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Abstract: Piles or columns have been successfully used in combination with geosynthetics to
support embankments over soft soil. The inclusion of geosynthetic reinforcement over piles is to
enhance load transfer from soil to piles, reduce total and differential settlements, and increase
slope stability. As a result, it creates a more economical alternative than that without the
geosynthetic. A constructed geosynthetic-reinforced pile-supported embankment in Berlin,
Germany was selected for numerical modeling and analysis. This embankment was constructed
to support railways over deep deposits of peat and soft organic soils. Precast piles and caps were
installed with a load transfer platform formed by three layers of geogrid and granular materials
installed between the piles and the embankment fill. Instrumentation was installed to monitor
the settlements of the embankment and the strains in the geogrid layers over time. A finite
difference method, incorporated in the FLAC (Fast Lagrangian Analysis of Continua) 3D
software, was employed to model this embankment. In the numerical analysis, piles were
modeled using pile elements and caps were model as an elastic material. Geogrid elements built
in the software were used for representing the geogrid reinforcement. Embankment fill, soft soil,
firm soil, and platform fill material were modeled as linearly elastic perfectly plastic materials
with Mohr-Coulomb failure criteria. The embankment was built by a number of lifts to simulate
its construction. This paper presents numerical results and comparisons with field measurements
on the vertical and lateral displacements, the tension along the reinforcement, and the axial
forces and moments on piles.
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INTRODUCTION
Piles or columns have been successfully used in combination with geosynthetics to support
embankments over soft soil. The inclusion of geosynthetic reinforcement over piles is to
enhance load transfer from soil to piles, reduce total and differential settlements, and increase
slope stability (1). As a result, it creates a more economical solution than a conventional pile
supported embankment without a load transfer platform. A constructed geosynthetic-reinforced
pile-supported embankment in Berlin, Germany (2) was selected for numerical modeling and
analysis. This embankment was constructed to support railways over deep deposits of peat and
soft organic soils. Precast piles and caps were installed with a load transfer platform formed by
three layers of geogrid and granular materials installed between the piles and the embankment
fill. Instrumentation was installed to monitor the settlements of the embankment and the strains
in the geogrid layers over time.
This case study contains information on soil properties, piles and caps, and more than 6years of field measurements of settlements and strains in the geosynthetic reinforcement after
completion of construction. The finite difference software FLAC (Fast Lagrangian Analysis of
Continua) 3D Version 2.1 (3), developed by Itasca Consulting Group, Inc., was adopted for this
numerical analysis. The analysis is focused on the evaluation of the displacements and the
stresses developed within this system, the tension of reinforcement, and the axial loads and
moments applied on piles.
PROJECT DESCRIPTION
The selected project has a geosynthetic-reinforced railway embankment constructed on pile
foundations in Germany. Detailed description of this project can be found in the literature
(2)(4)(5). A brief description of this project is summarized from these references below. A
2100m long double trunk railway line was constructed in1994 to 1995 to carry high-speed trains
(i.e., 160kph). The new railway embankment was built on the existing old embankment area,
which consists of peat and soft organic silt above medium dense sand encountered at varying
depths between 5 and 30 meters. The groundwater table is near the surface. The soft soil below
the old embankment base has a natural moisture content of 100 to 350%, which has experienced
consolidation, from the previous embankment, for about 100 years. The natural moisture content
adjacent to the railway embankment is 300 to 850%. The soft clay above the dense sand has an
undrained shear strength of 15 kPa (beneath the embankment) and 6 to 8 kPa (outside the
embankment). The effective cohesion and friction angle are 8 to 10 kPa and 15o to 20o,
respectively, determined from drained triaxial tests. The constrained moduli from consolidation
tests are 2 to 6 MPa (beneath the embankment) and 0.2 to 0.8 MPa (outside the embankment).
The height of the embankment is 2.5m. The cross-section and the plan view of this constructed
embankment is shown in Figure 1. Three layers of polyester geogrids with a short-term strength
of 150 kN/m were placed above the pile caps within a compacted coarse sand layer. The geogrid
design strength is approximately 20% of the their short-term strength and the maximum
permissible long-term total strain of the geogrids for this design is 3%. The tensile stiffness of
the grogrid is 1100 kN/m (22% x 150 kN/m/3%). Cast iron piles, surrounded by cement grout
extruded from the pile tip, were installed. The diameter and the length of these piles are 118 mm
and 10 to 25 m, respectively. They are spaced at a distance of 1.9 m in the x-direction and 2.15m
in the y-direction, respectively. The required ultimate load capacity of these piles is 1,000 kN.
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Precast concrete caps having a dimension of 1.0 m x 1.25m were connected to the piles. The
embankment fill is medium to coarse sand, compacted to 97% of standard Proctor density at
which the angle of internal friction is approximately 35o. The geogrid-reinforced fill platform is
0.45m thick, which includes well-graded gravelly sand, the first geogrid is located 5 cm above
the cap, the second layer is 20 cm above the first layer, and the third layer is 25 cm above the
second layer.
The embankment was instrumented with strain gauges, extensometers, acceleration
transducers, and conventional surveying. The measurements include settlements and horizontal
displacements of the geogrid-reinforced embankment, strains of the geogrid layers between the
piles and above the piles, displacements and tilt of the pile caps, and strains of the piles near their
tops. The key measurements (the strains in the upper and lower geogrid layers and the vertical
displacements between pile caps), which will be used for comparisons with the numerical
modeling in this study, are shown in Figure 2. Nine strain gauges were placed on the upper and
lower geogrid layers in two directions (parallel and perpendicular to the traffic direction). Most
measured strains in geogrids were reported only up to July 1996 (2). Alexiew and Gartung (6)
updated the strain measurement up to October 1998, however, they only indicated that no strain
in geogrid was greater than 1.7%. Zanzinger and Gartung (5) further updated that the measured
strain in geogrid was less than 3% up to October 2001. These updates did not detail the actual
strains at specific locations, which make the comparison with the numerical results difficult.
Alexiew and Gartung (6) also indicated that the maximum strain was observed at the lower
geogrid layer in the center between two pile caps. The settlements between pile caps with time
are shown in Fig. 3. The maximum settlements for Locations V1.1 and V2.1 up to October 2001
reached 60 mm and 40 mm, respectively. The settlements of the pile caps were in order of 10
mm. The maximum measured horizontal displacement below the railroad track up to October
2001 was 40 to 50 mm. The soft strata in this instrumented section is approximately 20 m deep.
NUMERICAL MODELING
The finite difference software FLAC (Fast Lagrangian Analysis of Continua) 3D Version 2.1,
developed by Itasca Consulting Group, Inc., was adopted for this numerical analysis. The crosssection of the numerical model for this case study is presented in Figure 4. Due to the symmetry
of the problem, half of the section was used in the analysis. The bottom boundary is fixed in all
three directions and the four sides are free to move in two directions. The parameters used in the
numerical analysis are presented in Table 1. In this model, the piles are modeled using pile
elements. This 3D model contains one row of piles in the x-direction for reducing the
computation time. The pile caps are rectangular with a dimension of 1.0 m x 1.25 m and they
were modeled as elastic solid materials. The pile spacing in x and y-directions is 1.9 m and
2.15m, respectively. Typical elastic modulus and Poisson’s ratio were selected for the piles and
the pile caps. The soft soil (inside or outside the existing embankment area), the dense sand
layer underlying the soft soil, and the embankment fill were modeled as elastic-perfectly plastic
materials. Mohr-Coulomb failure envelope was used as the failure criterion. The soft soils
inside and outside the existing embankment area were selected to have the average moduli as
measured – 0.5 MPa and 4.0 MPa, respectively. The elastic moduli of the sand and the
embankment fill were selected based on the suggested values for medium to dense sand by
Budhu (7). Geogrid elements (one special type of shell elements) built in the FLAC software
were used to model the three geogrid layers. The geogrid layers were assumed to have isotropic
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properties with tensile stiffness of 1100 kN/m, which is determined based on laboratory tensile
and creep tests.
Adding embankment fill in layers simulates the construction sequence. A surcharge of
120 kPa was used to simulate the high-speed train loading. The problem was analyzed based a
drained condition.
ANALYSIS OF RESULTS
Vertical Displacement
The 3D view of the vertical displacement (or settlement) contours for the geogrid-reinforced
pile-supported embankment is presented in Figure 5. It is shown that the maximum settlement
develops on the crest of the embankment due to the train loading and the slope movement.
However, no measured data is available to make any comparison. Relatively large settlements
also occur at the base and the toe of the embankment. The settlement at the toe of the
embankment is attributed the low modulus of the soft soil outside the embankment. The
differential settlement at the base of the embankment is clearly shown in Figure 6. The
maximum differential settlement develops between the first and the second piles close to the
centerline, which is consistent with the finding from the field measurements. The settlements at
the locations V1.1, V1.2, and pile caps from the field measurements and the numerical analyses
are summarized in Table 2. They show a reasonable agreement.
Horizontal Displacement
The horizontal displacement contours of this geogrid-reinforced pile-supported embankment
from the numerical analysis are presented in Figure 7. The maximum horizontal displacement
occurs below the railroad track and near the slope. The location of the maximum horizontal
displacement is consistent with that measured by surveying up to October 2001. However, the
magnitude of the computed maximum horizontal displacement (close to 100mm) is almost
double the value measured up to October 2001 (i.e., 40 to 50mm). This difference may be
attributed to three reasons: (1) the modulus of the embankment fill was assumed based on a
typical value; (2) the equivalent surcharge to the train loading was also based on the typical
value; and (3) the computed horizontal displacement is the final displacement while the
measured displacement might not reach the final displacement.
Tension in Geogrid
The tension forces developed in lower, middle, and top geogrid layers in the x-direction from the
numerical analysis are presented in Figures 8, 9, and 10. Figure 8 shows that the maximum
tension (in red color) in the lower geogrid layer occurs between the two pile caps close to the
centerline, which is in agreement with the measured strains. Figure 9 shows that the maximum
tension in the second (middle) layer of geogrid develops at the edge of the pile caps. The tension
in the center of pile caps or between pile caps is relatively smaller. Unfortunately, there is no
field measurement of strains for the middle geogrid layer. Therefore, no comparison can be made
for this layer of reinforcement. The strain distribution for the top geogrid layer is presented in
Figure 10. Again, the maximum tension develops at the edge of the pile caps. The tension in
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geogrid at the center of the pile caps has also increased when compared to the middle layer. The
tension distribution in this multiple geogrid layer system is apparently different from that for a
single geosynthetic layer. Han and Gabr (1) and Han et al. (8) both found that the maximum
tension in a single geosynthetic layer always develops at the edge of pile caps. It appears a
single geosynthetic layer functions as a tension membrane while the multiple geosynthetic layer
system functions as a structural beam. Although the maximum tension for each geogrid layer
develops at different locations, the magnitude of the maximum tension is close based on this
study.
The tension forces developed in the lower geogrid layer in the y-direction from the
numerical analysis are presented in Figure 11. The distributions of these forces are very similar
to those in the x-direction as shown in Figure 8., however, the maximum tension in the ydirection is approximately half of that in the x-direction. There are similar comparisons for the
middle and top layers in the x and y-directions. Due to the page limit, these results are not
reported here.
The deformed lower geogrid layer in the x-direction is shown in Figure 12, which is close
to a catenary shape. This shape exists for all the geogrid layers in both x and y-directions.
The behavior of the multiple geosynthetic layer system can be explained as the diagram
shown in Figure 13. When the system is deformed, the lower layer at Location a is stretched
more than that at Location b. Therefore, the higher tension develops at Location a, i.e., the
middle between pile caps. For the upper layer, however, the portion at Location c is stretched
more than that at Location d. Therefore, the higher tension for the upper layer develops at the
top of the pile caps. Since the edges of the pile caps are at the border from soft to rigid support,
they enhance stress concentration so that the high tension develops at this location. The behavior
of the middle layer is between the lower and the top layer, which may depend on a number of
factors, such as the stiffness of pile support, the clear spacing between pile caps, and the spacing
between geosynthetic layers.
The maximum tensions at different locations obtained from the measurements and the
numerical analyses are compared in Table 3. It is shown that the computed tension in geogrid is
increased significantly due to the equivalent load of trains. Based on Gartung et al. (4), the train
started to pass the instrumented section since May 1994 but the trains have been operated at full
speed since December 1995. Therefore, most measurements were obtained three months after
the operation of the trains at full speed. The measured tension in geogrid layers might have not
fully developed as compared with the computed. Based on the update by Alexiew and Gartung
(6), the 1.7% strain level corresponds to a tensile force of 18.7kN/m. Based on the update by
Zanzinger and Gartung (5), the 3% strain level corresponds to a tensile force of 33kN/m, which
is close to the maximum computed tension by the numerical method. Except for two locations
(Points 3 and 5), the magnitudes of measured tension were between or close to those before and
after the surcharge.
Vertical Stress
The vertical stress contours from the numerical analyses for the geogrid-reinforced pilesupported embankment are presented in Figure 14. Stress concentration clearly develops on the
top of the pile caps. In addition, the pile cap close to the centreline carries higher stresses.
Higher stresses develop at the left side of the first pile and the right side of the second pile from
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the centreline. This distribution is consistent with the tilting of the pile caps measured from the
field.
Axial Force and Bending Moment on Piles
The numerical analysis also obtained the maximum axial force and bending moment applied on
each pile as listed in Table 4. The maximum axial load in the pile increases when the pile is
close to the centerline of the embankment. However, the maximum bending moment on the pile
decreases when the pile is close to the centerline. These trends are intuitively correct because
more vertical load and less horizontal load are applied on the pile close to the centerline. The
computed maximum axial load (514kN) is close to the designed load of 550kN (2).
CONCLUSIONS
The comparisons in this case study demonstrate that the 3D numerical method with a simple
linear-elastic perfectly plastic model of soils can reasonably well predict the behavior of a
geosynthetic-reinforced pile-supported railway embankment. The multiple geogrid reinforced
fill platform functions as a structural beam. The maximum tension in the lower geogrid layer
develops at the mid-span between pile caps while the maximum tension in the upper geogrid
layer develops at the edge of pile caps. Obvious stress concentrations develop on the top of pile
caps. The pile close to the centerline of the embankment carries the highest axial load but lowest
bending moment.
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Table 1. Material Properties used in the Numerical Analysis
Material
Soft soil (inside)
Soft soil (outside)
Sand
Embankment fill
Pile
Pile cap
Geogrid

Properties
E = 4MPa, = 0.3, =14kN/m3, c = 12.5kPa, = 15o
E = 0.5MPa, = 0.3, =14kN/m3, c = 6.5kPa, = 15o
E = 40MPa, = 0.2, =18kN/m3, c = 0kPa, = 34o
E = 60MPa, = 0.2, =18kN/m3, c = 0kPa, = 35o
E = 45GPa, = 0.2, =24kN/m3, Ks = 5.1GN/m/m,
Kn = 8GN/m/m
E = 45GPa, = 0.2, =24kN/m3
J = 1100kN/m, ca = 0kPa, = 32o, ks = 55MN/m/m2

Note: E = elastic modulus, = Poisson’s ratio, = unit weight, c’ = effective cohesion, = effective friction angle,
J = tensile stiffness of geotextile, ca = interface cohesion between geogrid and fill, and = interface friction angle
between geogrid and fill, Ks = shear stiffness per unit length between pile and soil, Kn = normal stiffness per unit
length between pile and soil, ks = shear stiffness per unit area between geogrid and soil.
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Table 2. Comparisons of Calculated and Measured Settlements (unit: mm)
Method
Numerical
Measured

Between pile caps
V1.1
V1.2
34.5
58.5
40.0
60.0

At the center of pile caps
Min.
Max.
9.5
17.5
7.5
15
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Table 3. Comparisons of Calculated and Measured Maximum Tension in Geogrid (unit:
kN/m)
Point
Prior to traffic
After traffic
Measured

0, 1
3.7
38.6
8.8,10.8*

2
3.1
27.5
5.5

3
12.5
15.5
4.8

5
0.6
3.2
7.0

6
0.6
5.1
5.8

7
3.0
15.0
9.1

* data reported up to Feb. 1995 and other data reported up to March 1996

8
2.5
13.4
4.0
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Table 4. Computed Maximum Axial Force and Bending Moment on Piles
Location
Axial load (kN)
Moment (kN-m)

Pile close to toe
339
39.4

Middle pile
453
35.8

Pile close to center
514
2.1
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Figure 1. Railway on Geogrid-Reinforced and Pile-Supported Embankment (6)
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Figure 2. Locations and Directions of Strain and Settlement Measurements (4)
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Figure 4. Dimensions and boundary Conditions in the Numerical Model
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Figure 5. Vertical Displacement Contours of the Geogrid-Reinforced Pile-Supported
Embankment
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Caps

Figure 6. Vertical Displacement Contours below the Base of the Embankment
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Figure 7. Lateral Displacement Contours of the Geogrid-Reinforced Pile-Supported
Embankment
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Cap

Figure 8. Tension Developed in the Lower Geogrid Layer in the X-Direction
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Figure 9. Tension Developed in the Middle Geogrid Layer in the X-Direction
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Cap

Figure 10. Tension Developed in the Top Geogrid Layer in the X-Direction
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Figure 11. Tension Developed in the Lower Geogrid Layer in the Y-Direction
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Figure 12. Deflection of the Lower Geogrid Layer

Huang, Han, and Collin

26

c
d
Geosynthetic
layers

b
a
Pile cap

Figure 13. Deformation of Multiple Geosynthetic Layer System
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Figure 14. Vertical Stress Contours of the Geogrid-Reinforced Pile-Supported
Embankment
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