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ABSTRACT: In the present study, physical model tests were conducted to investigate the effect of
the geogrid reinforcement on the reduction of the differential settlement in widening of a highway
embankment. A water bag filled with water and placed beneath an embankment was used to
simulate the soft foundation of the widened portion of the embankment in the physical model test.
Water from the water bag was drained to simulate the development of differential settlements
between the existing and widened foundations of the embankment. The geogrid layers were
installed with one side fixed in the existing embankment to provide enough anchorage in the
physical model tests. Settlements of the embankment, strains in the geogrids and earth pressures
were monitored during the test. The test results show that the geogrid layers stabilised the soil
arching in the embankment, reduced the differential settlement on the embankment surface, and
enhanced the serviceability of the widened embankment. The differential settlement reduction by
geogrid reinforcement in the model tests was about 20 to 30 mm. Finally, the benefits of the
geogrid reinforcement in the Jiang-Liu highway widening project including controlling the
differential settlement in the embankment were validated based on the observed data.

KEYWORDS Geosynthetics, Differential settlement, Widening embankment, Geogrid reinforcement,
Soil arching.
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1. INTRODUCTION

With the rapid economic development in China in recent
decades, traffic volumes on a number of highways have

degrees of consolidation of soil layers under the existing
and widened portions of the embankment, especially in
soft soil areas.

approached or exceeded their design capacities. Therefore,
widening of these highways is necessary and/or planned.
It has been reported that over ten major highway widening
projects were completed in China between 1997 and 2007
(Zhang 2007). The most challenging problem that geo-
technical engineers have faced in the design of highway
embankment widening is the differential settlement be-
tween existing and widened portions of an embankment.
This differential settlement is mainly caused by different
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Various types of technologies have been adopted to
control the differential settlement induced by widening of
highway embankments; for example, pile foundations,
lightweight fill, composite foundations by columns, geo-
synthetic reinforcement, and a combination of above tech-
niques. Ludlow et al. (1992) pointed out that the reduction
of differential settlement depends on the type, tensile
stiffness, and number of layers of geosynthetics. Forsman
and Uotinen (1999) found that the use of geosynthetic
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reinforcement could minimise the horizontal displacement
of the embankment and thus prevent the development of
cracks on pavements. van Meurs et al. (1999) performed a
field study to evaluate the effectiveness of a gap-method.
In this method, the widened portion of the embankment is
filled starting from outside, a gap is formed and main-
tained between the existing and widened portions of the
embankment, and the gap is filled after the consolidation
of the soft soils beneath the widened embankment reach a
certain level.

Geosynthetic reinforcement including geogrids, woven
geotextiles, and geocells have been used for roads (Berg
et al. 2000; Han et al. 2011), walls (Bathurst et al. 2002;
Leshchinsky and Han 2004; Huang et al. 2009a; Allen
and Bathurst 2014) and embankments (Han and Gabr
2002). Li and Gong (2001) used geogrids with gravel
cushions to enhance the integrity of the existing and
widened portions of the embankment. Corbet er al
(2002) investigated the performance of geogrid-reinforced
slopes of the widened embankment through field observa-
tions. Habib et al. (2002) verified the performance of
geosynthetic-reinforced, pile-supported widened embank-
ments. In the recent years, more research has been
devoted to the geosynthetic reinforcement in embankment
widening. However, the mechanism of the geosynthetic
reinforcement in mitigating the differential settlement
between existing and widened portions of the embank-
ment is not well understood and the benefits of geosyn-
thetic reinforcement cannot be properly quantified. In
several widening projects in China, different layers of
geosynthetic reinforcement were installed at different
elevations (Gao 2006). Han et al. (2007) used a numerical
method to investigate stresses and deformations of the
widened embankments over soft soils with and without
foundation columns. They provided the recommendations
for design of foundation columns for embankment widen-
ing. Even though geosynthetic reinforcement has been
increasingly used in highway widening projects, the de-
sign of geosynthetic reinforcement is mostly based on the
experience and judgment of designers. This situation is
attributed to insufficient understanding of the mechanism
of geosynthetic reinforcement in highway widening.

In the present study. physical model tests were con-
ducted to investigate the benefits of geosynthetic
reinforcement in embankment widening. In the physical
model, the differential settlement between the existing and
widened portions of the embankment was simulated by a
water bag at different stages of water release. One or two
layers of geogrid were installed within the embankment.
When one layer of geogrid was used, it was placed at the

Table 1. Physical properties of fill
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bottom of the embankment. When two layers of geogrid
were used, one geogrid was placed immediately above the
water bag (i.e. at the bottom of the embankment) and the
other was placed in the upper portion of the embankment.
Water in the water bag was drained gradually to simulate
the development of the differential settlement. During this
process, the tensile forces in the geogrids and the settle-
ments at different elevations were monitored. At the end,
the benefits of the geogrid reinforcement in highway
widening including controlling the differential settlement
and improving the load distribution in the embankment
were validated using the observation data from a real
project. The present study investigated the embankment
surface settlement induced by the differential settlement of
the foundation under the widened portion. The possible
settlement induced by traffic loading was not considered
or investigated.

2. PHYSICAL MODEL TEST

2.1. Materials used

2.1.1. Soil

The soil used was taken from a construction site at the
Jiang-Liu highway widening project. The properties of the
soil for the physical model tests are listed in Table 1.
According to the Unified Soil Classification System
(ASTM D 2487), this soil was classified as CL. The moist
unit weight of the soil at a moisture content of 15.2% was
18 kN/m? for the model test.

2.1.2. Geogrid

A polyester geogrid was used as geosynthetic reinforce-
ment in this study. Considering the relatively small height
of the embankment in the physical model test, uniaxial
geogrid with low tensile stiffness was adopted to obtain
more obvious strains in the geogrid. Figure 1 shows three
tensile test results for the geogrid used in the present study
and the geogrid had an ultimate tensile strength of
approximately 42 kN/m. The calibration factor of the
geogrid was 1.0, based on the strain gauge measurement
on the geogrid when the global strain was smaller than
3%, and would be 1.05 when the global strain of the
geogrid was 4%. Allen and Bathurst (2014) reported the
calibration factors for high-density polyethylene geogrids
ranging from 1.0 to 1.7 (the stiffer geogrid had a lower
factor). Based on the test results, the average tensile
stiffness of the geogrid used in the physical model test
was approximately 500 kN/m. The thickness of the geo-
grid sheet was 1.5mm and its elastic modulus was

Specific | Liquid limit, | Plastic limit, |Plasticity index,| Maximum dry Optimum water Gradation (%)

gravity, LL (%) PL (%) PI (%) density, Ydmax content, Wop (%)

G; (g/em?) >0.05mm | 0.05~0.005 mm | <0.005 mm
2.64 40.8 20.3 20.5 1.85 16.2 35.6 48.9 15.5
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Figure 1. Geogrid tensile strength test results

0.33 GPa. The aperture of the geogrid was rectangular
with dimensions of 35 mm long and 10 mm wide.

2.2. Test preparation

2.2.1. Water bag and its calibration

To simulate the differential settlement between the exist-
ing and widened portions of the embankment, a custom-
made soft rubber water bag was used, which had a
dimension of 1 m wide, 1.6 m long, and 0.3 m high as
shown in Figure 2. The width of the water bag was smaller
than the width of the widening embankment so that the
slope failure of the widened embankment due to settle-
ment could be prevented. The water bag was filled with
water and installed beneath the widened portion of the
embankment, and gradual drainage of the water in the
water bag was used to simulate the development of

Flow controlled valve

Figure 2. Photograph of the water bag

differential settlement between the existing and widened
portions of the embankment. The rate of water flow out of
the water bag was controlled by a flow control valve
during testing to model the differential settlement by
draining water. To obtain the relationship between the
subsidence of the water bag and the mass of drained
water, a calibration test was performed so that the
settlement at the base of the embankment could be
estimated by the measured mass of the drained water.
Three dial gauges were used in the calibration test to
obtain the average subsidence of the water bag. Figure 3
shows the relationship between the mass of drained water
and the subsidence of the water bag. The vertical load on
the water bag was provided by the steel blocks. Figure 3
shows that the relationship between the mass of drained
water and the subsidence of the water bag was nearly
linear; therefore, the subsidence of the water bag could be
easily estimated with the measured mass of drained water.

2.2.2. Instrumentation

Three important parameters were measured in the physical
model test: the settlements and earth pressures at different
elevations of the embankment, and the strains in the
geogrids. Settlement plates were used to measure the
settlements. These settlement plates were made of plexi-
glass plate, which can minimise the measured error caused
by the weight of the settlement plate. The plate was square
and had a width of 80 mm. A rod with a diameter of
10 mm was connected to the plate on each end. The
measurement accuracy of settlement was +£0.01 mm. The
strains in the geogrids were measured using resistance-
type strain gauges, which were recorded automatically by
a computer in real time. The accuracy of the strain gauge
was £0.1 pe. In order to investigate the stress state change
caused by the different settlement in the fill embankment,
vertical earth pressures were measured by earth pressure
cells. The earth pressure cells (20 mm in diameter and
7mm in thickness) were used to measure the earth
pressures at different elevations in the embankment. The
vertical earth pressure data were used to evaluate soil
arching effect during the development of the differential
settlement. The accuracy of the earth pressure cell is
+1 Pa. Before installation of the earth pressure cells, they
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Figure 3. Relation of the mass of water released and the
water bag subsidence
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were calibrated using the air pressure calibration method
to obtain the following relationship

y=hkx (1

where x is the measured strain of the earth pressure cell
under air pressure, y is the corresponding pressure, and &
is the calibration factor.

2.3. Physical model testing

2.3.1. Physical model pit and construction

A model test pit made of concrete was constructed. The
pit was 4.15 m long, 1.60 m wide and 0.9 m high. Assum-
ing the symmetry of the model, only half of the model
was constructed. The existing embankment had a dimen-
sion of 1.00 m wide on the crest and 1.65 m long. All of
the physical model tests were done under normal gravity
(i.e. 1g) condition. Figure 4 shows the three-dimensional
view of the physical model. The side slope of the
embankment before and after widening was 1.5:1 (H:V).
A 1.5m wide and 0.3 m high brick layer was used to
simulate a fully-consolidated foundation (assuming no
additional settlement would happen during and after
widening) under the existing portion of the embankment.
The water bag was installed adjacent to the brick layer to
simulate the differential settlement between the founda-
tions under the existing and widened portions of the
embankment. Deformations of the existing and widened
portions of the embankment during construction were
neglected. To place the existing and widened portions of
the embankment conveniently, the upper surface of the
brick layer had the same elevation as the top of the water
bag, and the existing and widened portions were con-
structed simultaneously.

The soil taken from a construction site was first air-
dried and then crushed and mixed with water to achieve
the optimum moisture content obtained in the standard
Proctor tests (ASTM D 698). In order to study the
reinforcement effect of geogrid(s) within the embank-
ment, three physical model tests were conducted, namely
(1) a widened embankment without any geogrid, (2) a
widened embankment with a single geogrid, and (3) a
widened embankment with two geogrid layers. The
process of embankment construction for these three cases
is described below. For the widened embankment without
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any geogrid as shown in Figure 5(a), the embankment
was directly filled on the top of the brick stage and the
water bag in lifts up to the design elevation. For the
widened embankment with a single geogrid as shown in
Figure 5(b), a 50 mm thick soil layer was first placed on
the top of the brick stage and the water bag and then a
geogrid was installed and fixed by U iron nails at the
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Figure 5. Diagrammatic sketches of widened embankment
for physical model tests (unit: mm) (not to scale): (a) widened
embankment without any geogrid; (b) widened embankment
with a single geogrid; (c) widened embankment with two
geogrids. Symbols: @: settlement measurement, ©): earth
pressure cell, ®: strain gauges
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Figure 4. Configuration of the physical model (unit: cm) (not to scale)
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existing embankment with an overlap length of 500 mm.
The fixing of the geogrid is necessary to ensure the
geogrid to provide enough anchorage. The soils were
filled in lifts up to the design elevation. For the widened
embankment with two geogrid layers as shown in Figure
5(c), the initial procedure for the model construction was
the same as that in the last test. After the first geogrid
layer was installed, the embankment was then filled with
the soil in three lifts with each lift thickness of 100 mm.
The second geogrid layer was subsequently installed and
also fixed by U iron nails at the existing embankment
with the overlap length of 500 mm. At the end, the
embankment was filled in two lifts with each lift
thickness of 125 mm to the surface of the embankment.
The locations of these two geogrid layers were determined
based on the numerical simulation results prior to the
model tests. All the measurement devices were installed
during the construction of the embankment, and the initial
data was measured for all the devices after the completion
of the construction of the embankment. Additional tests
are needed to investigate the optimum location of geogrid
layers, which will be investigated in a future study.

It should be noted that the model test has some
limitations. For example, the water bag in the laboratory
study had a whole block settlement; however, in field, the
settlement of an embankment foundation has a settlement
basin. In field, the settlement of an embankment founda-
tion involves a consolidation process under not only an
embankment load but also a traffic load. The model tests
in the present study only simulated the widened embank-
ment subjected to foundation settlement and no traffic
loading was considered.

2.3.2. Instrumentation

In total, nine settlement plates were installed at three
elevations: namely five settlement plates on the embank-
ment surface, two settlement plates at a depth of 250 mm
from the embankment surface (i.e. immediately below the
upper geogrid layer if two geogrid layers were used), and
two settlement plates immediately above the water bag.
The locations of the settlement plates are shown in Figure
5. Strain gauges were installed on the geogrid layers. On
each geogrid layer, one row of strain gauges was placed at
the centreline of the pit in the width direction. Five earth
pressure cells were installed at two elevations: three cells
were at the mid-depth of the embankment (immediately
below the upper geogrid layer) and two cells were

Table 2. Water draining plan
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immediately above the water bag. Figure 5 shows the
locations of the earth pressure cells.

2.4. Water draining plan

To simulate the development of the differential settlement,
12 stages of water draining were planned. Within each
stage, a desired quantity of water drained out of the bag.
The complete water-draining plan is summarised in Table
2. An electric scale was used to measure the weight of the
drained water in real time. If a desired weight was
reached, the valve was closed until the measured settle-
ments, strains, and earth pressures became constant and
then the next water draining stage started.

3. TEST RESULTS AND ANALYSIS
3.1. Settlement

Figures 6 to 8 present the measured settlements on the
embankment surface at 48 h after the end of water
draining for three widened embankment model tests,
respectively. The test results clearly show that the settle-
ment increased with the amount of drained water (i.e. the
water bag subsidence). Figure 6 shows the maximum
settlements on the embankment surface because the
widened embankment was not reinforced by a geogrid.
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Figure 6. Settlement on the embankment surface for
widening embankment with no geogrid

Water draining | Desired total mass of the | Corresponding subsidence | Water draining | Desired total mass of the | Corresponding subsidence
stages no. released water (kg) of water bag (mm) stages no. released water (kg) of water bag (mm)

1 5 3 7 47 38

2 8 5 8 57 44

3 13 10 9 69 51

4 20 16 10 76 56

5 30 24 11 104 71

6 40 32 12 121 80

Note: the desired total weight is the accumulated weight of the drained water from the previous stages.
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Figure 7. Settlement on the embankment surface for
widening embankment with single geogrid layer
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Figure 8. Settlement on the embankment surface for
widening embankment with two geogrid layers

Obvious differential settlement occurred between the
existing and widened portions of the embankment. It can
be seen in Figure 7 that the settlements on the embank-
ment surface were clearly reduced by the single geogrid in
comparison with the unreinforced case. The geogrid had
an obvious tensioned membrane effect to minimise the
differential settlement when the subsidence induced by the
draining of the water bag increased. Figure 8 shows that
two geogrid layers slightly reduced the settlements on the
embankment surface of the widened embankment in com-
parison with those with a single geogrid layer. The test
results also show that the tensioned membrane effect of
the second geogrid layer was obviously reduced. The
settlement ratio (defined as the ratio of the maximum
settlement on the embankment surface to the water bag
subsidence) decreased initially with the increase of water
bag subsidence (Figure 9). The rate of settlement ratio
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Figure 9. Variation of settlement ratio on the surface of the
embankment with the subsidence of water bag

variation decreased after the water bag subsidence became
greater than 70 mm. Figure 9 also shows that the settle-
ment ratio of the widened embankment without any
geogrid was a maximum. The settlement ratio of the
widened embankment with a single geogrid layer was
slightly larger than that of the widened embankment with
two geogrid layers. The effect of the upper geogrid in
controlling the different settlement was less than that of
the lower geogrid because a smaller differential settlement
occurred at the higher elevation. The above discussion
demonstrates that the geogrid can be used to control the
differential settlement of a widened embankment. Accord-
ing to British Standard BS 8006 (BSI 2011), it is
beneficial to install multiple layers of geogrid to mitigate
the differential settlement in highway projects for embank-
ment widening. However, an increase of geogrid layers
increases the cost. A balance has to be sought between the
reduced differential settlement and the economy for actual
projects.

3.2. Strain in the geogrid

Figure 10 presents the strain distributions along the
geogrids for the widened embankment with a single
geogrid layer at 48 h after the end of water draining. The
strains reported in this and later figures are local strains.
As the calibration factor is 1.0, they also represent the
global strains. Two peak strains were found in the strain
distribution of the geogrid layer, in which the peak strain
adjacent to the fixed side of the geogrid was slightly
greater than that close to the free side, but the two peaks
became less obvious as the subsidence of the water bag
increased.

The measured strain distributions along the lower
geogrid in the widened embankment with two geogrid
layers at 48 h after the end of water draining are shown in
Figure 11. Two peak strains were found in the strain
distributions of the lower geogrid layer. The peak strain
adjacent to the fixed side of the geogrid was greater than
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Figure 10. Strain of the geogrid at different subsidence of
water bag for widening embankment with a single geogrid
layer
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Figure 11. Strain of the first geogrid layer at different
subsidence of water bag for widening embankment with two
geogrid layers

that close to the free side. However, these two peak strains
became stable with the time after the end of the water
draining and the subsidence of the water bag increased.
The possible explanation is that the tensile strain in the
geogrid was redistributed with time. It is also shown that
the lower geogrid layer had the peak strains at two sides
of the water bag. This phenomenon is similar to that
reported by Han and Gabr (2002) in a geosynthetic-
reinforced, pile-supported embankment due to the stress
concentration at the boundaries of the stable and moving
portions of the foundation.

Figure 12 shows the strain distributions along the upper
geogrid in the widened embankment with two geogrid
layers at 48 h after the end of water draining. A single
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Figure 12. Strain of the second geogrid layer at different
subsidence of water bag for widening embankment with two
geogrid layers

peak strain was found in the strain distribution of the
upper geogrid layer; the reason being that the pullout
resistance of the geogrid on each side was limited due to
low overburden stress. However, the peak strains in the
upper geogrid layer did not change significantly when the
subsidence of the water bag was larger than 44 mm. This
result implies that the existence of the upper geogrid layer
limited the reflection of the differential settlement towards
the embankment surface. This phenomenon can be ver-
ified by comparing the settlement ratio of the widened
embankment with a single geogrid layer with that having
two geogrid layers as shown in Figure 9. The subsidence
of the water bag did not affect the settlement on the
embankment surface after the water bag had subsided
more than 44 mm. This result illustrates that stable soil
arching was formed in the widened embankment above
the upper geogrid.

3.3. Earth pressure in the embankment

The measured earth pressures as the subsidence of the
water bag increased after embankment widening without
any geogrid are shown in Figure 13. These earth pressures
at the same elevations remained constant and were
approximately equal to the overburden stresses. Figure 14
shows the measured earth pressures as the subsidence of
the water bag increased after embankment widening with
a single geogrid layer. The measured earth pressures on
the top of the water bag decreased as the subsidence of
the water bag increased, especially at the initial stage of
subsidence. The earth pressures on the top of the water
bag became approximately constant when the subsidence
of the water bag was larger than 56 mm because the soil
arching was fully formed within the embankment. The
measured earth pressures with an increase of the water
bag subsidence for embankment widening with two
geogrid layers are presented in Figure 15. The increase of
the water bag subsidence reduced the earth pressures
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Figure 13. Measured earth pressures with the water bag
subsidence for widening embankment with no geogrid
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Figure 14. Measured earth pressures with the water bag
subsidence for widening embankment with single geogrid
layer

below both the first and second geogrid layers. They
became almost constant when the water bag subsided
more than 56 mm. The reduction of the earth pressure can
be attributed to the soil arching effect in the embankment
fill. The constant earth pressure at the large subsidence
indicates stable soil arching was formed. The degree of
soil arching can be evaluated by a soil arching ratio,
which is defined as the ratio of the pressure measured
below the geogrid to the overburden pressure of the
embankment fill above the geogrid. The soil arching ratio
below the lower or upper geogrid layer decreased from 1.0
(the value when the water bag had zero subsidence) to 0.4
when the water bag had subsided more than 56 mm.

Miao, Wang, Han and Lv

15—
—=— In the middle of embankment 1
12 = —o— In the middle of embankment 2
—a4— In the middle of embankment 3
- —v— On the top of water bag 1
§ On the top of water bag 2
< 9
[0}
5
2 L
[0}
a
£ 6
(]
w ﬁ\l\
B *——x
D % v
: S
3 !\R
\‘, —
SN —
ol 1ty
0 20 40 60 80 100

Water bag subsidence (mm)

Figure 15. Measured earth pressures with the water bag
subsidence for widening embankment with two geogrid layers

4. FIELD EMBANKMENT WIDENING
WITH GEOGRID REINFORCEMENT

As discussed earlier, the physical model tests indicated that
the existence of the geogrid layers significantly reduced
the differential settlement reflected from the foundation to
the embankment surface. To validate the laboratory results,
a field study was conducted at the Jiang-Liu highway
widening project in Yangzhou, China. In this project, the
existing embankment was widened from four to eight
lanes. Figure 16 shows the cone penetration test profile of
the site. Controlling modulus columns (CMCs) with
column caps were used to improve soft foundations,
increase bearing capacity, support the widening embank-
ment load, and reduce the total settlement. A brief descrip-
tion of the CMCs can be found in the paper by Miao et al.
(2009). CMCs were installed by special equipment and
made of low-strength C20 concrete. The CMCs columns
were 16 m long with a diameter of 400 mm, and a spacing
of m in a triangular pattern. The column caps were made
of reinforced C20 concrete and had dimensions of
1400 mm X 1400 mm X 300 mm. To reduce the differ-
ential settlement between the existing and widened em-
bankments, a uniaxial punched-drawn for high-density
polyethylene geogrid layer with tensile strength of
60 kN/m was selected and installed at the bottom of the
widened embankment in one test section based on the
laboratory model test results as shown in Figure 17. For
comparison purposes, no geogrid was used in another test
section. The existing embankment was first excavated by
2 m wide, and the geogrid layer was fixed using U-shaped
iron nails across the excavated portion to provide enough
anchorage. Earth pressure cells were placed on top of
CMC columns and soil and under the geogrid if it was
used. Figure 18 shows the measured earth pressures on the
column caps and soil. The measured earth pressures on the
soil in the geogrid-reinforced section as shown in Figure
18(a) were lower than those in the unreinforced section in
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Figure 16. Cone penetration test profiles in the Jiang-Liu highway widening project

in the geogrid was smaller than 1%. As a result of the
increased embankment load and the soil arching effect, the
measured pressures on the soil between the CMCs de-
creased because of the tensioned membrane effect and the
load transfer from soil to column during consolidation.
This phenomenon was also observed by Huang et al
including the settlement at the bottom of the centreline of

geogrid was located at the edge of the column caps. This
result is consistent with the numerical result obtained by

Han and Gabr (2002). Figure 20 shows the settlements
during the construction of the widened embankment

measured pressures above the CMC caps increased. The
(2009b). The measured maximum tensile force in the

tensile forces in the geogrid. The maximum tensile strain

Figure 18(b) because of the tensioned membrane effect in
the reinforced section. Figure 19 shows the measured

showing an installed geogrid under

Figure 17. Photograph
the widening embankment

the existing embankment and widening embankments with
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Figure 18. Measured earth pressures on column caps and soil: (a) with a geogrid; (b) without geogrid
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and without a geogrid. In this project, the settlement plates
were installed at the bottom of the widening embankment
with and without a geogrid along its centre of gravity (i.e.
approximately 3 m away from the junction between the
existing and widening embankments). The settlement plate

of the existing embankment in the project was installed in
the bottom of the centreline of the existing embankment
during construction because it had to be conducted accord-
ing to the code for Chinese highway construction (MOC
2006). The field measurements showed that the geogrid
reinforcement reduced the total settlements of the widening
embankment and the differential settlements between the
existing and widening embankments. The settlement of the
foundation under the widened embankment became stable
shortly after the completion of filling the embankment.
The ratio of the differential settlement to half width of the
embankment crest was smaller than 0.2%, which was less
than the design value of 0.5%.

5. CONCLUSIONS

Physical model tests were conducted to evaluate the
benefits of the geogrid reinforcement in highway widen-
ing. A water bag with water draining at different stages
was used to simulate the differential settlement between
the existing and widened portions of the embankment.
Settlement plates, strain gauges, and earth pressure cells
were used to monitor the behaviour of the embankment
during and after widening. A field test was conducted to
verify the results from the physical model tests. The
following conclusions can be drawn from the information
obtained in the present study.
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1. The settlement on the embankment surface increased
with the subsidence of the foundation and time. The
ratio of the surface settlement to the foundation
subsidence decreased as the subsidence increased.
The presence of the geogird stabilised the soil
arching and minimised the settlement reflected from
the foundation subsidence.

2. The settlement ratio of the embankment reinforced by
geogrid became constant after the water foundation
subsided more than 44 mm. This result demonstrate
that the serviceability of the embankment could be
ensured with appropriate geogrid reinforcement.

3. Two peak strains were measured on the lower
geogrid layer near the boundaries between the stable
and moving portions of the foundation. One peak
strain in the upper geogrid layer was limited by the
pullout resistance of the geogrid on the side close to
the slope facing.

4.  The measured earth pressures below both the upper
and lower geogrid layers decreased with the increase
of the foundation subsidence due to the soil arching
effect in the embankment fill. The soil arching ratios
decreased from 1.0 to 0.4 below both the upper and
lower geogrid layers when the subsidence of the
foundation increased from zero to a large value
(56 mm herein).

5. The field study using geogrid reinforcement in the
Jiang-Liu highway embankment widening project
confirmed that the geogrid layer reduced the differ-
ential settlement between the existing and widened
embankments.
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