used in the
analysis of a control case are listed in Table 1.
where ¢, is the peak friction angle, n is the
porosity, y is the unit weight, r, is the radius of
grains, Ky is the subgrade reaction, K, is the
stiffness of pile, J is the tensile stiffness, e is the
thickness, v is the Poisson ratio.

Table 1. Material parameters for a control
case

Embankment materials: ¢, = 400, n=
0.4, y =18kN/m’, r, =0.04m

Soft soil K = 0.2Mpa,

Pile E, = 1500Mpa,
v=0.25

Geosynthetics J=EA
=3000kN/m, e = Smm, v =0.35

3. REVIEW OF CURRENTLY

AVAILABLE DESIGN METHODS

There are various methods available for the
design of GRPS embankments. Not all these
methods were initially developed for designing
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embankments, but they were later adopted for
this process. This section presents a description
of currently available design methods.

3.1. Estimation of stress reduction ratio

3.1.1. Adapted Guido Method

The last expression for the stress reduction
ratio included in Russell and Pierpoint (1977) is
commonly referred as the adapted Guido
Method.

Sip =~2(s—a)/3H (1)
In that, s - centerline pile spacing, a - width of

pile cap, H - embankment height

3.1.2. Adapted Terzaghi Method

The arching theory developed by Terzaghi
(1943) based on his classic trap door, is used by
many authors to describe the load transfer
mechanism in a pile-supported an embankment.

—4aHKang
2 2
__A-a)

—4aHthm(0 !
Sp=—"~+—"F—|1-¢e " 4, )
(1 +q)daKtang H+q

(2)
where y - unit weight of embankment fills, K
- coefficient of earth pressure, ¢ — effective
friction angle, q — surcharge or traffic load

3.1.3. British Standard BS 8006 (2010)

In this design code, two different arching
conditions are defined: (i) the partial arching
condition, where 0.7(s-a)<H<1.4(s-a) and (ii)
the full arching reduction, where H >1.4(s-a).
Equations for the stress reduction ratio can be
derived for both conditions using the method
adopted by Russell and Pierpoint (1997).

For partial arching:

Sap =2sls” ~a’ (B 1 )V (s +a)(s* —aP)] ()
For full arching:
S3p = 2.8s[s2 - az(PC /(s + a)ZH] 4)
where P. — vertical stress on pile cap, Ssp -
stress reduction ratio
3.1.4. Hewlett and Randolph method (1998)
Hewlett and Randolph (1988) carried out
model tests on a granular embankment fill
material overlying a rectangular grid of pile
caps to investigate the amount of load
transferred to the piles and the foundation soil
due to soil arching. The calculations based on
the semi-spherical arches formed of the fill
material.

Sap = (1—assP K, ‘1)(1—ﬁs(Kp ~)HQK , =31)+[2(s —a)K , ~DUIN2H (2K, =3)] (5)

where K - coefficient of passive earth
pressure, Ssp - stress reduction ratio

3.1.5. Japanese PWRC method (1997)

This method was proposed by Miki (1997)
for embankments on deep mixing method
columns. The total embankment volume is

96

Y (s—d,) tan 6(5d, +4s)+ (4~ ”)Ezﬂs

divided into the volume of the embankment that
acts on the improved ground and the
unimproved ground or geosynthetic. The
expression of the vertical stress, p, on the
unimproved ground is:

_2d‘ tan @ + ;}(\5 - 1)tan 0

pP=Y

(6)

2
z_ﬂ'dc

4

where d. — diameter of the column, 0 — arching angle (0=45"-¢/2)

3.1.6. Kempfert et al. (EBGEQ) method

The Kempfert et al. (2004) method is based
on lower bound plasticity theory, pilot-scale
tests, and numerical analyses. Like the Hewlett

1 _
S}l) }H{/‘tlx(}/—"_ 13)|:H(ﬂ41 +h:/12) X

and Randolph (1998) method, this method
considers a hemispherical domed arch between
columns or piles caps. The stress reduction ratio
for this method is shown as follows:

+h, {(ﬂl + h§4/12 J —( +n22,)" ]” (7
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A =(s;—d)?18:;
hg =5, /2 for H>s4/2;

Ay =(s2 +2dsy —d*) /255

X =d(Kp —1)//12Sd
hg = H for H<s4/2

where sq — diagonal pile spacing, d — pile diameter, K, — passive lateral earth pressure, h, —
arching height, q — surcharge, H —embankment height, y — unit weight of embankment fill

3.1.7 Low et al. method (1994)

Low et al. (1994) developed some equations
and charts to evaluate the tension and mobilized
strain in the geosynthetic reinforcement layer

and the stress reduction over the foundation soil.
The vertical stress acting on the foundation soil
midway between piles, o, is

o, =[0.57(s —axk , —a) (K , ~ )]+ [s - ay/ s bt —0.55s1+ (% - ) ®
The estimation of stress reduction ratio can be expressed by the following equation:

Sip = (0, —1E, | D)/ JH

(€))

where D — soft soil thickness, E; — elastic modulus of soft soil, t — deflection of geosynthetic

3.1.8. Abusharar et al. method (2009)

Based on the approach of Low et al. (1994),
theoretical analysis for pile embankment was
developed by Abusharar et al., (2009). The main
modification was taking into account the skin
friction mechanism at the soil-geosynthetic
interface. The stress reduction ratio can be
calculated by Eq. (9). The following cubic
equation with [ = 4t/(s-a) can be obtained:

af’ +bp* +cf+d=0 (10)

a = 32DJ +4(s—a)2ES ; b= 2(s—a)2X3Estan(p -
4(s-a)Dosg;

¢ = 2(s-a) A3Dogtang + (s—a)zES; d = -(s-a)Do,

where o, — vertical stress acting on soft soil, J
— tensile stiffness of geosynthetic, A3-
interaction factor, ¢ — effective friction angle of
the surrounding soils.

3.1.9. Van Eekelen et al. method (2014)

A new calculation model is derived and
summarised by Van Eekelen et al. (2013, 2014).
This model is a concentric arch model with the
assumption that the load is transferred along the
concentric 3D hemispheres towards the GR
strips and then via the concentric 2D arches
towards the pile caps. This method is applied to

calculate soil arching as follows:
A= Fpile = (7H + p).sx.sy - FGquuare = FGRstrip
11

The total load resting on GR + subsoil is,
therefore:

B+C= FGquuare + FGRstrip (12)

136

where, Fgrsquare — total vertical load applied
exerted by 3D hemispheres, Fgroip — total
vertical load on GR trips, s, sy — center-to-
center spacing in both directions.

3.2. Estimation of tension in geosynthetic

The tension in the geosynthetic, T, is
calculated according to,

2 2
T = p(s”=a’) 1+ 1 (13)
4a 6¢
where, p — pressure distributed on

geosynthetic, € — a strain of geosynthetic

This equation was used to calculate the
reinforcement tension for the Hewlett and
Randolph, Guido, Terzaghi, Van Eekelen and
BS8006 methods. A design strain of 5% was
used for the calculation, as recommended by
BS8006 (2010).

McGuire and Filz (2008) present a solution
which imposes stress-strain compatibility by
substituting e=T/J into Equation (13), resulting
in the square column as follow:

96T° —6K.T—K.J =0

where K, =p(s*—a*)/a (14)

According to Nordic guideline (2005), the
tension in geosynthetic due to vertical load in
three dimensional can be determined by

l+s/a (s—a) / 1
= . Yl +— 15
4.tan15° 4 6¢ (15)
where s = pile center to center spacing (m), a
= width of pile cap (m), y = unit weight of

T

3D — 7
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embankment material (m); &€ = maximum
allowable strain in the reinforcement
Abusharar et al., (2009) provided a formular

for prediction of tensile force in geosynthetic:

_(1+4p° o _E
T—( 55 j(s )(as Dj (16)

where t - deflection of geosynthetic, o, —
stress on geosynthetic and soft soils, § = 4t/(s-a)

3.3. Estimation of differential settlement

The maximum mid-pan deflection of the
geosynthetic can be determined by

t=(s—a) %8 17

Eq. (17) is presented in BS8006 (2010) and
Nordic Guideline (2005) in order to calculate
the deflection of the geosynthetic after obtaining
strain value of reinforcement, €.

4. ANALYSIS OF RESULTS

4.1. Comparison of results using stress
reduction ratio

The variation in stress reduction ratio (S;p or
SRR) with embankment height is shown in Fig.
3. To avoid time-consuming, the embankment
height is selected for comparison in this study
because that it is one of the most critical factors
which influence soil arching and tensioned
membrane effect. Out of the nine design
methods, the one proposed by Guido et al
considerably under-estimate the stress reduction
ratio. Terzaghi's method, BS8006 modified,
Hewlett & Randolph, Low et al. method, and
method adapted by PWRC give overly
conservative results for the stress reduction
ratio, yielding uneconomical designs. The
Abusharar et al. method highly underpredicts
the S;p. The variation in S;p, obtained from this
method shows an inverse variation compared to
the other design methods and numerical results.
This 1s because the tE/D term in calculation
equation becomes larger when t is increased
with embankment height.

The design methods proposed by Kempfert et
al. that adopted into EBGEO guideline and Van
Eekelen method produces a better match for
numerical results. However, inconsistent results
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over the range of embankment height selected.
It has been found that Van Eekelen et al.,
method give the most excellent agreement with
numerical results compared to other remaining
methods. The average difference between these
methods with numerical analysis can be
accepted, approximately 22.6% for EBGEO and
only 1.97% for Van Eekelen method.

100

90+ — — —

80 - — — —
70— = —
60 - — — —
50+ — — —
401+ - ——
30 H - —

Stress reduction ratio S3D

20 + M= —

10 7 -

L

04

1 2 3 4 5 6 7 8 9 10
1- Adapted Guido 2 - Adapted Terzaghi 3 - BS8006 modified 4 - Hewlett&Randolph 5 - PWRC
6-Lowetal. 7- Abushararetal. 8- EGBO modified 9 - Van Eekelen 10 - Numerical

Figure 3. Stress reduction ratio with embankment
height

It is better to recall that Van Eekelen method
is one of the newest method currently, which
based on a concentric arch model with the
assumption that the load is transferred along the
concentric 3D hemispheres towards the GR
strips and then via the concentric 2D arches
towards the pile caps. Therefore, this approach
produces more realistic results in practice.

The Van Eekelen et al. method is therefore
strongly recommended for estimation of stress
reduction ratio in the design process. Kempfert
et al. method that adopted into EBGEO can also
be considered as the second selection to predict
the stress reduction ratio.

4.2. Comparison of results using the
differential settlement

40

_ @H=15m
B H=2.25m
— — _ OH=8m

Differential settlement (cm)

Guire and Filz BS8006 Abusharar Van Eekelen Numerical-DEM

Figure 4. Differential settlement with
embankment height
A comparison of the design methods for
different embankment height using differential
settlement is shown in Fig. 4 with the pile
spacing equals 3m. The differential settlement is
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defined as the maximum difference in
settlement between pile and soft ground.
According to the results, the Guire & Filz
method significantly over-predict the
differential settlement. The similar trend can
also be seen in the results of BS8006. The data
show that the BS8006 and Guire & Filz
methods are  over  conservative  and
uneconomical. It should also be noted that the
method in BS8006 does not have the ability to
assess the influence of embankment height.

In the meanwhile, a method of Van Eekelen
et al. gave the results slightly under-predict
compared to numerical results, up from 5% to
20%. The Abusharar et al. method provides
good agreement with the numerical results for
cases 1.5m and 2.25m. However, for the
Abusharar et al. method, the estimation of
differential settlement is smaller than the
numerical results for the case 3m and this
difference might increase when embankment
height is increased. This can induce instability
or uncertainty for embankment in reality.

4.3. Comparison of results using tension in
geosynthetic

The geosynthetic tension results, obtained
using the selected design techniques, are
compared with the results from present method
and three-dimension numerical model, with the
results plotted in Figure 5. According to the
results, the Guire & Filz method and Nordic
guideline significantly over-predict for all three
cases, it may be even higher when using
BS8006 due to a safety used and adapted into
BS8006, which yielding uneconomical design.
The EBGEO gives an overestimation of the
geosynthetic tension as compared to numerical
analysis (about 48+63%). At the meanwhile,
Van Eekelen et al. method produces a
significant under-prediction than the numerical
results (about 38.6+51.4%). The Abusharar et
al. method slightly over-estimate (about
18.4+38.7%) compared to the numerical
method, but it still agrees better or equally well
with the numerical results.

A similar pattern can be observed in Figure 6
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which shows the variation in geosynthetic strain
with different embankment heights for the
selected design techniques. The Abusharar are
in better agreement with the numerical results
compared to the other methods. The Van
Eekelen et al. method is under-prediction
significantly, meanwhile, Guire &Filz and
EBGEO is still overestimation of geosynthetic

strain compared to numerical results.
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Guire & Filz Nordic Guide Abusharar EBGEO
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BH=225m- — = —
OH=3m _ _ _ _

Tension in geosynthetic (kN/m)

Van Eekelen  Numerical

Figure 5. Maximum tension in geosynthetics with
embankment height

Strain of geosynthetic (%)

o - M w K~ O O N

Abusharar EBGEO Van Eekelen Numerical-DEM

Guire and Filz

Figure 6. Maxium strain of geosynthetics with
embankment height

S. CONCLUSIONS

The design techniques used for comparison
in this paper are the most popular methods used
in practice. According to the results, these
methods differ significantly when predicting the
stress reduction ratio, differential settlement,
strain and tension in geosynthetic.

The methods proposed by Terzaghi, BS8006,
Hewlett & Randolph, PWRC consistently
overestimates the stress reduction ratio, the
methods proposed by Guido, Abusharar,
meanwhile, consistently underpredict the
results. The results obtained from Guido et al.'s
method cannot be relied upon because they only
consider the pile spacing diameter and the
embankment height and no other material
parameters.

Van Eekelen et al

method is highly
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recommended for selecting to compute stress
reduction ratio. The method presented in
EBGEO guideline might also be considered as
the second choice in the estimation of Sip.
However, Van Eekelen et al. method is still the
best agreement with numerical methods and is
therefore applicable for use in practice.

The Van Eekelen et al. method could be in
better agreement with the numerical results
compared to the other methods in prediction of
stress reduction ratio. However, this method
provides significant underestimation for terms
including differential settlement, strain, and
tension in geosynthetic. It, therefore, is
unrealistic as well as unsafe in the design of
geosynthetic reinforcement.

The Abusharar et al. method gives a better

match with a numerical method for prediction of
differential settlement and strain of geosynthetic
while there is significantly overestimation for
tension in geosynthetic. However, the small
strain and deflection of geosynthetic given by
this method cannot be accepted because of the
calculated strain based on the highly
underpredicted stress reduction ratio. The
EBGEO can also be considered the second
choice for prediction of strain and tension in the
geosynthetic.

The critical height of the embankments was
inconsistently suggested overtimes by many
different authors. The numerical results in this
paper show that soil arching can develop
maximum at the ratio 1.25(s-a) and might
decrease after that.

Notation

a = width of pile cap q = surcharge or traffic load
d. = diameter of column cap rg = radius of grains
D = thickness of soft soil s = center-to center pile spacing
Eyeq = odometer modulus of soft soil sqa = diagonal pile spacing
E, = stiffness of pile Ssp = stress reduction ratio
E; =elastic modulus of soft soil t = deflection of geosynthetics
h, = arching height T = maximum tension in geosynthetics
H =embankment height ¢ = friction angle of embankment
] =tensile stiffness of geosynthetics Y = unit weight of embankment,
K, = passive earth pressure coefficient vV = poisson ratio
K = subgrade reaction coefficient 0 = arching angle
n = porosity of embankment fills oy = vertical stress acting on soft soil
p = pressure distributed on geosynthetic A3 = interaction factor

P, = vertical stress on pile cap ¢ = maximum allowable strain
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Abstract:

PHAN TiICH NEN PAP PUQC GIA CO HE CQC VA LUOI BIA KI THUAT:
TONG QUAN, PHAN TiCH SO VA TOI UU THIET KE

Hé coc két hop gia cuong luéi dia ky thudt 1a thuong dwoc sir dung nhw mét hé mong tich hop dé
gia c6 cho nén ddp di qua cdc khu viec dat yéu. Mot vai phicong phdp thiét ké cho kj thudt gia cé
nay da dwoce dé xudt béi mét vai tdc gid dia trén nguyén 1y cia hiéu vmg vom va 1y thuyét mang
cdang xdy ra trong nén ddp. Tuy nhién, két qua tinh todn tir cdc phiong phdp thiét ké cho dén gio
van ton tai nhitng sw khdc biét ddng ké, bao gom ca viéc so sdnh véi két qua phan tich sé va thi
nghiém. Muc dich chinh cua bai bdo nay la dé nghién citu cdc khia canh thuc 1é va xdc dinh su
khdc biét gitka cdc phwong phdp thiét ké ton tai hién thoi. Mé hinh sé dia trén phwong phdp phdn
nr roi rac (DEM) ciing dwoc tién hanh trong bai bdo ndty dé hé tro cho viéc phan tich va so sdanh.
Két qua so sdnh giita cdc phwong phdp 1y thuyét va phan tich sé6 da thé hién rang cdc két qua tir
phirong phdp ciia Van Eekelen va EBGEO la nhiéu hop 1y va phit hop véi két qua phan tich sé so
Vé6i cdc phirong phdp khdc. Két qua nghién civu ciing chi ra rang hiéu ting vom chi xdy ra trong
pham vi chiéu cao giGi han, xdp xi bang 1.25 lan khodng cdch gitka hai coc lién tiép.

Tir khéa: Nén dap, hé coc gia cuong ludi dia k¥ thuat, phuong phdp thiét ké, phén tich s6, hiéu tmg
vom, chi€u cao to1 han
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