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Analysis of geosynthetic reinforcement in pile-
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ABSTRACT: Geosynthetic reinforcement over a grid of piles in soft soil can help transfer loads to
the piles, and reduce settlements. This first part of a three-part study utilises a three-dimensional
thin-plate model of the geosynthetic. The von Karman theory, which includes the effects of
bending and stretching, is used. The geosynthetic layer is represented using a linear stress—strain
relationship. Owing to symmetry, a one-eighth triangular section of a square unit cell is considered,
and the pile caps have either a square, diamond or circular shape. The soil between the pile caps
and the geosynthetic, and the soft soil between the piles, are modelled as linear foundations with
specified stiffnesses. The embankment stresses over the piles and over the soft soil are also
specified. The numerical procedure involves finite differences and minimisation of the total energy.
For two sets of parameter values, the effects of the shape of the pile caps on the displacements,
strains and net stress reduction ratio are investigated. Sharp spikes in strain and stress occur at the
edges of the pile caps. The second paper in this study adopts a three-dimensional cable-net model
of the geosynthetic, and an axisymmetric model is analysed in the final paper.
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stresses. Some of these models are described in Horgan
and Sarsby (2002), Love and Milligan (2003),
Gangakhedkar (2004), Jenck et al. (2005), Smith (2005),

1. INTRODUCTION

Geosynthetic-reinforced, pile-supported embankments pro-
vide effective geotechnical foundations for roadways and
structures in areas of weak subgrade soils. The system
includes a soil bridging layer with one or more embedded
layers of geosynthetic reinforcement supported by driven,
deep-mixed, or other columnar piles. Figure 1 depicts a
cross-section of this type of system. The geosynthetic
promotes load transfer within the bridging layer to the
piles. This technique is generally used when schedule
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Figure 1. Cross-section of geosynthetic-reinforced, pile-
supported embankment
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Chen and Li (2007), Collin (2007), Oh and Shin (2007),
Smith and Filz (2007), Abusharar et al. (2008), Chen et
al. (2008), Gharpure et al. (2008), McGuire and Filz
(2008), Van Eekelen and Bezuijen (2008), Van Eekelen et
al. (2008), and the references cited in those studies.
Recent additional papers involving geosynthetic-reinforced
pile-supported embankments include Camp and Siegel
(2006), Abdullah and Edil (2007), Almeida et al. (2007),
Jenck et al. (2007), Liu et al. (2007), Zhang et al. (2007),
Bhandari et al. (2009), Filz and Plaut (2009), Han and
Bhandari (2009), Huang and Han (2009), Huang et al.
(2009), McGuire et al. (2009) and Zheng et al. (2009). A
recent book is Kempfert and Gebreselassie (2006).

In Part I of the present investigation, one geosynthetic
layer is considered. The geosynthetic is modelled as a
thin, flexible, isotropic, homogeneous plate with a linear
stress—strain response. The flexural rigidity is very small,
and membrane (stretching) behaviour dominates the re-
sponse. The piles are assumed to be relatively rigid
compared with the compressible soil between the piles,
and square and circular pile caps are considered.

The foundation system is represented as a distribution
of linear springs (i.e. a Winkler foundation), with a high
stiffness above the pile caps and a low stiffness elsewhere.
Many previous analyses have ignored the support provided
to the geosynthetic by the soft underlying soil between
pile caps. The embankment stress acting on top of the
geosynthetic layer is specified, with a higher value over
the pile caps than elsewhere to account for the arching
effect in the bridging layer and embankment.

Owing to symmetry, a one-eighth triangular section of
the unit cell is analysed. Partial derivatives of the
transverse (vertical) and in-plane (horizontal) displace-
ments are approximated by finite differences at a grid of
nodes, and the nodal displacements are computed by
minimising the total energy of the system. Strains and
stress resultants in the geosynthetic are then calculated
from the displacements. Spikes in strain and stress occur
near the corners of the square and diamond (rotated
square) pile caps, and near the edge of the circular piles.
Three-dimensional plots are presented to illustrate this
feature, and to show the vertical shape of the displaced
geosynthetic.

The problem is formulated in Section 2, and the
numerical solution procedure is described in Section 3. In
Sections 4, 5 and 6, respectively, results are given for
square (S), diamond (D), and circular (C) pile-cap config-
urations for a base case of parameter values. Results for
an alternative case are briefly described in Section 7, and
concluding remarks are presented in Section 8.

2. FORMULATION

This paper considers a grid of piles with the same distance
L between their centres along rows in two perpendicular
directions. It is assumed that a unit cell involving four
piles can be analysed, owing to symmetry in the system.
Figure 2 depicts the three configurations investigated here.
Based on the pile-cap shapes, the configurations in
Figures 2a, 2b and 2c, respectively, are denoted square

Jones et al.

I_‘ L ‘-I
v L
‘I [
- : X R R
2B @
" L _
Y L
&’
- '
2B (b)
' L '
+ »
!
y! L
L
4—.‘ '
2R ©

Figure 2. Unit cell: (a) square pile caps (Case S); (b)
diamond pile caps (Case D); (¢) circular pile caps (Case C)

(S), diamond (D), and circular (C). Consider Figure 2a.
The X, Y coordinate system is shown, with 0 =< X =< L and
0 = Y =< L in the unit cell. The square pile caps have
width 2B. Figure 3 shows a cross-section through the piles
along the X or Yaxis. The downward stress acting on top
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Figure 3. Cross-section along edge of unit cell

of the geosynthetic is o, over the pile caps and o, over the
underlying soft soil. The distributed stiffness of the linear
foundation (i.e. the modulus of subgrade reaction) is K,
under the geosynthetic above the pile caps, and K for the
soft soil between pile caps. The stiffness K, includes the
effect of vertical flexibility of the pile as well as that of
the soil between the pile and the geosynthetic layer.

The geosynthetic has no pretension, is assumed to have
a linear stress—strain relationship when loaded, and has
modulus of elasticity £, Poisson’s ratio v, thickness ¢, and
flexural rigidity D = E£*/[12(1 — v?)]. As shown in Figure
4, the vertical axis is Z (positive upwards), the transverse
displacement is W(X, Y), positive downwards, and the in-
plane displacements are U(X, Y) and V(X, Y), positive in
the X and Y directions, respectively.

The non-linear von Karman theory is utilised
(Timoshenko and Woinowsky-Krieger 1959; Chia 1980;
Szilard 2004), which assumes that the strains and the
squares of the slopes are small compared with unity. Both
bending and stretching effects are included. Owing to
symmetry, the in-plane displacements normal to the edges
of the unit cell are zero, and stretching of the plate is
important in determining displacements, strains, and stress
resultants. For the cases to be considered, and other cases
involving thin geomembranes and geogrids, the effect of
bending is much smaller than the membrane effect.

Non-linear strain-displacement relationships are needed
to model the behaviour accurately. Here they are given by

TTAX 2 ’

oxX
v 1 [ow\?
_9r  Ler (D
Ey 6Y+2<6'Y)’

o= SO (2 (o)
YUOX oY 0X )\ oY

The relationships between the stress resultants N, N, Ny,
and the strains are given by

Figure 4. Plate model with axes and displacements
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The boundary conditions are
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The total energy Et for the unit cell is the sum of: (1)
the strain energies Ep for bending and Ey; for stretching;
(2) the stored energy in the soil, denoted Ex, over the pile
caps and Ey; elsewhere; and (3) the potential energies for
the embankment stress, denoted E,, over the pile caps
and E,s elsewhere. These quantities are given by the
following equations (Timoshenko and Woinowsky-Krieger
1959; Chia 1980):
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The integral limits involving B are modified for the
diamond and circular pile caps (Jones 2007).

3. NUMERICAL SOLUTION PROCEDURE

The strains in Equations 1 are substituted into Equation 5.
Then the partial derivatives of U, V and W in the
integrands in Equations 4 and 5 are replaced by central
differences (e.g. Szilard 2004). The notation

Uy = U(iH, jH), Vi, = V(iH, jH),
(10)
W.; = W(iH, jH)

is used.

A triangular section at the bottom left of the unit cell is
analysed (e.g. see Figure la of Smith and Filz 2007). It
comprises one-eighth of the area of the unit cell, and is
divided into nodes a distance H apart parallel to the X and
Yaxes. The number of nodes along an edge of length L is
2m+1, so that H = L/(2m).

In the numerical results to be presented, m = 100 will
be used. However, to illustrate the procedure, the case
m =5 is shown in Figure 5. The integrals in Equations 4—
9 are approximated as sums over the nodes, with the
values of the integrands taken as their values at the node,
and these values multiplied by the associated tributary
area. Typical tributary areas are shown in Figure 5. For the
node at (i, j) = (4,2), the square tributary area is H>. At
(2,0) and (2,2), the area is H%/2, at (5,0) it is H?/4, and at
(0,0) it is H?/8. The nodes in the lower-left portion of the
one-eighth section are situated over the pile cap and are
involved in the integrals with upper limit B in Equations
6-9.

Based on symmetry, the general relationships

Uij="Vjis Wij=W;; (11)

are used. Along the edges of the one-eighth section, the
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Figure 5. One-eighth section of unit cell with m =5
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finite-difference equations involve displacements outside
the section. Symmetry properties are utilised to eliminate
those displacements. The relationships in Equations 11 are
used along the diagonal edge, and along the other edges
they are as follows for U, ¥, and W:

U 1=Uy, Unj=0, Upnyj=-Uua; (12)
Vio=0, Visi==Vii, Vurrj=Vu-, (13)
Wisi=Wit, Wuij=Wn-1 (14)

The total energy Er becomes a function of the nodal
displacements U, j, V; ; and W, ; in the one-eighth section.
Corresponding to equilibrium, Et is minimised with
respect to these discrete displacements. The computation
is conducted using the subroutine FindMinimum in the
software package Mathematica (Wolfram 2003). A conver-
gence study determined that the use of m = 100 and an
accuracy of seven significant digits is sufficient (e.g. for
the base case with square pile caps, the maximum strain
was essentially identical for m = 70, 80, ..., 120). Also,
the method was verified by comparison with examples in
the literature involving clamped plates under uniform
pressure (Jones 2007).

The procedure yields nodal displacements for the
equilibrium shape of the geosynthetic. Strains and stresses
can then be computed using Equations 1 and 2 with finite
differences replacing partial derivatives. The numerical
calculations are carried out in terms of non-dimensional
variables (Jones 2007).

Maximum values of W, U and ¢, for Cases S, D, and C
are summarised in Table 1, along with the value of the net
stress reduction ratio SRR,y (which will be defined at the
end of the following section).

4. SQUARE PILE CAPS (CASE S)

The values used for the base case with square pile caps
(Case S) are as follows: B=0.6m, L=3m, E=
500 MPa, v = 0, t = 1.5 mm, 0, = 146 kPa, g, = 30.6 kPa,
K, =292 MN/m?, and K; = 160 kN/m?. Therefore the
in-plane stiffness of the geosynthetic is given by J = Ef =
750 kN/m. Also, the stress concentration ratio is n = op/
o, =4.77, the average embankment stress iS Oye =
49.1 kPa, and the area replacement ratio is a5 = 4B%/
L? =0.16. Since v = 0, the stress resultants N, and N, are
proportional to the strains &, and ¢, respectively.

The vertical displacement of the geosynthetic in the unit
cell is depicted in Figure 6, where the values on the
vertical axis are plotted as —W, so the deflected shape
looks like the physical shape of the geosynthetic. The
geosynthetic drops sharply at the edges of the pile caps,

Table 1. Maximum values and SRR, for base case

Case Max W (cm) Max U (cm) Max &, SRR ¢
S 19.1 1.34 0.0395 0.120
D 18.7 1.71 0.0353 0.115
C 19.1 1.35 0.0253 0.110
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Figure 6. Vertical displacement with square pile caps

and exhibits wrinkles in this region as well as along the
edges of the unit cell (i.e. between adjacent piles). The
minimum stress resultant is negative where these wrinkles
occur.

Figure 7 shows plots of the vertical displacement along
the edge Y= 0 (highest curve), the line Y=B =0.6 m,
and the ‘centreline’ Y=171/2=15m (as well as along
similar lines obtained using symmetry). The displacement
over the central portion of each pile is essentially constant
and equal to the value 0,/K;, = 0.5 cm, which is seen at
the ends of the curve for ¥ = 0. The maximum downward
displacement along the edge is 16.8 cm. For the whole
unit cell, the maximum displacement of 19.1 cm occurs at
the centre of the plate (i.e. at X =Y = 1.5 m) and has the
same value as oy/K;. The central diamond-shaped region
with corners at (X, ¥) =(0.5m, 1.5m), (1.5m, 0.5 m),
25m, 1.5m) and (1.5m, 2.5m) is almost flat, with
downward displacements around 18—19 cm.

In-plane displacements U parallel to the X axis are
illustrated in Figure 8. They are zero at X =0, L/2, and L,
and are linear over the pile caps. The maximum value of
U is 134 cm, more than 10 times smaller than the
maximum downward displacement. However, the resis-
tance to stretching has a significant influence on W, and it
is important that the bending—stretching coupling is
included in the formulation.

Figure 9 depicts a three-dimensional plot of the strain
&, over the unit cell. Spikes near the corners of the piles
are noteworthy. The maximum value of &, is 0.0395, and
hence the maximum value of the stress resultant N, is
29.6 kN/m (i.e. J times the maximum value of &,).
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Figure 7. Vertical-displacement profiles with square pile caps
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Figure 9. Strain &, with square pile caps

The net stress reduction ratio SRR, is defined as the
ratio of the average net downward stress on the geosyn-
thetic in the area not supported by piles to the average
downward stress of the embankment over the unit cell
(Smith and Filz 2007). A larger value of SRR, means
that a greater portion of the embankment load is carried
by the geosynthetic and less by the underlying compres-
sible soil between the piles. For Case S, SRR, is given
by

SRRt =

K L L B B
Us*m LLWdXdY* 4J0Jo wdxdy

oave

(15)

Its value is 0.120, as listed in Table 1.

5. DIAMOND PILE CAPS (CASE D)

The case in Figure 2b is considered in this section. The
pile caps are rotated by 45° from their orientation in Case
S. By rotating Figure 2b by 45°, one can also interpret this
case as representing square pile caps with staggered rows.
All parameter values are the same as in Case S.

A three-dimensional illustration of the vertical displace-
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ment is presented in Figure 10. Figure 11 depicts the
vertical displacement along the edge Y =10 (highest
curve), the line Y= 1.414B =0.85m (with its ends at
corners of pile caps), and the centreline ¥ =71/2 = 1.5 m.
The maximum downward displacement along the edge is
15.5 cm, and the central displacement is 18.7 cm, both of
which are smaller than for Case S. The geosynthetic is
almost flat in the same diamond-shaped central region as
for Case S. The maximum in-plane displacement is
1.71 cm, which is larger than for Case S but still less than
10% of the maximum transverse displacement.

Much less wrinkling occurs in this case. For Case S,
wrinkles exist in a significant region around the flat
central area of the unit cell and out to the central parts of
the edges. For Case D, they exist only in small regions
along the central portions of the edges, where Figure 10
shows a little waviness.

The strains exhibit spikes near the corners of the pile
caps, which now are situated along the edges of the unit
cell. The maximum value of ¢, is 0.0353, which is smaller
than for Case S. The net stress reduction ratio SRR, is
0.115, slightly smaller than for Case S.

6. CIRCULAR PILE CAPS (CASE C)

Now circular pile caps are analysed, as shown in Figure
2c¢. The radius of the pile cap is chosen as R = 1.128B to
give the same area as for the square and diamond pile

0

—0.04

—~ —0.08
£

= —0.12

-0.2

0 0.5 1.0 1.5 2.0 25 3.0
X (m)

Figure 11. Vertical-displacement profiles with diamond pile
caps
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caps. Again, the parameter values are the same as in
Case S.

Figures 12 and 13 correspond to the previous pairs of
figures for the downward displacement, with the middle
curve in Figure 13 associated with ¥ = R = 0.677 m. The
maximum downward displacement along the edge is
16.1 cm, and the value at the centre is the same as for
Case S, 19.1 cm. The flat central diamond-shaped region
is slightly larger here than for Cases S and D. The
maximum in-plane displacement is 1.35 cm, similar to that
in Case S. The region with wrinkles is similar in shape to
that in Case S, around the pile caps and along the edges
of the unit cell, but it covers a smaller area here.

The spikes in strain are significantly smaller in this case
than in Cases S and D, since the pile cap has no corner.
The computational procedure led to an erratic picture of
the strain spikes around the edge of the pile cap, since the
finite difference grid consists of squares and has difficul-
ties representing the behaviour along the circular edge.
The maximum value of &, was found to be 0.0253, i.e.
36% lower than that for Case S and 28% lower than that
for Case D. The largest value of Nyax is 19.5 kN/m. The
net stress reduction ratio SRRy for the circular piles is
0.110, i.e. 8% lower than for Case S and 4% lower than
for Case D.

Further consideration of circular piles will be presented
in Part III (Plaut and Filz 2010), where an axisymmetric
analysis is carried out and the incompatibility of a square
grid with a circular edge is avoided.
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Figure 12. Vertical displacement with circular pile caps
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Figure 13. Vertical-displacement profiles with circular pile
caps
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7. ALTERNATIVE CASE

A similar analysis was conducted for the same pile-cap
configurations and geosynthetic property values but with
different embankment stresses and soil stiffnesses:
0, = 184 kPa (26% higher), o5 =24 kPa (22% lower),
K, =150 MN/m*® (414% higher), and K, =300 kN/m’
(88% higher) (Jones 2007). For this case, the stress
concentration is n = 7.67 and the average embankment
Stress is Ogyve = 49.6 kPa.

The important difference from the base case is that the
downward stress on the geosynthetic overlying the soft
soil is lower and the stiffness of the soft soil is higher, so
that the displacements will be much smaller. The ratio
0,/Ks, which gives an approximate value of the maximum
downward displacement, was 19.1 cm in the base case and
is 8 cm here.

The results for the alternative case are summarised in
Table 2. The geosynthetic exhibits a flat central region
with downward displacement oy/K; = 8 cm. The slightly
higher values of maximum W in Table 2 compared with
0,/K; are due to wrinkling along the edges of the unit cell.
In general, the comparison of the square, diamond and
circular pile caps for this case is similar to that for the
base case. The maximum values of strain and stress
resultant are significantly lower for the circular piles than
for the diamond or square caps.

Comparing the results for the base case and the
alternative case in Tables 1 and 2, the values of maximum
vertical deflection, maximum horizontal deflection, maxi-
mum strain and net stress reduction ratio are all larger for
the base case than for the alternative case. This occurs
because the base case has a higher applied stress og over
the area underlain by soft soil, and a lower stiffness K of
the soft soil. The larger deflection of the geosynthetic for
the base case corresponds to a greater portion of the
embankment load being carried by the geosynthetic, which
is reflected in the larger value of the net stress reduction
ratio SRR ;.

8. CONCLUDING REMARKS

Three cases were considered, involving square (Case S),
diamond (Case D), and circular (Case C) pile caps at the
corners of a unit cell. The geosynthetic was modelled as a
thin, flexible plate with linear stress—strain response.
Membrane (stretching) behaviour dominated the equili-
brium shape owing to the small flexural rigidity. Partial
derivatives of the displacements were approximated by
finite differences, convergence studies were carried out,

Table 2. Maximum values and SRR, for alternative case

Case Max W (cm) Max U (cm) Max ¢, SRR
S 8.27 0.57 0.0240 0.041
D 8.68 0.76 0.0261 0.041
C 8.47 0.58 0.0150 0.038

and it was found to be much more effective to minimise
the total energy than to solve the non-linear equilibrium
equations, partly because the derivatives in the energy
have lower order. Displacements and strains were com-
puted, and stress resultants can be calculated directly from
the strains.

Over the piles, the dimensional downward displacement
is equal to o,/K;, (except near the edge of the pile cap),
and at the centre of the unit cell it is approximately os/K;
if K, is not too small, where o, and K, are the downward
stress and foundation stiffness acting on the geosynthetic
above the pile caps, and o and K are the corresponding
quantities elsewhere. The ratio 0y/K; is an upper bound on
the central displacement.

Spikes occur in the strains and stresses near the edges
of the pile caps, and they are particularly large near the
corners in Cases S and D. Previous studies that use a cable
model connecting two adjacent piles without consideration
of three-dimensional effects do not uncover such strain
and stress concentrations. The non-linear bending—stretch-
ing coupling used here is also important in accurately
representing the behaviour of the geosynthetic.

The maximum strain &, was compared with the strain ¢
obtained using the same assumption as in some design
methods, that the geosynthetic deflects in a parabolic
shape along an edge of the unit cell (see the references
cited in McGuire and Filz 2008). According to the
parabolic shape assumption, the strain is computed from
the cubic equation
. GnetAs

6Kye — K; =0 where K, =—-2"  (16)

96&> —
€ 2BJ

In Equation 16, Opet = Oave SRRyt 1s the net downward
stress on the geosynthetic over the soft soil (which
depends on the vertical displacement obtained in the
analysis, as indicated in Equation 15), and 4, = L?> — 4B
For Case S, Equation 16 yields ¢ = 0.0313 for the base
case and 0.0157 for the alternative case. These values are
significantly lower than the maximum strains ¢, of 0.0395
and 0.0240, respectively, obtained here from the three-
dimensional analysis.

Further results for the cases described above are
presented in Jones (2007). A cable-net model will be
investigated in Part II of this study (Halvordson er al.
2010), and an axisymmetric model will be analysed in
Part III (Plaut and Filz 2010). These papers comprise an
initial investigation of 3D effects, and some basic assump-
tions are made, such as:

e a homogeneous, isotropic geomembrane having
linear stress—strain response in Parts I and III, with a
Poisson’s ratio value of zero in Part I and a range of
Poisson’s ratio values investigated in Part IIT;

e a cable net with spherical joints at the nodes to
model the geogrid in Part II;

e  a linear foundation as a model for the soil under the
geosynthetic;

° negligible friction between the geosynthetic and the
soil; and

e  specified uniform stresses acting downward over the
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geosynthetic above the pile caps and between the
pile caps.

The maximum strains in Part I and in most cases in
Parts II and III are less than 0.04. It is recognised that
geosynthetics exhibit non-linear stress—strain response.
Selecting a high value of geosynthetic stiffness in analyses
that employ linear stress—strain response is conservative
for calculating stress concentrations when the actual
geosynthetic response is strain-softening. It would be
interesting to investigate the quantitative impact of non-
linear response on stress concentrations.

Geosynthetic reinforcements for pile-supported em-
bankments are often geogrids. Based on test results
presented in Shinoda and Bathurst (2004), Poisson’s ratio
v is negligible for geogrids made of knitted polyester
(PET), and it is very small for wide biaxial polypropylene
(PP) geogrids if strains are less than 0.08—0.10. In the
numerical results presented in Figures 6 and 12 of Plaut
and Filz (2010), the effect of changes of v (in the range
0 <v=0.5) on displacements, strains, and stresses is
small. The value v =0 was used in this paper, and the
behaviour should be similar for non-zero values of v.

The degree of inaccuracy in modelling the soil under-
neath the geosynthetic reinforcement layer as a distribu-
tion of independent springs is alleviated by the presence
of the reinforcement, which reduces differential settlement
of adjacent springs. The springs are assumed to be linear
in this initial investigation, but non-linear soil models
should be considered subsequently. Neglecting friction
between the geosynthetic and the soil should typically lead
to conservative results for stresses and strains in the
geosynthetic. The impact of non-uniform stress distribu-
tions from the embankment on top of the geosynthetic in
the area above the pile caps and the area between the pile
caps should be investigated. Relaxation of the basic
assumptions made in Parts [-III is left for future work.
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NOTATIONS

Basic SI units are given in parentheses:

As parameter in Equation 16 = L>~4B? (m?)

as area replacement ratio (dimensionless)

B half-width of square or diamond pile caps
(m)

D flexural rigidity of geosynthetic = E£3/[12(1
— v?)] (N-m)

E  modulus of elasticity of geosynthetic (Pa)

Jones et al.

Ep strain energy for bending of geosynthetic
(N-m)
Ekp stored energy in soil over pile caps (N-m)
Ex stored energy in soft soil (N-m)
Ey  strain energy for stretching of geosynthetic
(N-m)
Er  total energy (N-m)
E,, potential energy for embankment stress
over pile caps (N-m)
E,s potential energy for embankment stress
over soft soil (N-m)
H distance between finite difference nodes
(m)
J in-plane stiffness of geosynthetic (N/m)
K, parameter in Equation 16 = 0peids/(2BJ)
(dimensionless)
K, modulus of subgrade reaction under
geosynthetic above pile caps (N/m?)
K; modulus of subgrade reaction for soft soil
(N/m?)
L centre-to-centre spacing of pile caps (m)
m number of finite difference nodes along
half-length between pile cap centres = L/
2H (dimensionless)
n stress concentration ratio = 0,/0;
(dimensionless)
Ny, Ny, Ny, stress resultants (N/m)
R radius of circular pile cap (m)

SRR, ratio of average net downward stress on
geosynthetic in the area not supported by
piles to average downward stress of
embankment over unit cell (dimensionless)

¢t thickness of geosynthetic (m)
U, V' in-plane displacements of geosynthetic (m)
U,j Vi,j values of U, Vat (X, Y) = (iH, jH) (m)
W transverse displacement of geosynthetic,
positive downward (m)
W;.; value of Wat (X, Y)= (iH, jH) (m)
X, Y, Z coordinate axes (m)
¢ strain in Equation 16 (dimensionless)
€y, €y, €y strains (dimensionless)

v Poisson’s ratio (dimensionless)
O average embankment stress (Pa)
Onet net downward stress on geosynthetic over
soft soil (Pa)
0, downward stress acting on top of
geosynthetic over pile caps (Pa)
o; downward stress acting on top of
geosynthetic over soft soil (Pa)

ABBREVIATIONS

C circular pile caps
D diamond pile caps
S square pile caps
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