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ABSTRACT: A geosynthetic-reinforced pile-supported (GRPS) embankment that consists
of embankment fill, geosynthetic, piles, and foundation soils is a complex soil–structure system. Its
key load transfer mechanisms include soil arching and tensioned membrane effects and subsoil
resistance. Type of embankment fill (cohesive or cohesionless) and type of pile (end-bearing or floating)
are expected to affect these load transfer mechanisms; however, their influence has not been well
investigated. Six scaled model tests were conducted in this study to investigate the influence of
the embankment fill properties, the clear spacing of pile caps, and the pile type on soil arching and
tensioned membrane effects. This study used cohesive and cohesionless embankment fills and
end-bearing and floating piles. The test results show that the cohesive embankment fill strengthened the
soil-arching effect, increased the pile efficacy, and reduced the settlements of the subsoil between pile
caps and the embankment crest under the same load as compared with the cohesionless embankment
fill. The soil arching-effect was inversely proportional to the clear spacing of pile caps. Soil arching
initiated at a low ratio of the embankment height to the clear spacing of pile caps (i.e. 0.5 to 0.7) and
became stable at a higher ratio (i.e. 1.1 to 1.5). The embankment height when the soil arching becomes
stable is also referred to as the critical height, at which full soil arching is formed. The measured vertical
earth pressures at the edges of the pile caps were higher than those in the middle of the pile caps in all six
model tests. When the end-bearing or floating piles were used, the loads on the piles (i.e. the pile
efficacy) increased during the construction of the embankment. However, when the floating piles started
to penetrate into the underlying soil under a higher load; the pile efficacy decreased with the
embankment and the surcharge load. Floating piles resulted in less soil arching and larger settlement.
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1. INTRODUCTION

Embankments have been increasingly used to support
highways and railways; however, the number of sites with
suitable soil conditions has decreased. As a result, more
and more embankments have been constructed on land
that was previously considered unsuitable. Sowers (1979)
defined that soft clay has an undrained shear strength that
is lower than 25 kPa. Construction of embankments on
soft foundations often encounters possible bearing failure,
excessive settlement, and slope instability. Construction
time and time to settlement stabilisation are also

important challenges to construction over soft foun-
dations. Certain techniques must be used to improve the
soil foundation to enhance the stability of the embank-
ment and eliminate the problems associated with bearing
failure and settlement (Han and Gabr 2002; Jenck et al.
2007; Han 2015b). Possible techniques include surface
and deep compaction and densification, over-excavation
and replacement, deep replacement, preloading and
consolidation, and chemical stabilisation (Han 2015a).
However, granular columns (including geosynthetic-
encased granular columns), deep mixed columns, and
piles have been more commonly used to support
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embankments over soft soils (Han 2015a, 2015b). When
approaching embankments are used to connect bridges or
new embankments are constructed to widen existing
embankments, there is a strict requirement for total
and differential settlements on top of the embankment
(often less than 25 mm) (Han et al. 2007; El Kamash
and Han 2014). To meet such a strict requirement, piles
or columns are used to support the embankments. In
comparison with some other ground improvement
methods, geosynthetic-reinforced pile-supported (GRPS)
embankments can be constructed quickly, do not require
soft soil replacement and staged construction, and meet
strict settlement requirements; therefore, they become
one of the favoured technologies for the construction of
embankments on soft soil foundations.
A GRPS embankment, consisting of a soft soil

foundation, piles, a geosynthetic-reinforced platform
(or mattress), and embankment fill, is a complex soil–
structure system. The interaction among these com-
ponents influences the load distribution and the functions
of the reinforcement. The key mechanisms of GRPS
embankments have been considered to be soil arching, the
tensioned membrane effect, and stress concentration due
to modulus difference between piles and soil (Han, 1999;
Han and Gabr 2002). Han (1999) and Han and Gabr
(2002) defined soil arching as the phenomenon that
differential movement between piles and subsoil induces
shear stresses in the fill, which transfer a large portion of
the vertical loads to piles and reduce the vertical stresses
on the subsoil between these piles. The tensioned mem-
brane effect is referred to as the deformed geosynthetic
reinforcement between the piles reducing the vertical
stresses on the subsoil below the reinforcement by its
vertical component of the tension in the reinforcement.
When a rigid platform (e.g. footing) is above piles and
subsoil, there are no soil arching and tensioned membrane
effect because there is no differential movement but
there is still stress concentration on the piles due to their
modulus difference between piles and soil. However,
several factors, including the properties of embankment
fill, the height of the embankment, the size and layout of
the piles (or pile caps), the properties of soft soil, and the
properties and number of geosynthetics, play important
roles in the performance of GRPS embankments. Piles
used in GRPS embankments are mostly end-bearing but
some embankments are supported by floating piles (Chen
et al. 2008a). When piles and/or large pile spacing are
used, pile caps are often needed to reduce the clear
spacing between piles and the differential settlement on
top of the embankment.
Many researchers have carried out experimental studies

on pile-supported embankments in the past. Most of them
used dry or moist sand as the embankment fill, whereas
Horgan and Sarsby (2002) used sand and stone in their
tests. Jenck et al. (2009) used a mix of steel rods, 60 mm
long with diameters of 3–5 mm. van Eekelen et al. (2012)
used a crushed recycled construction material. Few
researchers used soil with cohesion as the embankment
fill. For example, Miao et al. (2013) used a cement-treated
sand-expanded polystyrene (EPS) bead lightweight

material as an embankment fill. This study introduced
an ‘apparent cohesion’ for the embankment fill to illus-
trate the influence of embankment fill properties on soil
arching and tensioned membrane effects.
To simulate subsoil settlement between piles, several

researchers removed subsoil support during the test, either
by a ‘trap door’ (Horgan and Sarsby 2002), or direct re-
moval (Le Hello 2007). Some others used a compressible
material to represent subsoil, such as peat (Zaeske 2001;
Heitz 2006; Farag 2008), rubber foam (Low et al. 1994;
van Eekelen et al. 2003; Jenck et al. 2009), or rubber foam
chips (Hewlett and Randolph 1988). Ellis and Aslam
(2009a, 2009b) varied the stiffness of the subsoil by using
two grades of EPS in their centrifuge tests. Chen et al.
(2008b) andMiao et al. (2014) modelled the consolidation
of the subsoil in their tests by gradually draining water out
from water bags. Only a few (such as Zaeske 2001; Heitz
2006; Le Hello 2007, Chen et al. 2008b, and van Eekelen
et al. 2012) included geosynthetic reinforcement.
In the above studies, Farag (2008) measured the forces on

or below the piles, whereas Zaeske (2001) and Heitz (2006)
measured the pressures within the fill. van Eekelen et al.
(2012) measured the earth pressure on and below the geo-
synthetic reinforcement. All the above studies found the
soil arching effect. Heitz (2006) found that the soil arch
was resistant to some dynamic load if sufficient re-
inforcement was used. To the authors’ knowledge, however,
no experimental study has been reported with embank-
ments supported by floating piles. This study investigated
the performance of geosynthetic-reinforced floating pile-
supported embankments and the effect of this pile type.
This study included six scaled model tests of full GRPS

embankments conducted in a large test box in a lab-
oratory of Tongji University. Unlike some earlier studies
in which only a unit cell of a GRPS embankment or an
embankment without any slope supported by four piles
(e.g. Zaeske 2001; van Eekelen et al. 2012) was investi-
gated, this study employed a scaled full embankment
model with side slopes on piles with pile caps subjected to
a vertical load and investigated the influences of the
embankment fill (fine sand or fine sand mixed with
fibres), the clear spacing of pile caps, and the pile type on
the soil-arching effect and the tensioned membrane effect.

2. MODELTESTS

2.1. Test setup

Figure 1 shows the test setup of a scaled GRPS embank-
ment under a vertical load. The test box, made of struc-
tural steel and toughened glass, was 3.0 m long, 1.0 m
wide, and 1.8 m high. Figure 1a shows the GRPS
embankment with end-bearing piles and pile caps and
Figure 1b shows that with floating piles and pile caps.
Figure 1c is a top view of the GRPS embankment with ten
pile caps (partially exposed).

2.2. Materials

Fine sand was used to form the subsoil foundation and
construct the embankment. Figure 2 shows the gradation
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of the fine sand, which had a uniformity coefficient of
2.73 and a curvature coefficient of 0.51; therefore, the
sand was poorly-graded based on the Unified Soil
Classification System (ASTM D2487-11). This sand had
the maximum dry density of 1.99 g/mm3 based on the
standard Proctor compaction tests. The sand was mixed
with 5% (dry mass of sand) EPS beads with a diameter
of 3–4 mm to simulate a compressible subsoil. The
maximum dry density of the sand–EPS mixture was
1.91 g/mm3 based on the standard Proctor compaction
tests. Laboratory triaxial tests measured the peak friction
angle of the subsoil at 90% relative compaction was 27°
and laboratory consolidation tests determined its con-
strained modulus at 3.74–4.41 MPa.
Two embankments fills, fine sand and sand–fibre

mixture, were used in this study. Laboratory triaxial tests
showed that the peak friction angle of the fine sand was

38°. To investigate the influence of fill cohesion on the
soil-arching effect and the tensioned membrane effect, a
mixture of sand and fibres was employed to simulate the
embankment fill with cohesion. The sand–fibre mixture
contained 0.3% (dry mass of sand) fibres with lengths of
30–40 mm. The maximum dry density of the sand–fibre
mixture was 1.98 g/mm3 based on the standard Proctor
compaction tests. Laboratory triaxial tests determined a
peak friction angle of 38° and an apparent cohesion of
15 kPa for the sand–fibre mixture at 90% relative com-
paction. From triaxial tests, the modulus of the fibre-
reinforced sand was estimated to be approximately 1.25
times that of the sand.
The geosynthetic reinforcement was biaxial PP geogrid

with an aperture size of 40 mm×40 mm. Figure 3 shows
the curve of tensile force plotted against axial strain of the
geosynthetic reinforcement , which had an ultimate tensile
strength of 32 kN/m and a tensile stiffness of 500 kN/m
at a tensile strain of 5%. The tensile test of the geogrid
was conducted over a short term at the displacement rate
of 100 mm/min. The piles were made of plain concrete
with a diameter of 100 mm and a length of 1 m. The pile
caps were made of square steel plates of three differ-
ent sizes: 120 mm×120 mm, 240 mm×240 mm, and
300 mm×300 mm. The pile caps were fastened onto the
piles in the model tests.

2.3. Test sections

Table 1 lists six model tests carried out in this study, which
include the embankment fill type, the width of the square
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Figure 1. Cross-sectional and top views of GRPS embankments:
(a) cross-section of the model with end bearing piles,
(b) cross-section of the model with floating piles, (c) top view
of the model (unit: mm)
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pile cap (a), the ratio of the embankment height to the
clear spacing of the pile caps [h/(s− a)], and the pile type.
Test 1 used the sand as the embankment fill. Tests 2 to 6
used the sand–fibre mixture as the embankment fill. End
bearing piles were used in tests 1 to 4 and floating piles
were used in tests 5 and 6.

2.4. Construction

Two types of piles, end-bearing piles and floating piles
were used in this study. Depending on the type of piles, the
construction of the test section was slightly different. For
the test section with end-bearing piles, ten piles were
placed first and the fine sand mixed with EPS beads was
placed in 10 lifts around the piles as shown in Figure 1a.
The compacted lift thickness was approximately 100 mm.
The subsoil was placed and compacted into the model box
using a mass–volume control method. Each lift had a
mass of 502.4 kg, which resulted in the average density of
subsoil at 1.72 g/mm3 and the degree of compaction at
about 90%.
For the test section with floating piles, the 200 mm

thick bottom fine sand with EPS beads was placed in two
lifts (i.e. 100 mm thick each lift) first, then ten floating
piles were installed and followedwith the placement of the
surrounding fine sand mixed with EPS beads in the same
way as described above as shown in Figure 1b.
Caps were connected with piles. Depending on the type

of embankment fill, a 25 mm thick sand layer (or sand
mixed with fibres) was placed on top of the subsoil and
pile caps. The geosynthetic reinforcement was placed at
25 mm above the pile caps to prevent possible damage to
the geosynthetic reinforcement by the caps. This soil layer
between the geosynthetic reinforcement and the pile caps
is commonly used in practice (e.g. Huang et al. 2005). The
400 mm high embankment was constructed in lifts using
the sand (or the sand–fibre mixture). The embankment
construction used the similar method as the subsoil place-
ment. When the sandwas used as the embankment fill, the
embankment was divided into four layers, which had
masses of 367.4, 313.6, 259.8 and 206.1 kg, respectively,
from the bottom to the top due to the change of the geo-
metry. The average density of the sand fill was 1.79 g/mm3

and the degree of compaction was about 90%. When the
sand–fibre mixture was used as the embankment fill, the
four compacted layers had masses of 364.5, 311.2, 257.8
and 204.5 kg, respectively, from the bottom to the top of
the embankment. The average density of the sand–fibre

mixture was 1.78 g/mm3 and the degree of compaction
was about 90%.
The top load was applied by a hydraulic jack on a

loading plate with dimensions of 1.0 m long and 0.97 m
wide. Figure 4 shows the layout of the pile caps and the
loading plate.

2.5. Instrumentation

Figure 5 presents the instrumentation layout. The dis-
placement transducers and dial gauges were used to
monitor the deformations of the embankment while the
earth pressure cells were used to monitor the vertical earth
pressure distribution.
In the tests, S1 and S2 denote dial gauges used to

measure the total settlements on top of the embankment.
S1 was located at the centre of the embankment and S2
was located at the shoulder of the embankment. ss1 and
ss2 are the displacement transducers connected to the
settlement plates to measure the settlements of the subsoil
between the pile caps. The displacement transducers ss1
and ss2 had an accuracy of 0.01 mm. ss1 was located at
the centre of a unit of four pile caps and ss2 was located at
the centre of two adjacent pile caps. sp1 is the displace-
ment transducer (only used in tests 5 and 6), which was
located at the edge of the pile cap to measure the settle-
ments of the pile caps. epc3 to 5 are the earth pressure cells
to measure the vertical earth pressures under the embank-
ment and on the subsoil. epc1 to 3 were located at the
centre of a unit of four piles above the subsoil. epc1 was at
100 mm and epc2 was at 50 mm above the top of subsoil.
epc3 was on the top of the subsoil beneath the geosyn-
thetic reinforcement. epc4 was located in the centre and on
the top of the pile cap beneath the geosynthetic rein-
forcement. epc5 was located at the edge and on the top
of the pile cap beneath the geosynthetic-reinforcement.

Table 1. Test programme of GRPS embankments

Number of
model test

Fill type a (mm) h/(s− a) Pile type

1 Sand 300 2.0 End bearing
2 Sandwith fibre 300 2.0 End bearing
3 Sandwith fibre 240 1.5 End bearing
4 Sandwith fibre 120 1.1 End bearing
5 Sandwith fibre 300 2.0 Floating
6 Sandwith fibre 240 1.5 Floating

Figure 4. Pile cap layout and the loading plate
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The number of transducers and their exact locations were
the same for all tests, except for those in tests 5 and 6.

2.6. Loading procedure

After the subsoil and the embankment were in place, the
following steps were followed for each test: (1) applying
the top load in ten increments (an average pressure of
2 kPa for each increment), which represent both the traffic
load and the dead weight of a pavement; (2) maintaining
each load increment for at least 30 min until stable dis-
placement measurements; however, this is not an indi-
cation that the geogrid stopped creeping because a much
longer time period would be required to investigate the
creep behaviour of the geogrid; (3) recording the displace-
ments by the displacement transducers (ss1, ss2, and sp1)
and the dial gauges (S1 and S2); and (4) continuing
loading until the maximum average applied pressure
reached 20 kPa. The applied pressure simulated traffic
loading. In the United States, the typical traffic loading
used in design is 13 kPawhereas 20 kPa is commonly used
in the Chinese specifications or codes for road design. The
earth pressure cells (epc1 to 5) were recorded by a
computer continuously during the construction of the
embankment and loading. Figure 6 shows the loading
scheme.

2.7. Limitations

This research was conducted in a scaled test box in the
laboratory. Some of the conditions may be different from

those in the field; therefore, this study has the following
limitations.

(1) Due to the limited width of the box, the lateral
movement of the subsoil was limited by the box walls.
Therefore, the instrumentation and data analysis
were mostly focused on the central portion of the
embankment and the subsoil.

(2) Each test was carried out within a time frame of one
week; therefore, this study did not consider the soil
consolidation process and other time-dependent
effects, such as creep of the geogrid.

(3) GRPS embankment models were designed based on
a scale factor of 1/5 to a typical field embankment.
The dimensions of the embankment, the piles and
the pile caps, and the pile spacing, and the tensile
stiffness and strength of the geogridwere scaled down
by 1/5. The area and force were scaled down by 1/25.

(4) The side wall friction might reduce the earth
pressures measured by pressure cells. As the embank-
ment height was relatively small, the influence of the
side wall friction should not be significant, especially
under the top load.

(5) Earth pressures on the pile caps and between the pile
caps might not be uniform.When the measured earth
pressures at specific locations were used to calculate
the loads carried by the pile caps and the subsoil, the
calculated loads were approximate.

3. TEST RESULTS AND ANALYSIS

3.1. Load distribution

The total vertical load (i.e. the sum of the traffic load and
the pavement and fill weights) is distributed into three
parts, A, B, and C according to van Eekelen et al. (2012),
in which part A is the load transferred directly to the piles
by soil arching, part B is the load transferred from the
geosynthetic reinforcement to the piles by the tensioned
membrane effect, and part C is the load carried by the
subsoil. All three parts of loads are vertical loads.
Hewlett and Randolph (1988) defined pile efficacy, Ep,

as a ratio of the vertical force on the pile cap to the total
vertical force on the tributary area byone pile, but they did
not include a geosynthetic reinforcement in their study. In
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our opinion, soil arching should be defined above the
geosynthetic reinforcement. The earth pressure cell above
the geosynthetic reinforcement on the pile cap (i.e. part A)
is valuable for the soil-arching evaluation, but unfortu-
nately it was not used in this study. Han and Gabr (2002)
used a term ‘soil-arching ratio’ defined based on the earth
pressures above the geosynthetic reinforcement to evaluate
the soil arching. On the other hand, the pile efficacy
should be defined above the pile caps and below the
geosynthetic reinforcement if it exists because the pile
efficacy is used to evaluate the pile contribution in load
carrying. In other words, the vertical force on the pile caps
should include the vertical force by soil arching and by the
geosynthetic reinforcement (i.e. part A+part B) if a
geosynthetic reinforcement is used. According to this
definition, the pile efficacy, Ep, can be expressed as
follows:

Ep ¼ a2ðep4þ ep5Þ=2
ðs2 � a2Þep3þ a2ðep4þ ep5Þ=2 ð1Þ

where ep3 is the vertical earth pressure measured by
pressure cell epc3, ep4 is the vertical earth pressure
measured by epc4, ep5 is the vertical earth pressure
measured by epc5, a is the width of a pile cap, and s is
the centre-to-centre spacing of piles.

3.2. Test results of the baseline model test

Model test 1 serves as the baseline test, which had the
sand as the embankment fill, end-bearing piles, and the
h/(s− a) ratio of 2.0 as shown in Table 1. This section
presents the results of the baseline model test including the
load distribution and the settlement.

3.2.1. Earth pressure and pile efficacy
Figure 7 shows the measured vertical earth pressures from
the earth pressure cells, epc1 to 5, during the embankment
construction and the loading process in model test 1.
Based on the measured pressures, the pile efficacy was
calculated according to Equation 1. Figure 7a shows
that the vertical earth pressures at all locations increased
with the increase of the embankment height. At the end of
the embankment construction, the vertical earth pressure
measured by epc1 was higher than that measured by epc2
whereas the vertical pressure measured by epc2 was higher
than that measured by epc3. The reason for epc1 to have a
higher vertical stress than epc2 can be explained using the
concentric soil-arching model proposed by van Eekelen
et al. (2013) and van Eekelen (2015). In their model, soil
arching is formed in a series of concentric semi-circular
domes. Within each layer of a concentric semi-circular
dome, the load applied on the upper dome is transferred
onto piles and the lower dome. In other words, the vertical
stress ep1 was distributed into two parts: one transferred
to pile caps and the other transferred to the lower layer of
the dome. Therefore, ep2 at the lower elevation was lower
than ep1 at the higher elevation.
However, the vertical pressure measured by epc4 was

lower than that measured by epc5. These measured pres-
sures indicate the vertical stress at the edge of the pile cap
was higher than that in the centre of the pile caps.

Through a numerical analysis, Han and Gabr (2002) first
discovered that the vertical stress at the edge of a pile cap
under a geosynthetic reinforcement was higher than that
in the centre of the pile cap. The experimental result
obtained in this study (i.e. ep5 was higher than ep4) is in
agreement with that obtained by Han and Gabr (2002).
The main reason for the cap edge to have a higher stress is
that the tensioned geogrid transferred part of the load to
the pile caps non-uniformly (i.e. more loadwas transferred
onto the edge of pile caps).
The pressure under the geogrid, measured by epc3, was

not zero but it was lower than that above the geogrid.
These results are in agreement with those obtained by
Han and Gabr (2002) and van Eekelen et al. (2012). In
other words, the tensioned membrane effect of the geogrid
reduced the earth pressure under the geogrid but at the
same time, part of the load was transferred to the subsoil.
Figure 7a shows that before the embankment height

reached 100 mm, the earth pressures both above and
between the pile caps at the same elevation (i.e. earth
pressure cells epc3 to 5) were identical and increased
linearly with the height of the embankment. However,
when the embankment height was greater than 100 mm,
the earth pressure between the pile caps (i.e. ep3) became
lower than the earth pressures on the pile caps (i.e. ep4 and
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Figure 7. Measured earth pressures and calculated pile efficacy
for model test 1: (a) during construction, (b) during loading
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ep5). Figure 7a also shows that before the embankment
height reached 100 mm, Ep ≈ 36%, which equals to the
area coverage ratio of the pile caps. With the increase of
the embankment height, Ep increased but at a reduced
rate. This result reveals that soil arching was gradually
mobilised with the increase of the embankment height.
Figure 7b depicts the variation of the vertical earth

pressures during the loading process on top of the
embankment. The measured results show that the press-
ures increased linearly with the applied load. The similar
relationships among the earth pressures from epc1 to epc5
remained; that is, the earth pressures decreased in the
following order: ep5, ep4, ep1, ep2 and ep3. As compared
with the increase of the top load, the increase of Ep was
slow after the applied pressure was 6 kPa or higher. This
result is in agreement with the model test results of
Hewlett and Randolph (1988) and Zaeske (2001). This
result also indicates that the soil-arching effect became
more significant but in a reduced rate and became stable
after the applied pressure was 6 kPa or higher, while the
tensioned membrane effect began to transfer more load
on the pile caps.
At the full embankment height, the ratio of the

embankment height (h) to the clear spacing of the pile
caps (s− a) was 2.0, which meets the condition for full
arching (BS8006 (BSI 2010)). Figure 7b shows that an
increase of the top load increased the vertical earth
pressures above the pile caps linearly but the earth
pressure between the pile caps just increased slightly. In
other words, most of the applied load was transferred to
the pile caps due to soil arching and the tensioned
membrane of the geogrid but a small portion of the
load was transferred to the subsoil between the pile caps.
This result is different from the assumption in BS8006
(BSI 2010), in which all the applied top load is transferred
to the pile caps under a full soil-arching condition.

3.2.2. Settlement
Figure 8 shows the settlements measured by displacement
transducers ss1 and ss2 in model test 1 during construc-
tion and loading. When the embankment height was less
than 100 mm, the settlements at ss1 and ss2 were almost
identical. When the embankment height was increased
from the beginning, the settlement at ss1 continued
increasing approximately linearly at a rate of 1.85× 10−2

with the embankment height until the embankment
height reached 200 mm while the settlement across ss2
increased at a slow rate of 0.47× 10−2. As a result, the
settlement at ss1 became larger than that at ss2. One
reason for this result is because the clear span across ss2
was smaller than the diagonal distance across ss1. The
linear increase of the settlement with the embankment
height was consistent with the linear increase of the
vertical stress with the embankment height (i.e. γH, γ is the
soil unit weight and H is the embankment height). In
other words, no soil arching occurred. This is also an
indication that soil arching across ss2 started to form after
the embankment height reached 100 mm. Therefore, the
height to clear spacing ratio, h/(s− a), for the initiation of
soil arching across ss2 was 0.50. Tensioned membrane and

increase of subsoil modulus might have some effects on
the reduction of the settlement rate, but these effects
should be minor because the settlement at the embank-
ment height of 100 mm was only 1.2 mm. As Giroud and
Noiray (1981) pointed out, the tensioned membrane effect
became important only if the differential settlement was
large. However, soil arching across ss1 started to form
after the embankment height reached 200 mm. Therefore,
the height to clear spacing ratio, h/(s′− a′) (s′ is the dia-
gonal centre-to-centre spacing between the piles and a′ is
the diagonal length of the pile cap), across ss1 was 0.71.
At the embankment height of 300 mm, the settlements
almost stopped increasing at both locations. This is the
indication that full soil arching formed at the height to
clear spacing ratios of 1.07 at ss1 and 1.50 at ss2, respec-
tively. The embankment height corresponding to the
mobilisation of full soil arching is often referred to as
the critical height in the literature (Han 2015a). These
ratios are close to the value (1.3) suggested by Han and
Gabr (2002) based on numerical analysis and the value
(1.1 to 1.5) by Chen et al. (2010) based on field test data.

3.3. Influence factors

Several factors influence the performance of GRPS em-
bankments as demonstrated by Han and Gabr (2002).
This study investigated the influences of the following
factors: the cohesion of embankment fill, the type of pile,
and the clear spacing between the pile caps.
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Figure 8. Measured settlements at the base of the embankment in
model test 1: (a) during construction, (b) during loading
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3.3.1. Cohesion of embankment fill
Model tests 1 and 2 were almost identical except for the
properties of the embankment fill. Model test 1 used sand
while model test 2 used a mixture of sand and fibres. As
aforementioned, the sand–fibre mixture had an apparent
cohesion of 15 kPa. The effect of the fill apparent
cohesion on the performance of GRPS embankments is
the focus of this section.

Vertical earth pressure and pile efficacy
Figure 9 shows the vertical earth pressures measured by
epc2, epc3, epc4, and epc5 during the embankment
construction and the loading process. For both embank-
ment fills, the earth pressures measured by epc2 to epc5
increased with the height of the embankment. When the
embankment height was greater than 100 mm, the earth
pressures measured by epc2 and epc3 in test 2 were lower
than that in test 1. However, the earth pressures above
the pile caps in test 2 were higher than those in test 1. For
both embankment fills, the earth pressures measured by
epc5 were higher than those by epc4 after the embank-
ment height was greater than 100 mm. At the end of the
embankment construction, the ratio of the embankment
height (h) to the clear spacing of pile caps (s− a) was 2.0 in
both tests 1 and 2, which meets the condition of full
arching according to BS8006 (BSI 2010). The above test
results indicate that the fill cohesion enhanced the soil
arching and helped transfer more load from the subsoil to
the pile caps. The measured earth pressures at the edge of
the pile caps in both model tests were higher than those in

the centre of the pile caps. This result was in agreement
with that obtained by Han and Gabr (2002) using the
numerical method.
To further investigate the effect of the fill cohesion on

the load distribution, Ep was calculated using Equation 1
based on the measured earth pressures in tests 1 and 2.
Figure 10 presents the relationships between the pile
efficacy with the embankment height and the applied
pressure on the crest of the embankment.
Figure 10a shows that for both embankment fills, Ep

increased with the embankment height and was greater
than 36% when the embankment height was more than
100 mm. This result indicates that soil arching started to
form after the embankment height exceeded 100 mm, and
more load was transferred to the pile caps by the soil
arching effect with an increase of the embankment height.
In addition, Ep in test 2 became greater than that in test 1.
At the end of the embankment construction, Ep in test 2
was 61% whereas in test 1 Ep was 52%. The above results
can be explained that the cohesion of the embankment fill
in model test 2 increased the stiffness of the embankment
fill and enhanced more load transfer from the subsoil to
the pile caps.
Figure 10b shows that the pile efficacy, Ep, increased

gradually with the applied pressure on the crest of the
embankment for both embankment fills. However, Ep in
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test 2 was slightly greater than that in test 1 under the
applied pressure. The test results also show that the meas-
ured pressure on the subsoil by epc2 and epc3 increased
with the fill height during the embankment construction
and with the increase of the applied pressure on the crest
of the embankment even though the end bearing piles
were used.

Settlements
Figure 11 shows the settlements measured by ss1 and
ss2 during the embankment construction and loading.
In both tests, the measured settlements increased at a
reduced rate when the embankment height was greater
than 100 mm, except that at ss1 in model test 1. This result
indicates that soil arching started to form at the embank-
ment height of 100 mm. The measured settlements in
test 1 were larger than those in test 2 because the cohesion
in test 2 increased the stiffness of the fill and reduced the
settlements. In both tests, the settlement at ss1 was larger
than that at ss2. This is because ss1 is at the centre of four
adjacent pile caps whereas ss2 is in the middle between
two adjacent pile caps. The reason for soil arching starting
to form at ss1 earlier in test 2 than that in test 1 is that the
fill cohesion enhanced soil arching.
Figure 11b shows that the measured settlements at ss1

and ss2 increased with the applied pressure. The settle-
ment increased at an accelerated rate when the applied
pressure was higher than 12 kPa in test 1, while it
happened at 16 kPa in test 2. This result can be explained
by the fact that the fill cohesion in test 2 reduced the

vertical stress applied on the geosynthetic reinforcement
and the subsoil.
As the pressure on the crest of the embankment was

applied by the loading plate, the measured settlements of
S1 and S2 were almost the same and their average value
denoted as S was calculated for each test. Figure 12
illustrates that the average settlement on the crest of the
embankment increased with the applied pressure in both
tests. The embankment in test 2 had much smaller settle-
ments than that in test 1 because the fill cohesion in test 2
helped transfer more load to the piles.
The above test results and discussion demonstrate

the cohesion of the embankment fill had an important
role in enhancing soil arching, reducing the critical height,
transferring more load to piles, and reducing the load
transferred to the geosynthetic reinforcement and the
subsoil. In some field projects, embankment fill is mixed
with a hardening agent, such as lime, to gain cohesion.
Ignoring fill cohesion will underestimate the load shared
by piles but overestimate the load taken by the geosyn-
thetic reinforcement and the subsoil and the settlement of
the embankment. If the cohesion of the embankment fill
exists for a long time, it should be taken into account
during the design.

3.3.2. Clear spacing of pile caps
Model tests 2, 3, and 4 were almost identical except for the
size of the pile caps. The size of the pile caps is expected to
affect the critical height and the performance of the
embankment. When a 300 mm×300 mm pile cap was
placed at the centre-to-centre spacing of 500 mm, the cap
coverage area ratio of 3002/5002 = 0.36, which is close to
the upper limit (0.4) as Han and Gabr (2002) found from
field projects.

Vertical earth pressure
Figure 13 shows the vertical earth pressures measured
by epc2, epc3 and the calculated average pressure of epc4
and epc5 during the embankment construction and
loading. In Figure 13a, the earth pressures measured by
epc2, epc3 and the calculated average pressure of epc4
and epc5 increased with the embankment height in all
three tests. In test 3, the earth pressure measured by epc2
increased approximately linearly with the embankment5
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height until the embankment height of 300 mm, then
increased at a reduced rate, whereas the earth pressure
measured by epc3 increased approximately linearly with
the embankment height until the height reached 100 mm
and then increased at a reduced rate. This result indicates
that soil arching started to form at the embankment
height of 100 mm and more load transferred to the pile
caps. At this embankment height, the ratio of the embank-
ment height to the clear spacing of pile caps, h/(s− a), was
0.50. In test 3, the earth pressure measured by epc3
increased approximately linearly with the embankment
height until the embankment height was 200 mm, and
then increased at a reduced rate. This result indicates that
soil arching started to form at the embankment height of
200 mm andmore load transferred to the pile caps. At this
embankment height, the ratio of the embankment height
to the clear spacing of pile caps, h/(s− a), was 0.5. In test 4,
even though the earth pressure between the pile caps
measured by epc3 was lower than that above the pile caps,
it increased nearly linearly with the embankment height
up to 400 mm. This height corresponds to a h/(s− a) ratio
of 1.1. This result indicates no soil arching formed in this
embankment.
In Figure 13b, with an increase of the applied pressure

on the crest of the embankment, the measured earth
pressures increased approximately linearly regardless of

the clear spacing of the pile caps. However, the earth
pressures between the pile caps in tests 2 and 3 increased
slowly in comparison with that in test 4. This difference
resulted from different levels of soil arching mobilised in
the embankments.
Figure 14 shows the vertical earth pressure variations

with the pile cap size at the applied pressure of 20 kPa.
With an increase of the pile cap size, the measured earth
pressures of epc2 and epc3 decreased and the average
pressure of epc4 and epc5 increased. It can be concluded
that the soil arching effect increased with as the pile cap
size increased (it is also true with a decrease of clear
spacing of pile caps).

Settlements
Figure 15 shows the measured settlements at ss1 and ss2
in tests 2, 3, and 4 during the embankment construction
and loading. The settlements at ss1 and ss2 increased with
the embankment height but the rate of settlement signific-
antly decreased after the embankment height exceeded
100 mm. The reduction of the settlement rate could result
from soil arching and tensioned membrane effects. As
discussed earlier, the tensioned membrane effect becomes
important when the differential settlement between pile
caps become large. The embankment with a smaller
h/(s− a) ratio had a higher settlement between the pile
caps. This result can be attributed to less soil arching
and tensioned membrane effects at a smaller h/(s− a) ratio
but higher earth pressures on the subsoil as shown in
Figure 13a.
Figure 15b shows that the measured settlements at ss1

and ss2 increased with the applied pressure on the crest of
the embankment. The result indicates that the subsoil
between the pile caps settled during loading at different
h/(s− a) ratios. Even when the h/(s− a) ratio was 2.0, not
all the applied pressure transferred to the pile caps. In
these three model tests, the settlements between the pile
caps differed. More significantly the settlement at ss2 in
test 4 was 3.6 times that in test 2. This result further
indicates large clear spacing between the pile caps mini-
mised soil arching and tensioned membrane effects and
transferred more load to the subsoil.
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3.3.3. Pile type
Tests 2 and 5 or tests 3 and 6 were almost identical except
for the pile type. Model tests 2 and 3 used end-bearing
piles whereas model tests 5 and 6 had floating piles. As the
comparative results of tests 3 and 6 were similar to those
of tests 2 and 5, only the comparative results of tests 2 and
5 are presented herein.

Vertical earth pressure and pile efficacy
Figure 16 shows the vertical earth pressures measured
by epc2, epc3, epc4, and epc5 during the embankment
construction and loading. During the embankment con-
struction, the measured earth pressures in tests 2 and 5
increased with the embankment height. Figure 16a shows
that the rate of vertical earth pressure increase between the
pile caps decreased when the embankment height was
greater than 100 mm. This reduced rate indicates that the
soil arching effect took place. The earth pressures measured
by epc4 and epc5 in test 2 with end-bearing piles were
slightly higher than those in test 5 with floating piles. The
earth pressure at the edge of the pile cap (ep5) in either test 2
or test 5 was higher than that in the centre of the pile cap
(ep4). This result is in agreement with that obtained byHan
and Gabr (2002). In addition, the measured pressures on
the pile cap in test 2 were higher than those in test 5 because
end-bearing piles had a stiffer response than floating piles
and more load transferred to end-bearing piles.
Figure 16b shows the measured vertical earth pressures

during loading on the crest of the embankment. Even
though all the measured vertical earth pressures in both

tests increased with the applied pressure, the patterns of
load increase in tests 2 and 5 are different. In test 2, the
difference in the earth pressures by epc3 and epc4
increased with the applied pressure. In test 5, however,
the four measured earth pressures increased parallel with
each other after the applied pressure exceeded 6 kPa. At
the end of tests 2 and 5, the earth pressures above the pile
caps in test 2 were much higher than those in test 5;
however, the earth pressures between the pile caps in test 2
were lower than those in test 5. This result indicates that
end-bearing piles carried more load than floating piles
through soil arching and tensioned membrane effects.
Figure 17 shows the calculated pile efficacies in both

model tests during the embankment construction and
loading. Figure 17a indicates Ep in tests 2 and 5 increased
with the embankment height in a similar manner. The
difference in Ep by the end-bearing piles and the floating
piles was minor during the embankment construction.
This result is consistent with that result of the measured
earth pressures as shown in Figure 16a.
Figure 17b shows that Ep in test 5 decreased after the

applied pressure exceeded 6 kPa, while Ep in test 2
increased with the applied pressure. The reduction of
pile efficacy in test 5 resulted from the movement of the
floating pile when the applied pressure was higher than
6 kPa. The movement or settlement of the floating pile
minimised soil arching formed during the embankment
construction; therefore, partial load transferred to the geo-
synthetic reinforcement between piles, which was resisted
by the subsoil.
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Settlements
Figure 18 shows the measured settlements at ss1, ss2, and
sp1 in tests 2 and 5. During the embankment construc-
tion, the settlements at ss1, ss2, and sp1 increased with the
embankment height. The settlement of the pile cap (i.e. at
sp1) on the end-bearing pile in test 2 was nearly zero and
therefore is not reported. However, the settlement at sp1 in
test 5 was also small but detectable due to the movement
of the floating pile.
Figure 18b shows that the settlements of the subsoil

increased with the applied pressure, while the settlements
in test 5 were larger than those in test 2. The large
settlement in test 5 also resulted from the movement of the
floating piles under the applied pressure.
Figure 19 shows that the average settlement on the crest

of the embankment increasedwith the applied pressure for
both tests. The average settlement on the crest of the
embankment in test 2 was smaller than that in test 5. This
is further evidence that the pile type affected soil arching
and load transfer.
The above discussion leads to the conclusion that when

floating piles are used in GRPS embankments, an increase
of the embankment height increases the load on the piles,
the piles begin to settle, and then the distribution of the
load on the piles, the geosynthetic reinforcement, and the
subsoil changes due to soil arching and tensioned mem-
brane effects and subsoil support.

4. CONCLUSIONS

Six scaled model tests were conducted in this study to
investigate the influence of the cohesion of the embank-
ment fill, the type of piles, and the clear spacing of pile
caps on the performance of GRPS embankments. The
following conclusions can be drawn from the model test
results and above discussions.

(1) The cohesion of the embankment fill had a signifi-
cant influence on soil arching, which distributed
more loads from the weight of the embankment and
the applied pressure to the piles. The embankment
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model tests 2 and 5: (a) during construction, (b) during loading
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fill with cohesion resulted in a larger pile efficacy and
smaller settlements of the subsoil between the pile
caps and on the crest of the embankment than that
without cohesion.

(2) Floating piles could be used to support GRPS
embankments as end-bearing piles. With an increase
of the applied pressure on the crest of the embank-
ment, the floating piles began to settle thus resulting in
re-distribution of the applied load among the pile
caps, the geosynthetic reinforcement, and the subsoil.
Floating piles resulted in less soil arching, because the
stiffness difference between the piles and their sur-
rounding soil was less than that for end-bearing piles.
As a result, the load on the floating piles was lower
and the load on the subsoil was higher. The embank-
ment on the floating piles had a larger settlement than
that on the end-bearing piles.

(3) Test results show that soil arching started to form at
the ratio of the embankment height to the clear
spacing of pile caps at 0.5 to 0.7. The critical height
for full soil arching was at 1.1 to 1.5 times the clear
spacing of pile caps.

(4) Regardless of fill cohesion, pile type, and the clear
spacing of pile caps, the vertical earth pressure on the
edge of the pile cap was higher than that in the centre.
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NOTATION

Basic SI units are given in parentheses.

a the width of a pile cap (m)
a′ the diagonal length of a pile cap (m)
Ep the pile efficacy (dimensionless)
ep2 the vertical earth pressure measured by pressure cell

epc2 (Pa)
ep3 the vertical earth pressure measured by pressure cell

epc3 (Pa)
ep4 the vertical earth pressure measured by epc4 (Pa)
ep5 the vertical earth pressure measured by epc5 (Pa)
h the embankment height (m)
s the centre-to-centre spacing of piles (m)
s′ the diagonal centre-to-centre spacing between

piles (m)
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