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With a large number of applications of conventional technique for geosynthetic-reinforced and pile-supported (GRPS)
embankment (called CT embankment), many deficiencies have been exposed. In view of the deficiencies, an improved technique,
fixed-geosynthetic-reinforced and pile-supported embankment (called FGT embankment), is developed. To investigate the
performance of the FGT embankment, the comparison analyses and parametric studies are conducted by Finite Element Method
(FEM).The influencing factors investigated include elasticmodulus of soil, tensile stiffness of geosynthetics, pile length, pile spacing,
and pile elastic modulus. In addition, the cost evaluation for the FGT embankment and CT embankment is also made. The results
show that the FGT embankment can significantly reduce the settlement and differential settlement, enhance the stability, and
provide an economical and effective measure for the construction of high embankment at the bridge approach.

1. Introduction

With a large number of applications of conventional
technique for geosynthetic-reinforced and pile-supported
(GRPS) embankment (called CT embankment), many defi-
ciencies have been exposed [1–3]. For example, the efficacy
of controlling the settlement and differential settlement is
insufficient, and the efficiency of geosynthetics may not be
fully mobilized. The differential settlement in particular is
still great when using the CT embankment at the bridge
approach. This differential settlement could be attributed to
the stiffness difference between the bridge abutment and
bridge approach embankment [4–6]. A small differential
settlement can produce a significant vehicle bump at the end
of the bridge and this vehicle bump can lead to higher vehicle
or bridge maintenance costs and discomfort to drivers and
passengers [7, 8].

In view of these deficiencies, an improved technique,
fixed-geosynthetic-reinforced and pile-supported embank-
ment (called FGT embankment), is developed and intro-
duced herein. The structures for the CT and FGT embank-
ments are presented in Figure 1. In the FGT embankment,
the geosynthetic is fixed on the pile caps, and this fixed
system is comprised of a steel bar fulcrum and concrete fixed
top. In comparison with the CT embankment, the numerical
analysis and cost evaluation are carried out to investigate the
performance of FGT embankment in this study.

2. Numerical Analysis

2.1. Numerical Modeling. The following studies are on
the basis of a bridge approach in Chang-An Expressway
(Figure 2), which is located at the east of MCK + 826 number
0 Bridge in Changzhi City, central region of China. Taking
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Table 1: Material parameters used in the numerical simulations.

Material 𝐸/(MPa) 𝛾/(kN/m3) 𝑐/(kPa) 𝜑/(∘) ] 𝑅inter 𝐻/𝐿/(m)
Embankment fill 20.0 19.0 16.8 24.6 0.30 0.50 5.0
Silty clay 5.2 17.2 14.2 18.3 0.33 0.65 3.5
Silty soil 7.6 17.8 7.6 19.7 0.33 0.65 6.0
Gravelly sand 30.0 20.1 0 28.6 0.30 0.65 4.0
Clay 22.1 18.3 15.7 21.0 0.30 0.80 6.5
Note: 𝐸 is elastic modulus; 𝛾 is unit weight; ] is Poisson’s ratio; 𝑐 is cohesive strength; 𝜑 is friction angle; H is height of embankment fill; and L is thickness of
soil layers.
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Figure 1: Illustration of CT and FGT structures [3].
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Figure 2: Bridge approach at MCK + 826 number 0 Bridge.

this project as a prototype, a two-dimensional finite element
model is established using the software package PLAXIS. Due
to symmetry of the embankment, half of the embankment
cross section is modeled in PLAXIS. The parameters values
used in the numerical simulations, shown in Table 1, are
obtained from the in situ and laboratory tests. To convert
the three-dimensional problem into a two-dimensional one,
the equivalent elastic modulus of pile in the two-dimensional

A Silty clay

Silty soil

Gravelly sand

Hard clay

Piles

GeosyntheticTraffic load

FGT structure CT structureEmbankment fill
BC

17.0m 7.5m 35.5m

5
.0

m
2
0
.0

m

0
.2
5

m

s = 3.5m

L = 3.5m

L = 6.0m

L = 4.0m

L = 6.5m

Figure 3: Dimensions and boundary conditions in numerical
model.

model is calculated as𝐸eq = 𝐸𝑝𝑚+𝐸𝑠(1−𝑚), where𝐸𝑝 and𝐸𝑠
are the elastic modulus of the pile and the soil, respectively;
and 𝑚 is the area replacement ratio [9]. The geometry and
boundary conditions of the model are the same as those
presented by Zhang et al. [3].

The dimensions and the boundary conditions in the
numerical model are presented in Figure 3. The boundary
condition at the bottom is assumed to be completely rigid
and the vertical boundaries are fixed against horizontal
displacement but allowed to move in the vertical direction.
The subgrade and embankment fill are modeled as linearly
elastic-plastic materials with Mohr-Coulomb failure crite-
rion. The piles and geosynthetic are modeled as linearly
elastic materials.

In the numerical modeling, the 15-node triangular ele-
ments (Figure 4(a)) are used to model soil layers and
embankment fill. The 15-node triangle is the most accurate
element in the PLAXIS and can provide a high accuracy
results for complex problems. The 5-node beam (geogrid)
elements (Figure 4(b)) and five pairs of interface elements
(Figure 4(c)) are used together with 15-node triangular ele-
ments. The soil-structure interface is modeled as elastic-
plastic. In elastic region, the shear stress at the interface is
given by

|𝜏| < 𝜎
𝑛
tan𝜑 + 𝑐. (1)

In plastic region, the shear stress at the interface is given by

|𝜏| = 𝜎
𝑛
tan𝜑 + 𝑐, (2)

where 𝜎
𝑛
is normal stress and 𝜑 and 𝑐 are friction angle

and cohesive strength of the subgrade-structure interface,
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(a) 15-node triangular elements

(b) 5-node beam (geogrid) elements

(c) Five pairs of interface elements

Figure 4: Basic elements used in the numerical model.

respectively. The strength properties of interfaces can be
determined from the subgrade (embankment) properties
with a correlated strength reduction factor, 𝑅inter, and are
calculated as

tan𝜑 = 𝑅inter tan𝜑soil,

𝑐


= 𝑅inter𝑐soil,
(3)

where 𝜑soil and 𝑐soil are friction angle and cohesive strength of
the subgrade soil [10].

2.2. Model Calibration. A model calibration was conducted
to ensure that the numerical modeling is reasonable and
representative of the field conditions [3]. The settlements
at the centerline of the ground surface (Point A as shown
in Figure 3) and lateral displacements at 1.0m away from
the embankment toe (Point B as shown in Figure 3) in the
CT and FGT cases are measured by the settlement gauges
and total station instrument, respectively. Figure 5 shows that
the simulation results exhibit a reasonable agreement with
the field measurement data. The pile efficacy, which is the
ratio of the embankment load on a single pile to the total
embankment load over the tributary area of the pile below the
geosynthetic, changedwith the embankment height as shown
in Figure 6. The calculated results are again shown to be in

good agreement with field measured data. The above model
calibration forms the basis for the following study.

2.3. Results and Comparisons. The settlement profiles at
embankment crest for both cases are presented in Figure 7.
The settlement profile for the FGT embankment is similar
to that for the CT embankment. However, the settlement
for the FGT embankment is much smaller than that for
the CT embankment. The maximum settlement for the FGT
embankment and CT embankment is 75.1mm and 83.5mm,
respectively.

Stability is one of the most important issues for high
embankment [11–13]. As an important control parameter for
the stability of high embankment [14], the lateral displace-
ment is discussed herein. Figure 8 shows that the lateral
displacement at the embankment toe varies with depth.
As expected, the lateral displacement for the CT embank-
ment is greater than that for the FGT embankment. The
maximum lateral displacements for the FGT embankment
and CT embankment are 18.6 and 22.9mm, respectively.
The maximum lateral displacement for the FGT embank-
ment is reduced by 18.8% as compared to that for the CT
embankment.TheFGT embankment can significantly reduce
the lateral displacement and thus improve the embankment
stability.

Figure 9 shows that the vertical displacements of geosyn-
thetic display different responses for both cases. The vertical
displacement for the CT embankment is shown to be larger
than that for the FGT embankment. However, the differential
vertical displacements between the valley and adjacent heave
for the FGT embankment are much larger than those for
the CT embankment. Below the embankment crest, the
maximum differential vertical displacement for the FGT
embankment is 32.1mm and is more than 3 times larger than
that for the CT embankment.

The maximum tension of geosynthetic is an important
index for evaluating the efficiency of geosynthetic [15]. As
shown in Figure 10, the maximum tension in both cases
increases with increasing embankment height. For all the
embankment heights, the maximum tension for the FGT
embankment is greater than that for the CT embankment.
In addition, the difference of the maximum tension between
the two cases tends to increase with increasing embankment
height. Thus, the FGT embankment can better mobilize
the geosynthetic efficiency for all the embankment height
considered.

The distributions of lateral displacement at the top of
the piles for both cases are presented in Figure 11. The
lateral displacements for both cases generally increase with
the distance from the embankment centerline. The lateral
displacement curve for the FGT embankment is smoother
than that for the CT embankment. It can be concluded that
the FGT embankment can reduce the lateral displacement at
the top of the piles and improve the interaction between the
piles.

The variation of maximum bending moment of piles
with distance from embankment centerline is presented in
Figure 12. In general, the maximum bending moments for
the FGT embankment are greater than those for the CT
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embankment. In addition, the distribution of maximum
bending moment for the FGT embankment is more uniform
relative to the CT embankment. The maximum bending
moment among the piles for the CT embankment is 1.3 times
that for the FGT embankment. The FGT embankment is
shown to improve the interaction between the piles.

2.4. Influencing Factors. To further investigate the perfor-
mance of the FGT embankment, five key influencing factors
are selected for parametric study. The influencing factors
include elastic modulus of soil, tensile stiffness of geosyn-
thetic, pile length, pile spacing, and pile elastic modulus.
In the parametric study, the FGT embankment and CT
embankment mentioned above are the two baseline cases.
The maximum settlement at the embankment crest, the lat-
eral displacement at the embankment toe, and the maximum
tension of geosynthetic are investigated.

The influence of elastic modulus of soil is studied by
analyzing four cases with 0.6, 0.8, 1.0, and 1.2 times of
the elastic modulus of soil (including all soil layers) for
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Figure 12: Variation of maximum bending moment of piles with
distance from embankment centerline.

the baseline cases. As shown in Figure 13(a), the maximum
settlement and lateral displacement decrease with increasing
elastic modulus of soil. At a low elastic modulus (0.6 times
of the elastic modulus of soil), the maximum settlement
and lateral displacement for the FGT embankment are much
smaller than those for the CT embankment. For the FGT
embankment, the maximum settlement and lateral displace-
ment are reduced by 19.1% and 10.1% as compared to the CT
embankment, respectively. The differences of the maximum
settlement and lateral displacement between the two cases
decrease gradually with increasing elastic modulus of soil.
The effect of elastic modulus of soil on the maximum tension
of geosynthetic is presented in Figure 13(b). The maximum
tension decreases with increasing elastic modulus of soil
for the FGT embankment. However, the elastic modulus of
soil has only slight influence on the maximum tension for
the CT embankment. Thus, the FGT embankment is more
competent for a soft soil condition.

Geosynthetic used for theGRPS embankment is expected
to improve the pile efficiency and embankment stability
by transferring load from the subgrade to the piles and
reducing lateral displacement [16]. The influence of tensile
stiffness of geosynthetic is studied by analyzing four cases
with tensile stiffness of geosynthetic = 100, 1000, 10000, and
100000 kN/m. Figure 14(a) shows that the tensile stiffness
of geosynthetic has a limited influence on the maximum
settlement for both cases. However, the lateral displace-
ment is reduced significantly with increasing tensile stiffness
of geosynthetic. At the tensile stiffness of geosynthetic of
100 kN/m, the lateral displacement for the FGT embankment
is reduced by 16.1% as compared to the lateral displace-
ment for CT embankment, and the corresponding reduction
increases to 34.2% at the tensile stiffness of geosynthetic of
100000 kN/m. As shown in Figure 14(b), the maximum ten-
sion increaseswith increasing tensile stiffness of geosynthetic.
The maximum tension for the FGT embankment is greater
than that for the CT embankment. In addition, the difference
of the maximum tension between the two cases tends to be
greater with increasing tensile stiffness of geosynthetic.
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Figure 13: Influence coefficient of elastic modulus of soil.
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Figure 14: Influence of geosynthetic tensile stiffness.

The influence of pile length is studied by analyzing
four cases with pile length of 6.0, 8.0, 10.0, and 12.0m.
As shown in Figure 15(a), the maximum settlement and
lateral displacement change with the pile length for both
cases. As the pile length increases from 6.0 to 12.0m, the
maximum settlement decreases only slightly at first but has
a jump when the pile length increases from 8.0 to 10.0m.
Then, the influence of pile length becomes less important
again when the pile length exceeds 10.0m. Similarly, the
degree of decrease on the lateral displacement becomesmuch
sharper with the pile length increase from 8.0 to 10.0m. This
phenomenon occurs because the piles are penetrated into
firm soil layer. Figure 15(b) shows that the pile length has a
significant influence on the maximum tension for the FGT
embankment but limited influence for the CT embankment.

Pile spacing is an important design parameter for GRPS
embankment. Closely spaced piles can transfer the surcharge
load easily but are much uneconomical. A wide pile spacing,
however, is likely to cause bearing capacity failure or slope
stability failure [17]. In this study, the influence of pile
spacing is studied by analyzing four cases with pile spacing
of 2.5, 3.0, 3.5, and 4.0m. The maximum settlement and

lateral displacement increase with increasing pile spacing as
presented in Figure 16(a). For both the FGT embankment
and CT embankment, the maximum settlement and lateral
displacement increase with increasing pile spacing. As shown
in Figure 16(b), the maximum tension of geosynthetic for the
FGT embankment firstly decreases and then increases with
increasing pile spacing. In contrast, the maximum tension
for the CT embankment firstly increases and then decreases.
Overall, the effect of pile spacing on themaximum tension for
the CT embankment is less important than that for the FGT
embankment.

The influence of pile elastic modulus is studied by analyz-
ing four cases with pile elastic modulus of 0.5, 1.0, 5.0, and
10.0MPa. As shown in Figure 17(a), the pile elastic modulus
has a limited influence on the maximum settlement and
lateral displacement for both cases. Similarly, Figure 17(b)
shows that the maximum tensions of geosynthetic remain
nearly constant with the increase of pile elastic modulus.

2.5. Discussion. The influence of a factor on the maximum
settlement at the embankment crest, the lateral displacement
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Figure 16: Influence of pile spacing.

at the embankment toe, and themaximum tension of geosyn-
thetic is considered positive or negative based on its effect
on the performance of FGT embankment. The positive and
negative effects are defined as the decrease and increase of
the performance of FGT embankment with an increase of
the value of the factor, respectively. The degree of influence
of the factor is defined as the change of the values relative to
the mean values [18]. For example, the maximum settlements
for the pile length of 6.0, 8.0, 10.0, and 12.0m are 109, 94,
75, and 67mm, respectively. Thus, the degree of influence of
the pile length on the maximum settlement is calculated as
(109 − 67)/[(109 + 67)/2] = 48%. The degree of influence is
divided into three grades: high (greater than 60%), medium
(between 30% and 60%), and low (less than 30%). The
detailed calculation method and the grade of the influence
degree can be found in Huang and Han [18]. The degrees of
influence for each factor are listed in Table 2. The grades of
the influence degree for each factor are presented in Table 3.

In this study, Tables 2 and 3 show that the pile length, pile
spacing, and pile elastic modulus have a limited influence on
the performance of FGT embankment. The elastic modulus
of soil and tensile stiffness of geosynthetic have significant

Table 2: The degree of influence (%).

Factors 𝐸 𝐸
𝑔

𝐿
𝑝

𝐷 𝐸
𝑝

Smax 55 7 48 10 5
Ltoe 65 73 5 8 1
Tmax 37 177 24 46 3
Note: Smax is maximum settlement at embankment crest; Ltoe is lateral
displacement at embankment toe; Tmax is maximum tension; 𝐸

𝑔
is tensile

stiffness of geosynthetic; 𝐿
𝑝
is pile length; 𝐸

𝑝
is elastic modulus of pile; D is

pile spacing.

Table 3: The grades of influence degree.

Factors 𝐸 𝐸
𝑔

𝐿
𝑝

𝐷 𝐸
𝑝

Smax Medium (+) Low (+) Medium (+) Low (−) Low (+)
Ltoe High (+) High (+) Low (−) Low (−) Low (−)
Tmax Medium (+) High (−) Low (−) Medium (−) Low (−)

influence and are the two important factors for the perfor-
mance of FGT embankment.
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Figure 17: Influence of pile elastic modulus.

Table 4: Cost evaluation for CT and FGT embankments (RMB 1000
Yuan).

Labor cost Material cost Machinery cost Total cost
CT 2120.6 2127.2 2011.7 6259.5
FGT 2138.8 2271.0 2012.8 6422.6
Incremental cost 18.2 143.3 1.1 163.1
Incremental rate 0.9% 6.8% 0.1% 2.6%

3. Cost Evaluation

In this study, the costs of ground improvement for the
FGT embankment and CT embankment in the trial bridge
approach embankment are compared.The costs include those
for labor, materials, and machinery. The cost evaluation for
the baseline case with embankment length of 1.0 km for the
CT and FGT embankments is calculated and presented in
Table 4.

For the FGT embankment, the total cost is increased
by only 2.6% relative to the CT embankment. However,
the maximum settlement at the embankment crest and the
lateral displacement at the embankment toe for the FGT
embankment are decreased by 10.1% and 18.8%, respectively,
relative to the CT embankment, as shown in Figures 7 and 8.
Take the pile length and pile spacing; for example, the change
rates of the cost and efficiency are presented in Table 5. The
influence on the maximum settlement, lateral displacement,
and maximum tension is considered positive or negative
based on its effect on the performance of embankment as
mentioned above.The FGT embankment is shown to provide
an economical and effective measure for the construction of
high embankment at the bridge approach.

4. Conclusions

In this paper, to improve the performance of the CT embank-
ment at the bridge approach, the FGT embankment is pro-

Table 5: Change rates of the cost and efficiency.

FGT Pile length-CT Pile spacing-CT
Baseline case/(m) — 10.0 3.5
Change case/(m) — 12.0 3.0
Total cost 2.6% 18.9% 14.0%
Maximum settlement 10.1% 9.7% 7.6%
Lateral displacement 18.8% −0.5% 0.8%
Maximum tension −178.4% −0.8% −13.8%

posed and studied. The numerical analysis and cost evalu-
ation are conducted to investigate the performance of FGT
embankment. From this study, the following conclusions can
be drawn:

(1) The FGT embankment can significantly reduce the
settlement and lateral displacement and improve load
transfer from the subgrade to piles.

(2) The FGT embankment can significantly improve the
embankment stability and the geosynthetic efficiency.

(3) In the FGT embankment, the average values of
the maximum bending moment in the piles are
greater than those in the CT embankment. However,
the maximum bending moment among the piles is
smaller than that in the CT embankment in this study.

(4) The pile length, pile spacing, and pile elastic modulus
are shown to have limited influence on the perfor-
mance of FGT embankment. The elastic modulus
of soil and tensile stiffness of geosynthetic have
significant influence on the performance of FGT
embankment.

(5) The performance of the FGT embankment is im-
proved significantly with only a slight increase of the
total cost. Thus, the FGT embankment can provide
an economical and effectivemeasure for the construc-
tion of high embankment at the bridge approach.
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