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Abstract:

Embankment construction on soft soil may result in excessive
settlement, loss of bearing capacity, or sliding instability. However,
geosynthetic-reinforced pile-supported (GRPS) embankments offer an
effective technique to overcome the problems resulting from soft
foundations soils. This paper presents a review of the most important
parameters affecting the behaviour of GRPS embankments as well as
design methods that estimate tensile forces in the geosynthetic layers
and load efficiency. Results highlight the importance of using GRPS
embankments, but also reveal the inconsistencies between design
methods. Finally, general conclusions about the design and construction
of GRPS systems are presented.

Keywords: geosynthetic-reinforced pile-supported embankments; tensile forces;
load efficiency

1. Introduction
Embankments are a fast, inexpensive way to raise the grade of, highways and
railways. However, their construction over soft soil with high compressibility and
low shear strength, is a real challenge for geotechnical engineers. Nowadays this
challenge is more urgent as a result of the shortage of available land for infrastructure
and the location of urban centres along rivers and coastlines. Embankments on soft
soils are possible through techniques such as: soft soil replacement, preloading,
prefabricated vertical drains (PVDs), lightweight embankment materials, basal
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reinforcement using geosynthetics, conventional columns (stone columns, deep soil
mixing, etc.), and geosynthetics-reinforced platform and piles (GRPS).
The last technique has been widely used over the last three decades because of its
advantages such as short waiting period for pore pressure dissipation, reduction of
differential settlements at the embankment surface, and the ability to provide
uniform support over heterogeneous foundation soils.
The typical GRPS embankment consists of a piles network and load transfer
platform (LTP) located above the pile heads, Fig.1a. This platform generally
includes one or more layers of geosynthetics (geogrid or geotextiles) underlain by
piles that penetrate into firm ground. GRPS embankment systems are best suited for
high loads and/or thick soft soil. This paper presents a review of the most important
parameters affecting behaviour of GRPS embankments.

(a)

(b)

Figure 1. GRPS embankment [1]

2. Literature Review
2.1. The techniques of supporting embankments, an overview
Since the load transfer mechanism between the embankment, geogrid, piles and
foundation soils is very complex, empirical approaches have been used to assess the
practical design parameters for this technique. The general belief is that load is
transferred to the piles via soil arching, Fig.1b where the geogrid further enhances
this effect. A well-designed GRPS will transfer loads to the piles and underlying
firm layers, creating only a tolerable magnitude of differential settlement and an
acceptable margin of safety against slope or bearing capacity failure within the
embankment. The studies discussed below use a wide variety of assumptions and
methods to evaluate the performance of GRPS systems.
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Sakleshpur and Madhav [1] described different techniques to support
embankments on soft soil. These methods are:
1. Prefabricated vertical drains (PVDs): this technique is used to decrease the time
required for soft soil to consolidate and strengthen itself.
2. Basal reinforcement with geosynthetics: this technique is used to increase the
safety factor against failure through the tensile forces in the geosynthetics.
3. Stone columns: this technique is used in case of low loads to reduce the settlements
and lateral deformations.
4. Piles: this technique is used over thick soft soil and/or high loads where the piles
carry the major proportion of loads and that leads in turn to reduce the embankment
surface settlements and soft soil settlement.
5. Piles with basal layers of geosynthetics: this technique is used to increase the
proportion of loads carried by piles and thus decrease significantly the settlements.
Halder and Singh [2] explained the effect of using piles with one layer of geogrid,
and found that the settlement and vertical stress applied on soft soil decrease about
65% relative to those without piles and geogrid. The lateral displacement at 1 m
distance from the embankment toe decreases around 250%, which make the stability
of the embankment in a safe side.
Liu and Rowe [3] compared different improvement options of the embankments
(one unimproved, one with piles, one with piles and one layer of geogrid, one with
piles and two layers of geogrid). According to this study, the settlements at the
embankment surface after using the improvement options decreased to (60%, 41%,
and 38%) respectively and the settlements at the soft soil surface decreased to (52%,
31%, and 28%) respectively. Inserting the first geosynthetic layer reduces the
settlement about 20% while the effect of the second layer is very low.
2.2. Parametric study
Before starting the parametric study, some indicators using to evaluate the soil
arching phenomenon must be defined:


The soil arching ratio is defined as the ratio of the vertical stress applied on the
soft soil between piles to the vertical stress resulting from the weight of
embankment and surcharge.
𝜎𝜎𝑠𝑠
𝜌𝜌 =
(1)
𝛾𝛾𝛾𝛾 + 𝑞𝑞

where 𝜎𝜎𝑠𝑠 is the vertical stress on the soft soil, 𝛾𝛾 is the embankment fill unit weight,
𝐻𝐻 is the embankment height, q is the uniform surcharge.
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The stress concentration ratio is defined as the ratio of the vertical stress applied
on the piles to the stress applied on the soft soil.
𝜎𝜎𝑝𝑝
𝑆𝑆𝑆𝑆𝑆𝑆 =
(2)
𝜎𝜎𝑠𝑠

where 𝜎𝜎𝑝𝑝 is the vertical stress on the pile head.




The cover rate is a ratio of the piles area (or pile caps area) to the area of the
load transfer platform.
The load efficiency is a ratio of the vertical stress applied on the pile to the
vertical stress resulting from the embankment weight and uniform surcharge.
𝜎𝜎𝑝𝑝
𝐸𝐸 =
(3)
(𝛾𝛾𝛾𝛾 + 𝑞𝑞)

Han et al. [4] conducted a numerical study to examine the effect of several
parameters on the performance of GRPS:
1. The number and stiffness of the geosynthetic layers.
2. The elastic moduli of deep-mixed columns and soft soil.
3. The pile spacing.

Their study demonstrated that inserting one geosynthetic layer in the platform
decreased the maximum and differential settlements at the embankment surface
(considering the settlement is the main problem of embankments on the soft soil)
while the effect of more layers can be neglected. The geosynthetic stiffness was
considered effective in reducing the settlements up to 4000 kN/m and after this
value, the influence is not increase. The study also demonstrated that increasing the
elastic moduli of piles and soft soil reduces both maximum and differential
settlements, while the pile spacing has opposite effect.
Han and Gabr [5] conducted a numerical study on a GRPS embankment. The
results showed that the soil arching ratio decreases with the increase of elastic
modulus of piles. The stress concentration ratio increases with increasing the pile
elastic modulus, embankment height, and geosynthetic stiffness.
Rathmayer [6] recommended using fill materials with good quality to decrease the
cover rate. Han [7] found that the cover rate decreases to low values (around 40%)
and ranging from 10% to 20% in the case of using geosynthetics reinforcement.
Nuñez et al. [8] chose cement-treated fill instead of granular fill to use in the load
transfer platform to find its effect on the load efficiency. The researchers found that
the load efficiency increases by about 85% for the embankments with little height,
less than 1.5m.
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In the study described in Chevalier et al [9], a numerical method was used to
understand the mechanism of load transfer through the granular platform. The results
showed that the peak friction angle and thickness ℎ𝑚𝑚 of the platform play a main
role in redirecting the load toward the piles. Fig. 2a shows that the load efficiency
increases with increasing the platform thickness, 𝑞𝑞𝑡𝑡 is defined as stress equivalent to
the total load applied on the soft soil. The results in Fig. 2b show that the maximum
settlement δ of the soft soil reduces when the platform thickness changes from 0.5
m to 1.0 m. Add to that, the inclusion of one layer of geosynthetic will lower this
value further.

(a)

(b)

Figure2. The influence of platform thickness on (a) load efficiency, (b) maximum
settlement of soft soil [9]
In order to evaluate the most important parameters affecting GRPS behaviour, van
Eekelen et al [10][11][12] carried out an extensive parametric study by conducting
an experiment program that included twelve tests. The results were as follows:
1.
2.
3.
4.
5.
6.

The load efficiency increases (as a percentage) as the uniform surcharge
increases
The use of granular fill (∅=49°) instead of sand fill (∅=40.88°) in the platform
increases the load efficiency.
The maximum strains can be observed on the pile head and in the strip between
two piles.
The vertical deflections of the geosynthetic are approximately the same in the
case of using a geogrid or a geotextile.
The use of one biaxial layer or two uniaxial layers located above each other
gives the same influence.
Inclusion one layer of the geosynthetic gives a relatively larger value of the
load efficiency in comparison with using two layers apart.
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Other researchers have supported the results obtained and demonstrated the effect
of other parameters on the behavior of GRPS embankments:
Load efficiency is influenced by a host of parameters and increases with the
uniform surcharge increases and with the use of high-quality fill material in the
platform [13], and this is consistent with van Eekelen’s results. Fagundes et al. [14]
conducted a series of centrifuge tests. The results showed that the load efficiency
reaches 100% in all the tests. Fig. 3 shows that the load efficiency increases with the
settlement of soft soil ∆w and the maximum deflection of the geosynthetic between
two piles 𝑦𝑦𝑑𝑑 . The maximum deflection of the geosynthetic 𝑦𝑦𝑑𝑑 relies on the clear
spacing between two piles (s-a), embankment thickness, and geosynthetics stiffness.
While it is impossible to reach 100% efficiency without the geosynthetic layers.

Figure3. Load efficiency versus settlements of soft soil [14]
The differential settlement at the embankment surface decreases as the
embankment height increases, pile spacing decreases, and geosynthetic stiffness
increases. The minimum embankment height to prevent the settlements equal to 2.1
(s-a) and the embankment height should be greater than 2.5 the height of a soil arch
to avoid the differential settlements [14]. Al-Ani and based on a laboratory test
model found that the settlement of the soft soil reduces when fill material with high
effective friction angle is used while the effect of dilatancy angle (𝛹𝛹) on the soft soil
settlements is small in comparison with that of effective friction angle [13].
Phutthananon et al. [15] have performed three physical model tests to investigate the
effect of the pile cap size, pile strength, and thickness of soft soil on the differential
settlements. The results indicated that enlarging the pile cap plays an important role
in decreasing the differential settlements at the embankment surface. The results also
indicated that the soft soil thickness has a little impact on the differential settlement
but a significant impact on the maximum settlement, and the lower strength of the
pile with small cap size leads to decrease differential settlement while has a negative
influence on the maximum settlement. Thanh Truc et al. [16] carried out two41
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dimensional and three-dimensional analyses by Plaxis 2-D and Plaxis 3-D to
understand the behavior of GRPS embankment. They found that the differential
settlements at the embankment base (over pile heads and in midpoints) are
approximately the same under low surcharge values for low embankment heights,
these settlements increase as the pile spacing increases; The analyses gave different
results where Plaxis 2-D gave the largest values.
2.3. Design methods of GRPS embankments
The design of GRPS embankments is complicated due to different soil-structure
interactions in this system. There are several empirical methods for the design focus
on the load efficiency and tension in the geosynthetic layers. This paper addresses
one side of the design related to tensile forces in the geosynthetics layers.
2.3.1. Terzaghi’s design method (1943)
Terzaghi [17] presented soil arching theory based on a trap door experiment. This
phenomenon occurs when one part of soil moves downward while another part
remains in its place and shear forces are generated on the sliding surfaces between
two parts of the soil. Fig. 4 shows soil Arching analysis with Terzaghi's method, the
shearing resistance is given by the following equation:
𝜏𝜏 = 𝑐𝑐 + 𝜎𝜎 𝑡𝑡𝑡𝑡𝑡𝑡 ∅

(4)

Figure 4. Soil arching phenomenon [17]
The requirement of equilibrium:

Or

2𝐵𝐵𝐵𝐵 𝑑𝑑𝑑𝑑 = 2𝐵𝐵 (𝜎𝜎𝑣𝑣 + 𝑑𝑑𝜎𝜎𝑣𝑣 ) − 2𝐵𝐵𝜎𝜎𝑣𝑣 + 2𝑐𝑐 𝑑𝑑𝑑𝑑 + 2𝐾𝐾0 𝜎𝜎𝑣𝑣 𝑑𝑑𝑑𝑑 𝑡𝑡𝑡𝑡𝑡𝑡 ∅
42
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𝑑𝑑𝜎𝜎𝑣𝑣
𝑑𝑑𝑑𝑑

𝑐𝑐

= 𝛾𝛾 − − 𝐾𝐾0 𝜎𝜎𝑣𝑣
𝐵𝐵

tan ∅

(6)

𝐵𝐵

where 𝜏𝜏 is the shear stress, 𝜎𝜎 is the vertical stress, c, ∅ are friction angle and cohesion
of the soil, 2B is the width of a trap door, 𝛾𝛾 is the soil unit weight, 𝜎𝜎𝑣𝑣 is the vertical
stress, 𝐾𝐾0 = 𝜎𝜎ℎ ⁄ 𝜎𝜎𝑣𝑣 is the earth pressure coefficient at rest, q is the uniform
surcharge.
The solution to these equations is of the form:
𝜎𝜎𝑣𝑣 =

𝐵𝐵 (𝛾𝛾 − 𝑐𝑐 ⁄𝐵𝐵)
�1 − 𝑒𝑒 −𝐾𝐾0 tan ∅
𝐾𝐾0 tan ∅

𝑧𝑧⁄𝐵𝐵

� + 𝑞𝑞 𝑒𝑒 −𝐾𝐾0 tan ∅

𝑧𝑧⁄𝐵𝐵

(7)

Russell and Pierpoint (1997) [18], using Terzaghi’s analysis, described the arching
phenomenon in a piled embankment. They calculate the tension in the geosynthetic
as follows:
𝑇𝑇 =

𝑆𝑆3𝐷𝐷 𝛾𝛾𝛾𝛾�𝑠𝑠 2 −𝑎𝑎2 �
4𝑎𝑎

�1 +

1

(8)

6𝜀𝜀

where 𝑎𝑎 is the pile cap width, s is the pile spacing, ε is the initial strain to generate
tensile load and equal to 5%, 𝑆𝑆3𝐷𝐷 is the stress reduction ratio and given by:
𝑆𝑆3𝐷𝐷 =

−4𝐻𝐻𝐻𝐻𝐾𝐾0 𝑡𝑡𝑡𝑡𝑡𝑡∅
(s 2 − a2 )
�1 − 𝑒𝑒 (s2−a2) �
4𝐻𝐻𝐻𝐻𝐾𝐾0 𝑡𝑡𝑡𝑡𝑡𝑡∅

where H is the embankment height.

(9)

2.3.2. Guido et al. design method (1987)
Guido et al. [19] have performed plate-loading tests and found that the load
spreads in the load transfer platform at an angle of 45° from the LTP base in twodimensional plane-strain condition. This method assumed that the geosynthetic
layers and piles carried the full load while the soft soil does not carry any proportion
of the load.
The geosynthetic tension is calculated as follow:
𝑇𝑇 =

𝑊𝑊
2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑊𝑊 = 0.525 (𝛾𝛾𝛾𝛾 + 𝑞𝑞)

(10)

(11)

where 𝑊𝑊is the load acting on geosynthetic, 𝛿𝛿is the angle friction between soil and
geosynthetic.
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2.3.3. Carlson design method (1987)
Carlson [20] suggested a method to calculate the load resulting from the soil
wedge which applied on the geosynthetic as shown in Fig. 5a.
Assumptions of the Carlson method include: the apex angle of the soil wedge is
30°, the soil wedge represents the area (A) between two piles and not the area (B) as
shown in Fig. 5b, this is considered nonconservative and leads to underestimate the
tensile forces.

(a)

(b)

Figure 5. (a) Soil wedge, (b) A and B areas according to Carlson method [21].
They used equation (12) to calculate the weight of soil wedge:
𝑊𝑊 =

(𝑠𝑠 − 𝑎𝑎)2
𝛾𝛾
4 𝑡𝑡𝑡𝑡𝑡𝑡15°

(12)

Due to the applied load, the geosynthetic begins to deflect, and as a result, the
strain 𝜀𝜀 increases as shown in Fig. 6. The geosynthetic deflection is given as follows:
3

𝑑𝑑 = (𝑠𝑠 − 𝑎𝑎)� 𝜀𝜀

(13)

8

Figure 6. Deflection of geosynthetic [21]
The geosynthetic tension is given by the following equation:
𝑇𝑇 =

(𝑠𝑠−𝑎𝑎)3

16

𝑡𝑡𝑡𝑡𝑡𝑡15°

𝛾𝛾

1

2𝑑𝑑

16 𝑑𝑑 2

�1 + (𝑠𝑠−𝑎𝑎)2 = 𝑊𝑊
44

𝑠𝑠−𝑎𝑎
8 𝑑𝑑

16 𝑑𝑑 2

�1 + (𝑠𝑠−𝑎𝑎)2

(14)
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2.3.4. Hewlett and Randolph design method (1988)
Hewlett and Randolph [22] [23] suggested that the proportion of the load is
transferred to the pile heads as a form of hemispherical domes, and the rest is carried
by the geosynthetic layer. This method supposed that the system may fail at the arch
top (i.e. efficiency Ev) or at the pile heads (i.e. efficiency ET) as shown in Fig. 7.
After determining the minimum efficiency between both of them, the maximum load
carried by the geosynthetic is determined. In general, for the large embankment
height, the efficiency at the pile heads is dominant, while for small embankment
height, the efficiency at the top of the arch is dominant.
-Arching efficiency at the arch top [23]:
𝑎𝑎 2

𝐸𝐸𝑉𝑉 = 1 − �1 − � � � (𝐴𝐴 − 𝐴𝐴𝐴𝐴 + 𝐶𝐶)
𝑠𝑠

where:

𝑎𝑎 −2(𝐾𝐾𝑃𝑃−1)
𝐴𝐴 = �1 − � ��
𝑠𝑠
𝑠𝑠
2 𝐾𝐾𝑃𝑃 − 2
𝐵𝐵 =
�
�
√2𝐻𝐻 2 𝐾𝐾𝑃𝑃 − 3
𝐶𝐶 =

𝑠𝑠 − 𝑎𝑎 2 𝐾𝐾𝑃𝑃 − 2
�
�
√2𝐻𝐻 2 𝐾𝐾𝑃𝑃 − 3

(15)

(16)

(17)

(18)

where, 𝐾𝐾𝑃𝑃 is the passive earth pressure coefficient [23]:
𝐾𝐾𝑃𝑃 =

1 + 𝑠𝑠𝑠𝑠𝑠𝑠∅
1 − 𝑠𝑠𝑠𝑠𝑠𝑠∅

(19)

𝐸𝐸𝑇𝑇 =

𝛽𝛽
1 + 𝛽𝛽

(20)

- Arching efficiency at the level of pile heads can be calculated by following equation
[24]:

where β is a coefficient is given as follows [23]:
β=

𝑎𝑎 −𝐾𝐾𝑃𝑃
𝑎𝑎
��1 − �
− (1 + 𝐾𝐾𝑃𝑃 �
𝑎𝑎
𝑠𝑠
𝑠𝑠
(2 𝐾𝐾𝑃𝑃 + 1) �1 + � ��
𝑠𝑠
2 𝐾𝐾𝑃𝑃

(21)

The proportion of the load applied on the geosynthetic between adjacent piles is
given as follows [23]:
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with

𝜎𝜎𝑣𝑣,𝑔𝑔𝑔𝑔𝑔𝑔 =

𝑠𝑠 2
𝜎𝜎 (1 − 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 )
𝑠𝑠 2 − 𝑎𝑎2 𝑣𝑣

𝜎𝜎𝑣𝑣 = 𝛾𝛾𝛾𝛾 𝛾𝛾𝑟𝑟 𝐻𝐻 + 𝛾𝛾𝐺𝐺 𝑔𝑔 + 𝛾𝛾𝑄𝑄 𝑞𝑞

(22)

(23)

where 𝛾𝛾𝛾𝛾 is the partial factor on the soil unit weight, 𝛾𝛾𝑟𝑟 is the embankment unit
weight, 𝛾𝛾𝐺𝐺 is the partial factor on the permanent actions, 𝑔𝑔is the permanent excess
vertical load, 𝛾𝛾𝑄𝑄 is the partial factor on the variable actions, 𝑞𝑞 is the variable excess
vertical load, 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚 : is the minimum of 𝐸𝐸𝑉𝑉 𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝑇𝑇

British Standard BS8006 (2010) [24] used Hewlett and Randolph method to
calculate the geosynthetic tension (per lineal meter) by the following equation:
𝑇𝑇 =

(𝑠𝑠 − 𝑎𝑎)𝑠𝑠 𝜎𝜎𝑣𝑣,𝑔𝑔𝑒𝑒𝑒𝑒
1
(1 + )0.5
𝑎𝑎
6𝜀𝜀

2.3.5. Low et al. design method (1994)

(24)

Low et al. [26] developed Hewlett and Randolph method to investigate the arching
phenomena in GRPS embankment where this method assumed semi-cylindrical sand
arches are formed between pile walls. According to this method, cap-pile and
geotextile contribute to decreasing embankment surface differential settlement. Low
et al. developed charts and equations to estimate the strain and tension in the
geosynthetic layers and the vertical stress applied on the soft soil. The results showed
a partial agreement between theoretical and experimental analyses.

Figure 7. Soil arching according to Hewlett and Randolph [25]
The tension in the geosynthetics can be calculated by the following equation [27]:
𝑇𝑇 = 𝐽𝐽 𝜀𝜀

(25)

where 𝐽𝐽 𝑖𝑖𝑖𝑖 the tensile stiffness of geosynthetic, 𝜀𝜀 is the axial strain and given by:
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𝜀𝜀 =

𝜃𝜃 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(26)

where 𝜃𝜃 is the half the subtended angle of the geosynthetics arc after deformation
and given by:
𝑡𝑡
)
𝑠𝑠
−
𝑎𝑎
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑡𝑡 2
1+4(
)
𝑠𝑠 − 𝑎𝑎
4(

(27)

where 𝑡𝑡 is the maximum vertical displacement of soft soil in the midpoint between
pile caps. The vertical stress applied on the soft soil in this point can be calculated
as follows:
𝜎𝜎𝑠𝑠 =

𝛾𝛾(𝑠𝑠 − 𝑎𝑎)(𝐾𝐾𝑃𝑃 − 1)
𝑠𝑠 − 𝑎𝑎 𝐾𝐾 −1
𝛾𝛾𝛾𝛾
1
+(
) 𝑃𝑃 �𝛾𝛾 𝐻𝐻 − (1 +
�
2(𝐾𝐾𝑃𝑃 − 2)
𝑠𝑠
2
𝐾𝐾𝑃𝑃 − 1

(28)

Because of difficulty in finding the maximum displacement t, the appropriate
solution is the reliance on the equilibrium of the vertical forces
𝑇𝑇⁄𝑅𝑅 = 𝜎𝜎𝑠𝑠 −

𝑅𝑅 =

𝑠𝑠 − 𝑎𝑎
2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡𝐸𝐸𝑐𝑐
𝐷𝐷

(29)

(30)

where 𝐸𝐸𝑐𝑐 is the soft soil elastic modulus, 𝐷𝐷 is the soft soil depth. Low et al. suggested
using trial values of maximum displacement t to fulfil the equilibrium of vertical
forces.
2.3.6. British Standards BS8006 design method (1995)
This method [25] relied on a variety of analytical, numerical, and physical models
to understand the mechanism of load transferring through the load transfer platform
to the pile caps. Marston (1913) presented the following equation to describe the
ratio of vertical stress carried by piles to the vertical stress exerted on the
embankment base:
𝐶𝐶𝑐𝑐 𝑎𝑎 2
𝑃𝑃𝑐𝑐′
=�
�
𝜎𝜎𝑣𝑣′
𝐻𝐻

(31)

where 𝑃𝑃𝑐𝑐′ is the vertical stress applied on the pile caps, 𝜎𝜎𝑣𝑣′ is the vertical stress at the
embankment base and equal to 𝑓𝑓𝑓𝑓𝑓𝑓 𝛾𝛾 𝐻𝐻 + 𝑓𝑓𝑞𝑞 𝑞𝑞, (𝑓𝑓𝑓𝑓𝑓𝑓 = 1.3 the partial factor for soil
unit weight, 𝑓𝑓𝑞𝑞 = 1.3 partial factor for surcharge load), 𝛾𝛾 is the unit weight of the
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embankment fill, 𝑞𝑞 is the uniform surcharge, 𝐶𝐶𝑐𝑐 is the arching coefficient (𝐶𝐶𝑐𝑐 =
1.95 𝐻𝐻 ⁄𝑎𝑎 − 0.18 for end bearing piles, 𝐶𝐶𝑐𝑐 = 1.5 𝐻𝐻 ⁄𝑎𝑎 − 0.07 for frictional piles.
The vertical load carried by geosynthetic between piles is calculated from:
For 𝐻𝐻 ≥ 1.4 (𝑠𝑠 − 𝑎𝑎);
𝑊𝑊 =

1.4 𝑠𝑠 𝑓𝑓𝑓𝑓𝑓𝑓 𝛾𝛾 (𝑠𝑠 − 𝑎𝑎) 2
𝑃𝑃𝑐𝑐′
�𝑠𝑠 − 𝑎𝑎2 ( ′ )�
2
2
𝜎𝜎𝑣𝑣
(𝑠𝑠 − 𝑎𝑎 )

(32)

For 0.7 (𝑠𝑠 − 𝑎𝑎) ≥ 𝐻𝐻 ≥ 1.4 (𝑠𝑠 − 𝑎𝑎);
𝑊𝑊 =

s 𝑓𝑓𝑓𝑓𝑓𝑓 𝛾𝛾 𝐻𝐻 + 𝑓𝑓𝑞𝑞 𝑞𝑞
𝑃𝑃′
2
2 𝑐𝑐
�𝑠𝑠
−
𝑎𝑎
(
)�
𝜎𝜎𝑣𝑣′
(𝑠𝑠 2 − 𝑎𝑎2 )

(33)

The tension in the geosynthetic for each lineal meter can be calculated by the
following equation:
𝑇𝑇 = 0.5 𝑊𝑊

where the initial strain 𝜀𝜀 =6%.

𝑠𝑠 − 𝑎𝑎
1
(1 + )0.5
𝑎𝑎
6𝜀𝜀

(34)

Van Eekelen et al. [28] proposed that BS8006 designs a strong geosynthetic
resulting in an expensive solution, and modified the load carried by geosynthetics.
The results showed after comparison with the measurements that the modified
BS8006 is more precise than BS8006.
2.3.7. Swedish design method (2002)

Rogbeck et al. [29] suggested that the vertical load, carried by geosynthetic, forms
a pyramid of 75°wall inclination and this is also acceptable even if the height of the
embankment is lower than the pyramid top, i.e. (𝑠𝑠 − 𝑎𝑎)/2𝑡𝑡𝑎𝑎𝑎𝑎15°as shown in Fig.
8a.

Assumptions of Swedish method include: one layer of geosynthetic is used and its
position should be within 0.1 m above pile heads, the geosynthetic is deformed under
loading (the initial strain 𝜀𝜀 =6% and strain at failure is less than 70%). Cover rate
≥ 10% and the embankment height 𝐻𝐻 ≥ (𝑠𝑠 − 𝑎𝑎).
The 2-D soil pyramid weight is calculated by the following equation:
𝑊𝑊 =

(𝑠𝑠 − 𝑎𝑎)2 𝛾𝛾
4 tan 15°
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The load is distributed over the surface with 3-D impacts as shown in Fig. 8b. the
tension in the geosynthetic can be calculated for each lineal meter of depth by the
following equation:
𝑠𝑠
1
𝑇𝑇 = 0.5 �1 + � 𝑊𝑊 (1 + )0.5
𝑎𝑎
6𝜀𝜀

(36)

2.3.8. Collin design method (2004)

Collin et al. [29] recommended using a load transfer platform (LTP) under
embankment with three layers of geosynthetic at least to create a stiffened beam.
Assumptions of Collin method include: the load transfer platform thickness ℎ ≥
(𝑠𝑠 − 𝑎𝑎). The distance between geosynthetic layers ℎ𝑛𝑛 ≥ 200𝑚𝑚𝑚𝑚. The initial strain
in the geosynthetic 𝜀𝜀 =5%.

Fig. 9 shows the soil arching according to Collin method, where every layer of
geosynthetic is subjected to a uniform vertical load from the soil wedge under the
arch and can be calculated as follows:
𝑊𝑊𝑛𝑛 =

[(𝑠𝑠 − 𝑎𝑎)2𝑛𝑛 − (𝑠𝑠 − 𝑎𝑎)2𝑛𝑛+1 ]ℎ𝑛𝑛 𝛾𝛾
(𝑠𝑠 − 𝑎𝑎)2𝑛𝑛

(37)

(a)

(b)

Figure 8. (a) Arching according to Swedish method, (b) load distribution
between piles [29]
The tension in the geosynthetic is calculated as follows:
𝑇𝑇 =

𝑊𝑊𝑛𝑛 Ω 𝐷𝐷
2

(38)
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where D is the design spanning for tension membrane and equal to (𝑠𝑠 − 𝑎𝑎)𝑛𝑛 , Ω is
the dimensionless factor and equal to 0.97 for geosynthetic strain 𝜀𝜀 =5%.
In 2005 Collin et al. modified this method by adding one layer of geosynthetic
located directly above pile heads and this layer is designed as a catenary, the vertical
load applied on this layer is given by:
𝑊𝑊𝑛𝑛 =

ℎ𝑛𝑛 𝛾𝛾
3

(39)

The tension in the geosynthetic is calculated as follows:
𝑇𝑇 =

𝑊𝑊𝑛𝑛 Ω 𝐷𝐷
2

(40)

where D is the design span for tensioned membrane and equal to 1.41{(𝑠𝑠 − 𝑎𝑎) −
2[∑ vertical spacing/𝑡𝑡𝑡𝑡𝑡𝑡45°]}, Ω is the dimensionless factor.
2.3.9. Kempfert et al. design method (2004)

Kempfert et al. [30] [31] relied on tests of a three-dimensional model, this model
consists of four piles were installed in peat soil with reinforced or unreinforced load
transfer platform LTP, to investigate the bearing and deformation behaviour of the
supported embankment. The design approach of this method depends on
determining the loads applied on the piles and soft soil, then the tension in the
geosynthetic is calculated to carry the load applied on the soft soil. This method
considers the soft soil support. The geosynthetic tension is given as follows:
(41)

𝑇𝑇 = 𝐽𝐽𝐽𝐽

where 𝐽𝐽 is the geosynthetic stiffness, 𝜀𝜀 is the maximum strain (the reference [31] to
get more information on maximum strain)

Figure 9. Soil arching according to Collin design method [29]
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2.3.10. Abusharar et al. design method (2008)
Abusharar et al. [32] modified Low et al. method by adding the effect of uniform
surcharge q on the embankment surface. In this method, the pile spacing is less than
the embankment height and the vertical load is uniformly distributed on the
geosynthetic as shown in Fig. 10a. The vertical stress applied on the middle of the
soft soil between pile caps is given as follows:
𝜎𝜎𝑠𝑠 =

𝛾𝛾(𝑠𝑠 − 𝑎𝑎)(𝐾𝐾𝑃𝑃 − 1)
𝑠𝑠 − 𝑎𝑎 𝐾𝐾 −1
𝛾𝛾𝛾𝛾
1
+(
) 𝑃𝑃 �𝑞𝑞 + 𝛾𝛾 𝐻𝐻 − (1 +
�
2(𝐾𝐾𝑃𝑃 − 2)
𝑠𝑠
2
𝐾𝐾𝑃𝑃 − 1

(42)

Fig. 10b shows a subtended angle2𝜃𝜃, radius of the geosynthetic arc after
deformation, and maximum displacement at the middle of the soft soil t.
The geosynthetic tension is calculated as follow:

𝑡𝑡

𝑇𝑇 = 4𝛽𝛽 2 𝐽𝐽 + 0.25 𝑠𝑠 ′ 𝜆𝜆(𝜎𝜎𝑠𝑠 𝑡𝑡𝑡𝑡𝑡𝑡∅ +

𝑡𝑡𝐸𝐸𝑐𝑐
𝑡𝑡𝑡𝑡𝑡𝑡 ∅𝑐𝑐 )
𝐷𝐷

(43)

where 𝛽𝛽 = ′ , 𝑠𝑠 ′ = (𝑠𝑠 − 𝑎𝑎), λ is the factor ranges between 0.7 and 0.9 (this value
𝑠𝑠
depends on the geosynthetic type), ∅𝑐𝑐 is the friction angle of soft soil. To solve
equation (40), the first step is to find 𝛽𝛽 and then the maximum displacement t:
𝑎𝑎𝛽𝛽 3 + 𝑏𝑏𝛽𝛽 2 + 𝑐𝑐𝑐𝑐 + 𝑑𝑑 = 0
′2

′2

(44)

where 𝑎𝑎 = 32𝐷𝐷𝐷𝐷 + 4𝑠𝑠 𝐸𝐸𝑐𝑐 , 𝑏𝑏 = 2𝑠𝑠 λ𝐸𝐸𝑐𝑐 tan ∅𝑐𝑐 − 4𝑠𝑠 ′ 𝐷𝐷𝜎𝜎𝑠𝑠 , 𝑐𝑐 = 2𝑠𝑠 ′ 𝐷𝐷𝜎𝜎𝑠𝑠 λ𝑡𝑡𝑡𝑡𝑡𝑡∅ +
2
𝑠𝑠 ′ 𝐸𝐸𝑐𝑐 , 𝑑𝑑 = −𝑠𝑠 ′ 𝐷𝐷𝜎𝜎𝑠𝑠 .

(a)

(b)

Figure 10. (a) Uniform stress acting on the geosynthetic, (b) deformed shape of
geosynthetic [32]
51

R. Alsirawan – Acta Technica Jaurinensis, Vol. 14, No. 1, pp. 36-59, 2021

3. Discussion
The results obtained from the review demonstrated that GPRS embankment is an
effective solution to overcome the problems resulting from the soft soil such as
insufficient bearing capacity and large settlements, especially over soft soil with
large thickness and/or in case of the high loads. The mechanism of transferring the
load through the embankment to the piles is a soil-arching mechanism and due to
that, it can be observed the concentration of stresses over the pile heads and that is
related to the different between piles stiffness and soft soil stiffness. Generally,
increasing the geosynthetic stiffness, elastic modulus of piles and soft soil, friction
angle of the load transfer platform and cover rate contributes in reducing the
maximum and differential settlements at the embankment surface, which is the main
objective.
The presence of many design methods indicates a lack of understanding of the
precise load transfer mechanism to the piles and soft soil. The researchers relied on
numerical and experimental models to calculate the tensile forces and loads acting
on geosynthetic layers. (These methods are more extensive, but this paper presents
the equations used to calculate the applied load on geosynthetic and tensile forces)
and none of them used a comprehensive model to design GRPS embankment, this
led to a significant difference between the results as shown in Fig 11.

Figure 11. Geosynthetic tension according to design methods.
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The design methods used different physical models, and some of them will be
mentioned:
1.

Low used a two-dimensional model of GRPS embankment where add caps to
piles in his model.

2.

Hewlett and Randolph
experimental model.

3.

Kempfert used a three-dimensional model, this model consists of four piles
were installed in peat soil with reinforced or unreinforced load transfer platform
LTP.

developed

a

three-dimensional

unreinforced

The previous examples demonstrate the difference between the physical models.
add to that, some parameters (e.g. elastic modulus of piles and, soft soil and LTP
material properties, surcharge loads, position of the geosynthetic layer) are not
included in all design methods. Table 1. highlights a set of differences between
design methods, it does not cover all the differences, but rather the most important
ones. The development of GRPS embankment numerical models makes it possible
to include the influence of all parameters in the design. The results of numerical
simulation are supposed to give results close to reality in comparing with the
analytical methods.
Finally, there are many differences between the methods and this can be justified
due to the lack of a comprehensive model and the failure to include the influence of
all parameters in the calculations. The literature review demonstrated a significant
difference between the results of calculated geosynthetic tensile forces according to
these methods.
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Table 1. Differences between design methods, 𝐺𝐺𝐺𝐺 ∗ : Geosynthetic, (𝑅𝑅&𝑃𝑃)∗∗ :
Russell and Pierpoint calculated the tension in the geosynthetic using Terzaghi’s
𝑎𝑎
analysis, (𝐽𝐽)∗∗∗ : If the stiffness is taken into consideration when calculating T, :
Angle of arch from horizontal (deg).
𝐆𝐆𝐆𝐆 ∗ layer
number

𝐆𝐆𝐆𝐆 ∗ stiffness
(𝐉𝐉)∗∗∗

Soft soil
support

No

No

1 layer

No

No

1 layer

No

Yes

hemispherical dome 3D

1 layer

No

No

Low

semi-circle-2D

1 layer

Yes

Yes

BS8006

semi-circle-2D

1 layer

No

No

Swedish

Pyramid-3D (75°)𝑎𝑎

1 layer

No

No

≥ 3 layers

No

Yes

Kempfert

Pyramid-3D (45°)𝑎𝑎

multi-shell domes with
different centres- 3D

1 layer

Yes

Yes

Abusharar

semi-circle -2D

1 layer

Yes

Yes

Design
Method

Soil arch shape

Terzaghi

Rectangle-2D

Guido
Carlson

Triangle -2D (45°)𝑎𝑎

Hewllet and
Randolph

Collin

Triangle-2D

1 layer (R&P)∗∗

(75°)𝑎𝑎

4. Conclusions
The aim of this paper is conducting an overview of GRPS embankments, and the
results can be summarized as follows:
 The geosynthetic layers with piles network technique is used to support
embankments over thick soft soil and/or high loads where it is difficult to use
other techniques under these conditions. GPRS embankment is an effective
solution to overcome the problems resulting from the soft soil such as
insufficient bearing capacity and large settlements.
 The load efficiency increases with increasing the platform thickness,
geosynthetic stiffness, cover rate, and uniform surcharge, and decreasing the
pile spacing. The load efficiency also increases by using fill material with good
quality and using one geosynthetic layer.
 The settlements at the embankment surface decrease with increasing the
stiffness of piles and soft soil, geosynthetic stiffness, cover rate, and
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embankment thickness. Add to that, inserting the geosynthetic layers and using
fill material with good quality decrease the settlements.
The design methods of GRPS embankments are generally used to calculate the
tension in the geosynthetics, and the load efficiency.
The design methods are similar in describing the mechanism of load transferring
and differ in the soil arch shape, for example, Hewlett and Randolph supposed
that the soil arch shape is semi-spherical; Abusharar et al., Low et al. and BS
8006 supposed that the shape of soil arch is a semi-cylindrical.
Some methods considered the influence of soft soil such as Low et al. and
Kempfert et al. while others neglected this influence such as Hewlett and
Randolph and BS 8006. Some methods assumed inserting one geosynthetic
layer in the load transfer platform to act as a catenary such as Swedish and
BS8006 while others assumed using three layers to act as beam such as the
Collin method.
The design methods give a significant difference between the results of
calculated geosynthetic tensile forces due to the lack of a comprehensive model
and the failure to include the influence of all parameters in the calculations.
Due to varied interactions between elements in the system, none of the design
methods could cover all these interactions. In this case, a development of finite
element model is considered as an effective method to include the influence of
all parameters in the design. The results of numerical simulation are supposed
to give results close to reality in comparing with the analytical methods.
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