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Abstract The geosynthetic-reinforced pile-supported
embankment (GRPSE) is one of the most effective and eco-
nomical foundation reinforcement measures for embankment
constructed over soft soils. The 3D analysis using finite ele-
ment method was adopted to study the soil arching effect of
GRPSE:s, including load transfer between piles and soils.
In this study, the numerical model has been calibrated with
measured data obtained from field tests conducted along the
alignment of a high-speed railway in China. The results of
subsequent parametric study show significant correlations
between pile efficiency and the height of the embankment,
the pile spacing, the tensile strength of the geogrid, and
slope of the virgin consolidation curve of the soil. Mod-
els used in previous studies have not fully represented the
effects of the properties of geogrids and soils on the soil
arching effect. An empirical calculation model that considers
the four factors mentioned and based on multi-shell arching
theory was presented. This model can be used to calculate
the vertical stresses in the embankment, especially in the
cushion, and the pile efficiency.
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Introduction

When designing structures over soft soils, geotechnical engi-
neers face several challenges because of the poor engineer-
ing properties of such soils, such as their high compress-
ibility, low bearing capacity, low permeability, and high
moisture content. High-speed railways require high-quality
embankments, and soft soil foundations lead to severe
problems, such as bearing capacity failure, excessive total
and differential settlements, lateral flow of soil, and global
instability [1, 2]. GRPSE system provides an economic and
effective solution to these problems, because of its short
construction time and low maintenance charge [3, 4]. The
inserted geosynthetic layers work together with the embank-
ment and piles to enhance the load transfer efficiency, mini-
mize the yielding deformation of subgrade fill above piles,
and feasibly reduce the total and differential settlements of
embankment [5, 6].

The design of GRPSEs includes the geometric design
of embankment, the layout of piles and geosynthetic rein-
forcement, and the determination of appropriate construc-
tion material properties. The existing design methods for
GRPSEs, such as BS8006, EBGEO, CUR226, and FHWA
[7, 8], adopt the concept of various theories of soil arching
[9-12]. The methods mentioned above were developed for
individual countries and suitable for that specific geologi-
cal and national conditions. These design methods also fol-
lowed diverse conservative hypotheses and simplification.
Current design methods exhibited great differences in their
load transfer predictions and leaded to very different results
[13—-16], which was indicated by Filz and Smith [17] and
Nunez et al. [18]. However, there is no any design method
for GRPSEs in any countries, including China. Thus, this
study focused on a method to calculate the load transfer
applicable to China’s high-speed railway.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40098-024-00940-7&domain=pdf
http://orcid.org/0000-0002-5213-0144
http://orcid.org/0000-0001-7271-8298
http://orcid.org/0000-0002-4877-4326
http://orcid.org/0000-0002-5272-9739
http://orcid.org/0000-0003-1527-6619

Indian Geotech J

There are three categories of analytical methods widely
accepted to estimate the load distribution inside a granu-
lar cushion. The first category is that of empirical methods,
which are derived from the equilibrium of the volume of
soil during redistribution with loads transferring along the
shearing surface at the edge of pile [8]. The second category
is that of methods assuming load transfer is due to the dead
weight of a stable soil wedge above the piles [19, 20]. The
third category is to establish equilibrium equations of the
arches between adjacent piles [8, 11, 21]. Differences among
different types of methods may be owing to the fact that they
are based on the results of small-scale models or numerical
analyses, as opposed to in situ conditions. Another possible
reason for the differences among different types of methods
is that most of the theoretical models assume that the soil
arching is at a fully mobilized or limit equilibrium state.
However, only partially mobilized arching is developed in
practice, which may change the load transmission and pile
efficiency [22].

Because load transfer in GRPSEs is a complex phenom-
enon depends on a number of factors, numerical techniques
are needed to analyse the responses of such embankments
accurately [23, 24]. To study the stress redistribution from
soil to piles, the tensile forces, and the strains of geosyn-
thetic in the cushion layer, three-dimensional (3-D) analyses
are required [16, 17, 25].

The reliability of some soil arching theories has been
studied based on the field tests results of a China’s high-
speed railway. Through this study, an empirical method has

Fig. 1 Typical cross section
of geogrid-reinforced pile-

supported embankment Unit: m

been presented with borrowed multi-shell arching theory
to predict the load transfer in a GRPSE appropriate for
GRPSEs in China.

Section Conditions

In this study, a GRPSE section of Wuhan—Guangzhou high-
speed railway in China was selected as the base case for the
numerical modelling, which is shown in Fig. 1. The profile
of the soil is as follows: there is about 4.5 to 10.7 m thick
of soft soil overlying a 3.5 to 6.1 m thick deposit of cobbly
soil that overlies approximately 8.9 to 10.9 m thick of silty
clay. The bearing stratum below is limestone. The founda-
tion is reinforced by CFG piles with a diameter of 0.5 m
and centre-to-centre spacing of 2.5 m. The top 0.3 m of the
piles are square pile heads with a side length of 1.5 m. Two
layers of biaxial polypropylene grid are sandwiched between
0.6-m-thick gravel layers at a spacing of 0.3 m. The embank-
ment was designed with a full height of 6.0 m. Out of this
total height, 4.7 m was constructed over a period of 5 months
and subsequently rested for 3 months. Vertical pressures in
the embankment were measured at 0.3 m above the ground
level (just between two layers of geogrids) by 4 earth pres-
sure cells with a precision of 1% F.S. and a maximum range
of 0.4 MPa. The horizontal layout of 4 earth pressure cells is
shown in Fig. 2a, P1, P2 above the pile cap and S1, S2 above
the soil. The settlement at the ground level beside point S1
was also monitored by a settlement gauge with a precision
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Fig. 2 Finite element models adopted in the numerical analyses

of 0.1 mm and a maximum range of 100 mm. More details
were reported by Cai et al. [26].

Finite Element Modelling

A three-dimensional finite element model was established to
simulate the GRPSE system using finite element modelling
software named ABAQUS. The soil layers were modelled
using eight-node brick elements with reduced integration
coupled pore pressure (C3D8RP). C stands for continuum
stress/displacement, 3D for three-dimensional, 8 for eight
nodes, R for reduced integration, and P for pore pressure.
This type of element has good stress and strain resolving

ability with good convergence. Fully drained conditions
were assumed for the cushion, embankment body, and
the subgrade, because of the relatively high permeability
of these parts in comparison with others, which is why
they were modelled using eight-node brick elements with
reduced integration but without considering pore pressure
(C3D8R). The geogrid was modelled using three-dimen-
sional four-node membrane elements with reduced integra-
tion (M3D4R). This type of element transmits only surface
forces (no moments) and has no bending stiffness [27].
Figure 2b shows the details of numerical model con-
ducted in this investigation. The foundation was consid-
ered to be 18.9- to 25.7-m-thick layer overlying a rigid
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impermeable stratum. To minimize the boundary effects,
the horizontal length of the model was taken to be 115.9 m
in the x-direction, which was more than 3 times the width
of the embankment base [28]. Four rows of piles were
arranged in the z-direction of embankment of 9 m. The
transverse and lateral behaviour of the embankment was
evaluated systematically by the middle two rows of piles
in 5-m-wide section. The bottom was assumed to be fixed
boundary, which means displacements in all three direc-
tions were set to 0. The horizontal boundaries (in the
x-direction) and along the track (in the z-direction) were
set to be smooth and rigid (zero displacements in these
two directions, respectively). All these boundaries were
defined to be impermeable [29].

The zero-pore-pressure boundary was established so
that pore fluid could flow only through the top surface of
the ground [30]. The end of the geogrid was fixed laterally
at the toe and at the cross section of the embankment but
was allowed to move freely in the vertical direction with
the cushion.

The interaction between the geogrid and the cushion was
stimulated by using the surface-to-surface contact. The nor-
mal interface contact was defined to be ‘hard contact’ and
not allowed to be separated [31]. Furthermore, the interac-
tion of shear resistance was simulated using the Coulomb
friction in the tangential direction. The geogrid—cushion
interface friction angle was assumed to be equal to the fric-
tion angle of the cushion. The pile behaviour was affected by
the interaction of soil-pile interface. A Coulomb frictional
model, with a friction coefficient of 0.3, was also used to
model the frictional behaviour [32].

Table 1 Material parameter values for FEM analysis (1)

For simplicity, the subgrade, the embankment body, the
cushion, the cobbly soil, and the silty clay were modelled
using Mohr—Coulomb failure criteria. Given the high stiff-
ness and small deformation of the piles and limestone, these
two components were simulated as linearly elastic materials.
However, because the behaviour of the soft soil layer obvi-
ously affects the GRPSE, the modified Cam—Clay model was
applied to simulate the significant plastic deformation. This
model explains the elastic—plastic deformation characteris-
tics of normal consolidated clay well, especially considering
the plastic volume deformation. All model parameters can be
obtained by triaxial tests. The material property values used
in the baseline case are listed in Tables 1 and 2, which were
obtained by a series of field and laboratory tests.

Construction of an embankment over soft soil is often
performed in stages to ensure the embankment’s stability
and minimize the post-construction settlement. The total
construction time was about 8 months as shown in Fig. 3.
Each stage has construction process and waiting process, and
the excess pore water pressure dissipates partially in waiting
process. However, because of the difficulty the actual staged
construction process was simplified as the grey line in Fig. 3.
The whole embankment was 6.0 m high, but field tests were
completed when the embankment reached 4.7 m high.
Therefore, although the full model represents a 6.0-m-high
embankment, the simulation ended when the embankment
reached 4.7 m.

Validation of the Embankment Model

The settlement distribution of the foundation 93 days after
construction is shown in Fig. 4. The maximum settlement

Material Density, p Elastic modulus, Friction Cohesion, ¢ Poisson’s ratio, v Initial void Permeability
(kg/m?) E (MPa) angle,  (°)  (kPa) ratio, e coefficient, k,, (m/
day)
Subgrade 2200 60 38 0.3 - -
Embankment body 1950 37 31 0.3 - -
Cushion 1780 50 44 0.3 - -
Cobbly soil 2300 44 24 13 0.3 0.68 3.04x107°
Silty clay 1950 46 22 28 0.35 0.86 1.18x 1073
Limestone 2700 25,000 - - 0.2 - -
Geogrid 40 640 - - 0.2 - -
Pile 2400 28,000 - - 0.167 - -
Table 2 Material para.meter Material Density, p  Poisson’s ratio, v 1 K M Void ratio, e, Permeability coefficient, k,,
values for FEM analysis (2) (kg /m’) (m/day)
Soft soil 1700 0.35 02 0.04 1.05 12 6.51x10™
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Fig. 3 Comparison between measured and calculated settlement of
ground during construction

of foundation occurs between the central rows of piles. Fig-
ure 5 shows the vertical stress distribution of embankment
93 days after construction. The stress concentration at the

Fig. 4 Settlement distribution
of the foundation 93 days after
construction (m)
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Fig. 5 Vertical stress distribu-
tion of embankment 93 days
after construction (kPa)
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piles and the soil arching in the embankment are apparent
in Fig. 5a. The stress concentration phenomenon occurs on
the pile head, and the subsoil body around the pile head
forms an arching shape. The maximum vertical stress occurs
above the corner of pile caps, as shown in Fig. 5b, which
may due to the stress concentration at the edge of them.
Figure 3 shows a comparison between the foundation soil
settlement during the embankment construction period,
as predicted by 3D FEM model, and the values measured
during the field tests. There is a consistency in the settle-
ments of the ground surface between FEM simulated and
measured. The settlements measured during June and July
were greater than those simulated. This is probably because
the gravel is redistributed to produce soil arching and the
cushion moves slowly into the soil between piles when the
height of embankment is approximately 2.5 m. Figure 6
shows a comparison between the vertical stress 0.3 m above
the ground, as predicted by the numerical model, and the
vertical stresses measured in the field tests during construc-
tion. This comparison shows that the FEM could accurately
simulate the vertical stress.

As the real stratum is tilted and is not universal, a
GRPSE on horizontal stratum was simulated then as

(a) Cross section of embankment

(b) Bottom of cushion
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Fig. 6 Distribution of vertical stress

shown in Fig. 7a. The properties of materials and the sizes
of embankments were the same. The tilted stratum was
adjusted to be horizontal, and the thickness of three layers

Unit: m

Cushion and geogrid

=7 Ground
hid Soft soil

i’; Cobbly soil
= Silty clay

Limestone

(a) Cross section of GRPSE on horizontal stratum

Fig. 7 Condition of GRPSE on horizontal stratum
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was 7.6, 4.8, and 9.9 m, respectively, which was the aver-
age thickness of real stratum. The layout of geogrids and
piles was the same and every pile dug down to the lime-
stone layer. The settlement and vertical stress cloud charts
of these two models were similar and were not listed in
the paper. The landmark indexes of these two models are
shown in Fig. 7b. It is indicated by comparison that the
adjustment of stratum is reasonable. The settlement and
vertical stress of adjusted model were slightly smaller than
origin model that’s because the observation points were at
the side of thicker soft soil. The subsequent analyses were
therefore based on the horizontal stratum model.

Vertical Stress Distribution in the Embankment

The distribution of vertical stress in the embankment on
horizontal stratum is shown in Fig. 8a. It has been seen
that the vertical stress initially increases with depth and
then changes at a height of approximately 2.5 m above
the ground. The vertical stress above the soil decreases
with increasing vertical stress above the pile cap. Further
differences are evident below a height of 0.6 m, which
is just within the range of geogrid and cushion. The soil
inside a soil arch should fall under the influence of gravity.
However, the geogrid supports the soil and transmits the
load to the arch springing, and less vertical stress needs
to be supported by the soft soil of the foundation. These
phenomena illustrate the redistribution of vertical stresses
caused by soil arching and the tensioned membrane action
of the cushion with geogrid.

8 250
Tilted stratum
Horizontal stratum

1200

1150

4100

Settlement (cm)
N
Vertical stress (kPa)

0 7 0

Settlement
of ground

Vertical stress Vertical stress
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Fig. 8 Influence of embankment height (H) on the distribution of vertical stress (s=2.5 m)

Parametric Study

As the slope of the high-speed railway embankment is fixed
and the selection of the filler is clearly defined, in this study,
the following four key influence factors were considered to
investigate the behaviour of the GRPSEs: (1) the embank-
ment height (H), with values of 4.7, 4, 3, and 2 m; (2) the
pile spacing (s), with values of 3.0, 2.5, 2.0, and 1.8 m; (3)
the tensile strength of the geogrid (J), with values of 20, 40,
80, 100, and 200 kN/m; and (4) slope of the virgin consoli-
dation curve of the soil (1), with values of 0.05, 0.1, 0.15,
0.2, and 0.25. For each case, only one parameter was varied.
Fifteen cases were investigated.

The distributions of vertical stress with respect to
embankment height are shown in Fig. 8. It has been seen that

the distributions of vertical stress are similar when H=4.7,
4.0, and 3.0 m. In these conditions, the height of soil arching
slightly decreases with the embankment height. The verti-
cal stress above the pile cap apparently increases with the
embankment height, while the vertical stress above the soil
is almost unchanged. This difference shows the redistribu-
tion of the vertical stresses caused by the soil arching and
most of the load transfer to the pile. However, soil arching is
not clearly evident in Fig. 8d. This is probably because the
embankment height is not sufficient to form a soil arching.
The vertical stress above piles is still greater than that above
soil because of the stress concentration effect rather than the
soil arching effect.

Figure 9 shows the distributions of vertical stress for dif-
ferent pile spacing. It has been seen that the distributions of

@ Springer
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Fig. 9 Influence of pile spacing (s) on the distribution of vertical stress (H=4.0 m)

vertical stress are similar when s=2.5, 2.0, and 1.8 m. Under
these conditions, the height of soil arching decreases signifi-
cantly with the pile spacing. The vertical stress above the
pile cap apparently decreases with the embankment height,
while the vertical stress above the soil remains almost
unchanged. This is because, although the embankment fill
above soil arching becomes thicker with lower soil arching,
the dead load above soil arching decreases with less spacing
between adjacent piles. However, soil arching is not clearly
evident in Fig. 9a. This is probably because the pile spac-
ing is too great and the shear strength of the embankment
fill is not sufficiently great to form a complete soil arch of
that size.

The effects of the tensile strength of the geogrid and slope
of the virgin consolidation curve of the soil were also stud-
ied. The trend of vertical stress distribution curve is the same

@ Springer

as that in other cases, so these two effects are discussed in
another way in the following sections.

A Modified Empirical Model Based on Multi-Shell
Arching Theory

The EBGEO (GGS 2010) method employs multi-shell arch-
ing theory to determine the stress distribution appearing on
the pile and surrounding soil. The method is based on the
conceptual 3-D soil arching conceptual presented by Hewl-
ett [11], modified on the basis of a series of findings from
theoretical analysis, experimental research, and engineer-
ing practice. The theory is based on the principle of plastic
mechanics and assumes that the orientation of the major
principal stress is a certain function. The following equation
is given to calculate the distribution of the vertical stress
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along the height of an embankment as a function of the fric-
tion angle, the height of the embankment, the pile spacing,
and the pile diameter [21].

X
6.(2) = </11 +02 /12) (2 h)

(hg—z)'y-<ll+h§-/12>l-<ﬂl+

h

A
4

effects of a geogrid and the foundation soil are not consid-
ered in Eq. (1). However, it cannot be denied that Zaeske
presented a reasonable method based on the principle of

i (H_hg)'7+
s-<4-/11+h§-/12)

(45 Ay +hy - (=2d - (K= 1) -2) + 5 hy - 4y) M
%

s/2 for H > s/2 (full arching)
where hy =

H for H < s/2 (partial arching)

Ky = tan? (450 + %) ) )(z_d.(]jkzr.i;_l)' , A= % (s —d),
§242-d-s—d?

Ay = 27

spacing, d is the size of the pile cap, H is the height of the
embankment, y and ¢ are the gravity and friction angle of
the embankment fill, respectively.

The comparison between the simulated and calculated
vertical stress distributions in the embankment is shown in
Fig. 10a. It has been seen that the simulated and calculated
vertical stresses at ground level and above the soil arching
are approximate, but that there is a significant difference
in the range of soil arching. This is probably because the

, hy is the height of soil arching, s is the pile
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Height from the ground, /# (m)

plastic mechanics because it is soil that constitutes the arch.
The proof therein is that if the calculated curve was moved
from place A to place B, it has been seen that the shape of
the curve of the calculated vertical stress (the red line) is
quite similar to that of the curve of the simulated vertical
stress (grey line and black line). This means that the multi-
shell arching theory can be used to estimate the vertical
stress on the cushion. Furthermore, a modified method was
presented to estimate the vertical stress in the cushion. The
vertical stresses at different positions are indicated from o, to
og as shown in Fig. 10b. A correction factor f is introduced
to calculate the vertical stress above the soil on the upper
surface of the cushion. A factor 7 for the stress transfer rate
of the cushion was introduced to calculate the stress change
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Fig. 10 Comparison of simulated vertical stress in subgrade and that calculated via multi-shell arching theory (Color figure online)
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from the upper surface of the cushion to the lower surface of
the cushion. These factors are defined as follows:

p=21
0 @)
_ 0270
rlsl_ o, (3)
0] — 05
Ns2= ol (@)
_0-8 —_ 0'4
npl_ 64 (5)
07 — 03
ﬂp2=6—3 (6)

in which o, is the vertical stress above the soil, calculated
using Eq. (1), o, is considered to be equal to o5, o5 is con-
sidered to be equal to o, and 7 is the stress transfer rate of
cushion above different points. f and 7 are related to the
material properties and the size of the GRPSE system.

Finally, the vertical stress o; above the soil on the upper
surface of the cushion, the vertical stress o5 above the soil
on the lower surface of the cushion, and the pile efficiency
Ep can be calculated from Eqs. (2, 7, and 8), respectively,
which are very useful in engineering design.

os=(1-ngy) - f- oy (7
_Fp_ Fq_ GS'AS _ 65'(S2_d2)
E=—=1-—=1- =1- (3)
F F pgH - A pgH - 5%

In these equations, F is the total weight supported by the
soil and piles, F| is the weight supported by the soil, F), is the
weight supported by the pile caps, A is the total area of the
soil and pile caps, Ay is the area of the soil, p is the density of
the embankment fill, and g is the gravitational acceleration.

Determination of Model Parameter Values

The only two parameters in the modified model whose
values have to be determined are § and 5. As the quality
of embankment fill has to conform to prevailing codes, its
material properties must be consistent. The main influence
factors are the height ratio of the embankment (H'), the area
improvement ratio of the pile caps («), the tensile strength of
the geogrid (J) and slope of the virgin consolidation curve of
the soi (4). The height ratio of the embankment is introduced
to produce a dimensionless height parameter to make the
analysis more reasonable.

@ Springer
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The dimensionless area improvement ratio is defined in
the following manner to represent the influences of both the
pile spacing and the size of the pile cap.
1 4,
e=1-—+ (10)
Figure 11 shows the influences of the factors considered
on f. Its value increases with J but decreases with increasing
H' and A. This is because the vertical stress calculated using
Eq. (1) is a theoretical value that depends on the embank-
ment fill and the pile cap. However, an increase in J or a
decrease in H' or A weakens the soil arching or enhances
the cushion, with the result that the cushion above the soil
can support more load. The influence of & on f is close to a
quadratic function. It is apparent that the soil arching effect
is maximized when the area improvement ratio is approxi-
mately 0.4. The simulated results can be well fitted by the
following functions:

Brp=—0.033 +7.45/H R®>=0979 (11)

p,= 13.77 = 71.58a+132.13a> — 73.54¢> R> =0.977

(12)
p,=0.00234J+1.6 R*=0.996 (13)
B,=132117922 R =0.993 (14)

in which By, f,, B, and B, are defined as the correction
factor f influenced by the four aforementioned influence fac-
tors, respectively.

The set of conditions H'=4, a=0.36, J=80 kN/m, and
A=0.15 were established as a baseline set of conditions,
and the correction factor of this condition #’ is 0.181. The
influence of the factor effects was considered to be a type of
correction factor. Thus, the following method for determin-
ing the value of § was defined:

B = B\ B.BiB,/ B (15)

Figure 12 shows the influences on 7, which increases with
J, H', and 1. There is also a negative correlation between
a and f, except for a=0.25. This is probably because the
pile spacing is so large that no soil arching can form in
the embankment. This condition is not considered further
herein. From the figures mentioned, it has been seen that
n above the piles changes together with that above the soil.
This is because the load above the soil is transferring to the
piles via the cushion. The value of 1 above P1 is similar to
that above P2 and can be considered to be the same. This is
probably because pile caps are the base of arching. Different
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Fig. 11 Correction factor (/) influenced by different factors

points on the pile cap correspond with different shells of soil
arching, and the stress transfer rates near the base of each
soil arching are analogical.

Similar phenomenon can also be seen in the values of
n above S1 and S2. This is probably because the geogrids
embedded in the cushion make cushion a whole, and the
stress transfer rates of different points above soil change
together in the cushion. The simulated results can be well
fitted by the following functions:

Mor=0.722 + 0.225/(1 — 0.816H') R*> = 0.998 (16)

Ngp=0.0161H'+0.255 R* = 0.987 17)

Slope of the virgin consolidation curve of the soil, A

(d) slope of the virgin consolidation curve of the soil (1)

Mpe= 0.306 + 0.106/a R* = 0.998
fge=— 0.0326 + 0.13/a R*> = 0.998
M,y =0.2447°214 R* = 0.986

ny= 0.000619J+0.264 R> = 0.990
Mp;= 1.1+ 0.312In4 R* = 0.995

n,,=0.571 +0.158In 4 R? = 0.995

(18)
19)
(20)
2y
(22)

(23)
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in which 5, and 7, are defined as the stress transfer rates of
the cushion above the piles and soil, respectively.

The set of conditions H'=4, a=0.36, J=80 kN/m, and
A=0.15 was established as a baseline. For this condition,
stress transfer rate of the cushion 7', is 0.319 and 7' is 0.616.
In the same way as /3 is expressed, 77, and #, can be expressed
as follows:

3
I’[p = an]r/paannpl/n,p (24)

3
N5 = Ny MsaMssMsa /M7, (25)

In a word, in order to calculate the vertical stress above
the soil, it is necessary to calculate the stress transfer rate
using Eqgs. (17, 19, 21, 23, 25) and the correction factor

@ Springer

g. 12 Stress transfer rate of cushion (1) influenced by different factors
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using Eqs. (11-15) at first. Then, o5 and o4 can be calculated
by Egs. (1-4). A similar approach applies to the calculation
of the vertical stress above the pile.

The simulated pile efficiencies E, for different conditions
and the corresponding fitting curves are shown in Fig. 13.

The simulated F;, can be extracted directly by means of a
free body cut in the software. It is apparent that the pile effi-
ciency can be predicted well using the following equations:

E,p=0.961 — 0.098/(H" — 1.487) R? = 0.999 (26)

E,,= 0.979 — 0.007/(a — 0.223) R* = 0.998 @7
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E, ;= 0.000205/+0.902 R? =0.997 (28)

E,,=1—0.021/(A+0.045) R> = 0.993

p 29

For the baseline set of conditions, E’lD 1$ 0.919. In the same
way as for f, E,, can be expressed as follows:

E,=E,\E,E

3
pa pJEp/l/E,p

(30)

The pile efficiency calculated using the modified empirical
model is also shown in the figures. A comparison between the
two sets of results reveals no significant differences between
the calculated and simulated E,, values. This demonstrates that
the modified empirical model can be used effectively to evalu-
ate the vertical stress above the soil on the upper surface of the
cushion and evaluate the pile efficiency.
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Conclusions

In this study, field tests and 3-D FEM numerical analyses
of the embankment construction process were conducted
to investigate the influences of embankment height, pile
spacing, tensile strength of the geogrid, and slope of the
virgin consolidation curve of the soil on load transfer in
GRPSEs. The following conclusions have been drawn
from the results obtained.

(1) The numerical model was carefully calibrated to assess
the variation in the vertical stress with respect to the
measured values. The height ratio of the embankment
and the area improvement ratio of the pile caps were
found to be the major effects. However, the effects of
the tensile strength of geogrid and slope of the virgin
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consolidation curve of the soil cannot be neglected.
The numerical model was carefully calibrated to assess
the variation in the vertical stress with respect to the
measured values. The height ratio of the embankment
and the area improvement ratio of the pile caps were
found to be the major effects. However, the effects of
the tensile strength of geogrid and slope of the virgin
consolidation curve of the soil cannot be neglected.

(2) The stress transfer rates of different points in the cush-
ion are the same above pile caps and soil, respectively,
which can be used to calculate the vertical stress at the
upper and lower surfaces of cushion.

(3) The multi-shell arching theory can evaluate the verti-
cal stress at ground level well but not very accurately
in the soil arching area. A modified empirical model
was developed to calculate the vertical stresses in the
embankment, especially in the cushion, and the pile
efficiency.

(4) Additional experimental data are needed to further
establish a general empirical model, which will be able
to consider more influencing factors (e.g. properties of
subgrade, temperature, train load, and so on).
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