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Bridges have been widely used in highway and railway engineering, especially in mountain areas. ,e differential settlement
between bridge abutment and approach embankment is one of the most challenging problems, and it will result in “bumps” to
affect the driving safety and comfortableness at the end of a bridge. ,e geogrid-reinforced and pile-supported embankment
(GRPS embankment) is proposed to mitigate the differential settlement at the bridge approach. In this paper, the model tests and
numerical studies are carried out to study the long-term performance of the GRPS embankment considering the consolidation of
subsoil. Firstly, a series of model tests are conducted to evaluate the long-term performance of the GRPS embankment using a
specially designed model box. ,en, the numerical model is constructed using the finite element software MIDAS, and the
numerical model is verified from themodel test results. Finally, a parametric study is conducted to investigate the influences of pile
net spacing, pile modulus, and filling modulus.

1. Introduction

Bump at bridge head is commonly encountered at road-
bridge transition section, which is caused by the differential
settlement between bridge abutment and approach em-
bankment [1–3]. ,is bridge bump will in turn intensify the
differential settlement between bridge abutment and ap-
proach embankment and affect the safety and comfort of
driving. To mitigate the differential settlement, several
ground treatment approaches or subgrade structures have
been applied for the construction of the road-bridge tran-
sition section, such as the geogrid-reinforced and pile-
supported embankment (GRPS embankment) [4–6].

GRPS embankment is a type of earth structure that
combines the effects of both pile and reinforcement as the
bearing system for embankments, as shown in Figure 1. ,is
type of embankments has the advantages of small settlement,
short construction period, and convenient construction
[7–9]. In terms of theoretical research, as early as 1936,
Terzaghi proved the existence of the soil arch effect based on

the movable door test of sand. At the same time, the trench-
type soil arch model of the ideal soil is proposed by assuming
the vertical shear plane between the internal and external soil
columns [10]. Based on this vertical shear plane assumption,
the mechanical models of the GRPS embankment are
established [11–13]. ,e settlement, strain of geogrid, and
pile efficiency in the GRPS embankment under different
conditions are analyzed [14–16]. ,e two-dimensional and
three-dimensional discrete element numerical models are
established to analyze the loads transferred through the soil-
arching effect, tensioned-membrane effect, and subsoil
under embankment load [17, 18].

In summary, the related research almost has not yet
involved the long-term effect of soil consolidation, and it
cannot truly reflect the actual working behavior of the GRPS
embankment. In this study, the model tests and numerical
studies are carried out to study the long-term performance
of the GRPS embankment considering the consolidation of
subsoil. ,e parametric study is conducted to evaluate the
effects of pile net spacing, pile modulus, and filling modulus.
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2. Model Test

2.1. Testing Equipment. An indoor model test system is
specially designed, as shown in Figure 2; the system is mainly
composed of tempered glass test tank, pile, lifting system,
and high-speed camera device.,e length, width, and height
of the tempered glass test tank are 2m, 1m, and 1m, re-
spectively.,e pile height in the tempered glass test tank and
filling height above the pile are both 50 cm. ,e lifting
system is 25 cm away from the bottom of the tempered glass
test tank.,e diameter of middle three piles is 25 cm, and the
diameter of two piles at the side is 12.5 cm.,e lifting system
is closely connected with two movable loading plates,
through two holes opened at the bottom of the test tank,
which is used to simulate the consolidation settlement of
subsoil. ,e elevation of the lifting system decreases by
0.5mm after each turn of counterclockwise rotation. ,e
high-speed camera is installed directly in front of the
tempered glass test tank. During the model test carried out,
the focal length is fixed and photos are taken continuously.
,en, the settlement of filling is obtained through PIV
analysis.

2.2. Test Series. ,e model tests of the GRPS embankment
are carried out using the abovementioned model test system.
,e reinforced and unreinforced pile-supported embank-
ments are investigated. ,e specific test series are shown in
Table 1.

2.3. Experimental Material. Pingtan standard sand is se-
lected for the embankment filling and sand between piles in
the test. ,e density, Poisson ratio, and internal frictional
angle of Pingtan standard sand are 1620 kg/m3, 0.3, and 27°,
respectively. ,e geogrid is selected as the triaxial geogrid
made of high-density polyethylene (HDPE) commonly used
in engineering applications. ,e related physical indexes are
detailed in Table 2.,e pile is a hollow rectangular box made
of steel plates with the thickness of 0.5 cm. ,e height and
length of pile is 50 cm 100 cm, respectively.

,e universal material testing machine is used to carry
out single-rib tensile test of the geogrid, and the results are
shown in Figure 3. ,e slope of secant line and ultimate
failure strength are, respectively, taken as the tensile stiffness
and strength.

2.4. Testing Procedures. ,e specific test steps are as follows:

(a) A part of standard sand is stained with a kind of
biological dye.

(b) Two piles with the diameter of 12.5 cm are arranged
on the left and right sides of the tempered glass test
tank. ,e middle three piles with the diameter of
25 cm are arranged according to the pile net spacing
of 25 cm.

(c) ,e high-speed camera in front of the test tank is
activated to take continuous pictures of the em-
bankment filling process.

(d) Each layer is alternately filled with dyed and undyed
sand filling and tamped to a predetermined height
with a tamping plate. ,e thickness of each sand layer
is 50mm, and a total of ten layers are laid. Under the
one-layer geogrid-reinforced condition, the geogrid is
laid at the filling height of 5 cm. However, under the
two-layer geogrids’ condition, the first layer geogrid is
laid at the filling height of 5 cm, and the second layer
geogrid is laid at the filling height of 25 cm. Especially,
the edge of the geogrid is fixed with the reserved holes’
sleeve rings on the left and right piles, which restricts
the horizontal displacement but allows the vertical
displacement of the geogrid.

(e) After the completion of embankment filling, it is
allowed to stand for 24 hours. ,e lifting system
rotates once every half an hour for a total of 10 times
and 10 turns for every time. When the descending
height of the lifting system reaches to 50mm, the test
is finished.

(f ) ,e settlement of filling is obtained through PIV
analysis.

2.5. Results. In the pile diameter of 25 cm and one-layer
geogrid-reinforced condition, the settlement curves with the
different consolidation settlements are shown in Figure 4.
Due to the difference in the stiffness between the pile and the
subsoil, the settlement above the pile and the subsoil is
different under the embankment load. ,e settlement above
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Figure 1: Sketch of the GRPS embankment used at bridge
approach.
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Figure 2: Model test system.
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the subsoil is larger than the settlement above the piles. In
order to reduce the differential settlement, a part of em-
bankment load above the subsoil is transferred to the pile by
the frictional shear action. ,e phenomenon that a part of
embankment load above the subsoil is transferred to the pile
is called soil arching effect. Obviously, with the increase of
the consolidation settlement, the soil arching effect becomes
increasingly obvious. With the increase of filling height, the
settlement and differential settlement decrease significantly.
When the consolidation settlement of subsoil is 50mm, the
settlement at the filling height of 5 cm and 35 cm above the
subsoil are 0.16 cm and 0.07, respectively.

At the filling height of 5 cm, the center point of the pile
and the subsoil are denoted as points A and B, respectively,

as shown in Figure 2.,e differential settlement between the
point A and the point B is recorded as Δs. ,e settlement
curve of the section where the point A is located is shown in
Figure 5, and the curve of the differential settlement Δs
versus filling height is shown in Figure 6. With the increase
of filling height, the settlement of the section where the point
A is located and Δs decrease. With the increase of the
consolidation settlement, the settlement of the section where
point A is located andΔs gradually increase. It shows that the
consolidation settlement has a great influence on the set-
tlement and differential settlement of filling.

In the consolidation settlement of the 30mm condition,
the settlement of the section where point A is located and Δs
with different reinforced conditions shows a nonlinear
distribution with the change of filling height, as shown in
Figures 7 and 8. With the increase of filling height, the
settlement of the section where point A is located and Δs
gradually decrease. For the same filling height, the settlement
of the section where point A is located and Δs in the
reinforced condition is greater than that of the one-layer
geogrid-reinforced condition, while the settlement of the
section where point A is located and Δs of the one-layer
geogrid-reinforced condition is greater than that of the two-
layer geogrid-reinforced condition. It indicates that whether
or not the geogrid and the number of reinforcement layers
have a significant effect on the long-term performance of the
pile-supported embankment. Under the embankment load,
the differential settlement between the pile and the subsoil
causes tensile deformation of the geogrid. ,e tensile de-
formation causes the geogrid to produce a lifting force on the
embankment load above the subsoil and transfers a part of
embankment load above the pile. ,us, with the increasing
layers of the geogrid, the differential settlement decreases
gradually.

3. Numerical Model and Verification

3.1. Numerical Model. According to the model tests, the
finite element software MIDAS is constructed in the nu-
merical model. ,e calculation model is a plane model with
taking one internode length and the pile length on both sides
is half of the actual pile length.,e pile diameter and the pile
net spacing are 25 cm. ,e length of the numerical model is
50 cm, and the height is also 100 cm, as shown in Figure 9.
,e material parameters are selected according to laboratory
tests. In order to simulate the mutual slip between the pile
and the subsoil, an interface element is established between
them. As shown in Table 3, in the numerical model, modulus
of elasticity (calculated by the equivalent stiffness method),
density, and Poisson ratio of the pile are 400MPa, 4800 kg/
m3, and 0.3, respectively, and those parameters of the
geogrid are 850MPa, 972 kg/m3, and 0.3, respectively. ,e

Table 1: Experiment series.

Pile diameter (cm) Reinforcement condition Geogrid position Consolidated settlement, Sc (mm)
25 No geogrid layer / 50
25 One-layer geogrid 5 cm filling height 50
25 Two-layer geogrids 5 cm and 25 cm filling height 50

Table 2: Physical performance indexes of the triaxial geogrid.

Parameters Value

Rib length (mm) Landscape orientation 40
Diagonal direction 40

Rib thickness (mm) Longitudinal direction 1.5
Diagonal direction 1.7

Rib width (mm) Longitudinal direction 1.3
Landscape orientation 1.1

Node thickness (mm) 2.1
Rib cross-sectional shape Rectangle
Mass area ratio (kg/m2) 0.21
Node efficiency (%) 100
Density (kg/m3) 972
Tensile stiffness (kN/m) 421
Tensile strength (kN/m) 33.1

J2% = 12.64kN/m

J5% = 25.26kN/m

Te
ns

ile
 st

re
ng

th
, T

S (
kN

/m
)

Test 1
Test 2
Test 3

0

5

10

15

20

25

30

35

40

1 2 3 4 5 6 7 8 9 100
Global strain, εg (%)

Figure 3: Single-rib tensile tests for the geogrid.
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Mohr–Coulomb constitutive model is adopted for the sand
in the numerical model. And, the modulus of elasticity,
density, Poisson ratio, and internal frictional angle of sand
are 20MPa, 1620 kg/m3, 0.3, and 27°, respectively.

,e surface of the numerical model is a free boundary,
and the two sides are normal displacement constraint
boundary conditions. ,e constraints of the model bottom
are divided into two groups according to the test conditions.
,e first group is fixed boundary conditions, which have
been constraining the model throughout the whole test
process. ,e other group is released in accordance with the
sinking of subsoil at the model bottom.

Firstly, the initial in situ stress is balanced, and the
displacement is cleared to zero. ,en, the settlement is
simulated by releasing the constraint on the bottom of the

subsoil and applying vertical downward displacement to the
corresponding nodes. ,e software construction phase
analysis is adopted, and the displacement increment is
applied step by step from zero to 50mm.

3.2. Model Validation. To ensure a reasonable representa-
tion, the model calibration is conducted according to the
model test. Figure 10 shows the curves of the differential
settlement Δs versus filling height obtained from both the
model test and numerical model in the one-layer geogrid-
reinforced condition. It indicates that the numerical sim-
ulation results are in good agreement with the model test
results. ,erefore, the numerical model is validated and can
be used for the investigation of the GRPS embankment.
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Figure 4: Settlement curves at different filling heights. (a) Consolidation settlement of 10mm. (b) Consolidation settlement of 30mm.
(c) Consolidation settlement of 50mm.
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4. Influence Factors

In order to study the long-term performance of the GRPS
embankment, the parameters of pile net spacing, pile
modulus, and filling modulus are analyzed. At the same
time, the comparative analysis is carried out for each con-
dition without the geogrid and one layer of the geogrid
arranged on filling height of 5 cm. ,e details of influence
factors are shown in Table 4.

4.1. Influence of Pile Net Spacing. Figure 11 shows the set-
tlement of the central line of filling in the different pile-net

spacing conditions when the consolidation settlement is
30mm. ,e pile net spacing in the unreinforced and one-
layer geogrid-reinforced conditions is recorded as S and Sg,
respectively. It indicates that the settlement of the central
line of filling decreases with the increase of the filling height
in the different reinforced conditions. ,e settlement in the
reinforced condition is smaller than that in the unreinforced
condition. In the unreinforced condition, the settlement is
changed greatly below the filling height of 25 cm, but
changed smaller above the filling height of 25 cm. However,
the difference between the settlement above and below the
filling height of 25 cm is not very significant. It indicates that
the group stability of filling is improved by the geogrid. As
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Figure 5: Variation of the settlement with filling height under
different consolidation settlement conditions.
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Figure 6: Variation of the differential settlement with filling height
under different consolidation settlement conditions.
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Figure 7: Variation of the settlement with filling height under
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the net pile spacing increases, the settlement of the central
line increases, and the degree of increase is almost the same.

,e comparison between the unreinforced and one-layer
geogrid-reinforced conditions with the different pile net

spacing is shown in Figure 12, which illustrates that, with the
increase of pile net spacing, the settlements in those con-
ditions increase in various degrees, and the effect of the
geogrid is more significant.

,e settlement of the central line of filling in Figure 13 is
analyzed in the different consolidation settlements’ condi-
tions. ,e bar chart represents the condition of pile net
spacing S� 15 cm, the broken line chart represents the
condition of pile net spacing S� 25 cm, and the scatter chart
represents the condition of pile net spacing S� 35 cm. H-5
represents the condition of filling height of 5 cm and without
the geogrid, while HG-5 represents the condition of filling
height of 5 cm and with the one-layer geogrid. It can be seen
that the consolidation settlement has a great influence on the
settlement of filling, which is reflected in the height dif-
ference of three columns and the large vertical interval of
three curves in Figure 13.

4.2. Influence of Pile Modulus. Figure 14 shows the settle-
ment of the central line of filling considering different pile
modulus when the consolidation settlement is 30mm. ,e
pile modulus in the unreinforced and one-layer geogrid-
reinforced conditions is recorded as Ep and Epg, respec-
tively. It indicates that the settlement of the central line
decreases with the increase of the filling height. Figure 14(a)
shows that the settlement of the central line is nearly 1.5 cm
when filling height is 5 cm, while Figure 14(b) reflects that
the settlement at the same position is nearly 1.25 cm. ,e
reason is that geogrid reinforcement can reduce the set-
tlement of filling.

,e comparison between the unreinforced and one-layer
geogrid-reinforced conditions with the different pile mod-
ulus is shown in Figure 15, which illustrates that, with the
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Figure 9: Meshing of the numerical model.

Table 3: Mechanical parameters for the numerical model.

Parameters Pile Sand Geogrid
Modulus of elasticity (MPa) 400 20 850
Density (kg/m3) 4800 1620 972
Poisson ratio 0.3 0.3 0.3
Internal frictional angle (°) / 27 /
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Figure 10: Comparison of differential settlement between the
model test and numerical model.
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increase of pile modulus, the settlement of filling increases.
Similarly, the reinforcement has a certain inhibitory effect to
reduce the settlement of filling.

,e settlement of the central line of filling in Figure 16 is
analyzed under the different consolidation settlements’
conditions. ,e bar chart represents the condition of pile

modulus Ep � 100MPa, the broken line chart represents the
condition pile modulus Ep � 400MPa, and the scatter chart
represents the condition of pile modulus Ep � 1200MPa. It
indicates that the change of pile modulus has little effect on
the settlement of filling. ,e small stress on the pile induced
by relatively small-scale model test results show that the

Table 4: Details of influence factors.

Pile net spacing, S (cm) 15 25 35 / /
Pile modulus, Ep (MPa) 100 200 400 800 1200
Fill modulus, Ef (MPa) 20 40 60 / /
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Figure 11: Variation of the settlement with filling height under different pile net spacing conditions. (a) Unreinforced condition. (b) One-
layer geogrid-reinforced condition.
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Figure 12: Comparison of the settlement between unreinforced and reinforced conditions.

Advances in Materials Science and Engineering 7



influence pile modulus is not obvious. When the pile
modulus is 400MPa, the effect of the geogrid is the best. ,e
settlement of the central line in the one-layer geogrid-
reinforced condition is about 80% of that unreinforced
condition averagely.

4.3. Influence of Filling Modulus. Figure 17 shows the set-
tlement of the central line of filling in the different filling

modulus conditions when the consolidation settlement is
30mm. ,e filling modulus in the unreinforced and one-
layer geogrid-reinforced conditions is recorded as Ef and Efg,
respectively. It indicates that the settlement of the central
line decreases with the increase of the filling height in the
different reinforced conditions. Filling modulus has obvious
effect on the settlement of the pile-supported embankment.
Figure 17(a) shows that the settlement of filling decreases
gradually with the increase of the filling modulus. When the
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Figure 14: Variation of the settlement with filling height under different pile modulus conditions. (a) Unreinforced condition. (b) One-layer
geogrid-reinforced condition.
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filling height is 5 cm, the effect is most obvious. As shown in
Figure 17(b), the effect of filling modulus on the settlement
of filling in the reinforced condition is greater than that in
the unreinforced condition.

,e comparison between the unreinforced and one-layer
geogrid-reinforced conditions with the different filling

modulus is shown in Figure 18, which illustrates that, with the
increase of fillingmodulus, the settlement of filling in the pile-
supported embankment decreases. Similarly, the reinforce-
ment has a certain inhibitory effect on the settlement of filling.

,e settlement of the central line of filling in Figure 19
is analyzed under the different consolidation settlement
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conditions. ,e bar chart represents the condition of filling
modulus Ef � 20MPa, the broken line chart represents the
condition filling modulus Ef � 40MPa, and the scatter chart
represents the condition of filling modulus Ef � 60MPa. It
indicates that, as the filling modulus increases, the settle-
ment of filling in the pile-supported embankment
decreases.

5. Conclusions

In this study, a series of model tests are carried out to
evaluate the long-term performance of GRPS embankments
using a specially designed model box. ,en, the numerical
model is established by using the finite element software

Ef = 20MPa
Ef = 40MPa
Ef = 60MPa

0.50 0.75 1.00 1.25 1.50 1.75 2.000.25
Settlement (cm)

0
5

10
15
20
25
30
35
40
45
50

Fi
lli

ng
 h

ei
gh

t (
cm

)

(a)

Efg = 20MPa
Efg = 40MPa
Efg = 60MPa

0.50 0.75 1.00 1.25 1.50 1.750.25
Settlement (cm)

0
5

10
15
20
25
30
35
40
45
50

Fi
lli

ng
 h

ei
gh

t (
cm

)

(b)

Figure 17: Variation of the settlement with filling height under different filling modulus conditions. (a) Unreinforced condition. (b) One-
layer geogrid-reinforced condition.
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Figure 18: Comparison of the settlement between unreinforced
and reinforced conditions.
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Figure 19: Variation of the settlement with different consolidation
settlements.
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MIDAS, and the accuracy and effectiveness of the calculation
model are verified by the model test results. Finally, a
parametric study is conducted to investigate the influences
of pile net spacing, pile modulus, and filling modulus. Based
on the analysis and discussion of the results, the following
conclusions can be drawn:

(1) ,e consolidation settlement has a great influence on
the settlement and differential settlement of filling,
and consolidation settlement must be considered
when the GRPS embankment is applied at bridge
approach.

(2) ,e accuracy and effectiveness of the finite element
numerical model established have been well verified.

(3) ,e settlement and differential settlement of filling
increase with the increase of the consolidation set-
tlement and decrease with the increase of filling
height. Furthermore, the settlement tends to be
constant with the filling height increase. In addition,
the settlement of filling can be reduced to some
extent by the geogrid.

(4) ,e pile net spacing has the most significant effect on
the settlement of filling, the pile modulus has the
least effect, and the filling modulus is between the
two. With the increase of pile net spacing, the set-
tlement of filling increases, but the degree of in-
creasing is gradually decreased. With the increase of
filling modulus, the settlement of filling decreases.
However, the pile modulus has a limit effect on the
settlement of filling.
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