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Abstract: Pile-supported embankments are widely used in foundation treatments, owing to their
safety, efficient construction, and economy. The soil-arching effect is a key load-transferring mecha-
nism in a pile-supported embankment, and it reduces the even settlement on the embankment surface.
In recent years, researchers and engineers have conducted extensive research on the soil-arching
phenomenon in pile-supported embankments. This paper reviews relevant studies on the effect
of soil arching in pile-supported embankments in order to better understand the mechanism and
influencing factors of the distribution of the arching effect. First, the development history of the
practice and theory related to pile-supported embankments is discussed. This is followed by a
review of theoretical studies on the soil-arching effect, load distribution and soil deformation on
pile-supported embankments (with and without geogrid reinforcement), and structures and factors
influencing soil arching. The results of these studies are summarized, and finally, topics for future
research are suggested, providing references for the design and maintenance of civil infrastructure.

Keywords: pile-supported embankment; soil arching; load distribution; deformation; factors

1. Introduction

The construction of civil engineering infrastructure is often associated with the low
strength and high compressibility of the soil, which is not conducive to engineering con-
struction. Problems, such as the failure of foundation-bearing capacity, excessive differential
settlement and total settlement, and subgrade slope failure, are frequently encountered in
civil engineering due to the above conditions. To deal with these problems, preloading
methods [1], drainage consolidation [2], substitution method, and dynamic compaction [3]
have been widely used to improve soft soil. However, these methods have disadvantages,
such as long construction periods and significant foundation settlement, which is difficult
to control after completing the construction. Therefore, these methods are inapplicable in
complex construction environments under varying working conditions. To adapt to the
increasingly complex construction conditions and meet the demand for rapid embankment
filling, several researchers proposed the use of pile-supported embankments consisting of
piles, sand–gravel cushions, and embankment filling [4–6]. Among them, the embankment
filling is the main body of the embankment which can bear the embankment load and
reduce the settlement of the pavement. The piles in soft soil foundations can reduce the
settlement of the embankment by transferring the load in the embankment to the pile
foundation through shearing and arching effects. The sand–gravel cushion, on the other
hand, can avoid damage to the embankment due to the punching and cutting effects of piles.
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Nowadays, the geosynthetics are also used in pile-supported embankments to decrease the
lateral displacement of the soil and increase the stability of the embankment.

This paper reviews the methods and results of research conducted on pile-supported
embankments in the past thirty years, including studies on the soil-arching effect, which is
widely observed in such embankments. The review is aimed at better understanding the
mechanism and influencing factors of the load distribution in pile-supported embankments.
First, the development history of the practice and theory related to pile-supported em-
bankments is discussed. Subsequently, we focus on theoretical research on the soil-arching
effect, including the arch structure and factors influencing the arching phenomenon. Finally,
topics for future research are suggested to bring about improvements in the construction of
civil infrastructure.

1.1. The Application History of Pile-Supported Embankments

The use of pile foundations can be traced back to an ancient Chilean civilization
12,000 years ago. In China, pile foundations were seen 7000 years ago, according to
excavations conducted in the Hemudu site, Zhejiang. Wooden piles were used in the
earliest pile foundations, mainly to support the main structure of ancient houses. With
the development of science and technology, the materials used in pile foundations have
changed from wooden to steel, cement, concrete, and reinforced concrete. The application
field has also been extended from the initial support structure of housing construction to
infrastructure such as cofferdams, bridges, docks, and subgrades. Thus, pile foundations
have become one of the most common foundation treatment technologies.

In 1898, the Russian engineer, Strauss, proposed the application of concrete or rein-
forced concrete materials in pile construction. In 1901, the American engineer, Raymond,
independently put forward a design concept of an immersed tube cast-in-place pile. Since
the beginning of the twentieth century, steel and concrete piles have been widely used in
foundation treatment. In 1930, Buisman proposed the conventional pile-supported (CPS)
embankment for a peat layer (see Figure 1), constructed with a concrete slab on timber
piles, which were installed upside down to generate sufficient bearing capacity [7].
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used as the approach embankment of the bridge to improve the bearing capacity and du-
rability of the embankment and reduce the differential settlement of the road surface [8]. 
The original section of Bloomington Road (1951) in Canada was expanded by a geogrid-
reinforced and pile-supported (GRPS) embankment (see Figure 2) [9,10]. The results of 
field measurements and numerical simulations have shown that a reinforced embank-
ment is beneficial for limiting the lateral displacement of the soil and increasing the sta-
bility of the roadbed; however, compared to the effect of limiting the lateral displacement, 
its effect on the consolidation settlement of the soil is not significant. Actually, although 
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Figure 1. Early application of pile-supported embankments.

In 1951, during the construction of the river-crossing bridge over St Edmunds-
Mildenhall Road (A.1101) in Berry, West Suffolk, England, a pile-supported embankment
was used as the approach embankment of the bridge to improve the bearing capacity and
durability of the embankment and reduce the differential settlement of the road surface [8].
The original section of Bloomington Road (1951) in Canada was expanded by a geogrid-
reinforced and pile-supported (GRPS) embankment (see Figure 2) [9,10]. The results of
field measurements and numerical simulations have shown that a reinforced embankment
is beneficial for limiting the lateral displacement of the soil and increasing the stability of
the roadbed; however, compared to the effect of limiting the lateral displacement, its effect
on the consolidation settlement of the soil is not significant. Actually, although the vertical
stress does not directly act on the geogrid reinforcement located between the pile caps, it
can be transferred towards to the pile caps through the tense of geogrid-reinforcement.
And then, the geogrid reinforcement can decrease the total settlement of subsoil and even
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the settlement between the pile caps, which will also influence the development of soil
arching. As a result, it is meaningful and necessary to investigate the soil-arching effect
and the membranate effect in the GRPS embankment.
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Figure 2. GRPS embankment.

1.2. The Development History of Pile-Supported Embankments

Terzaghi [11,12] established trapdoor experiments based on a CPS embankment, pro-
posed the concept of the soil-arching effect, and discussed the distribution of the pile–soil
stress under different conditions. Hewlett and Randolph [13] conducted a small-scale
model experiment using dry sand based on the M9 and M876 highway approach embank-
ment project near Glasgow [14]. Based on the experimental results, it was concluded
that under 2D conditions, a soil-arching structure exhibits a semicircular shape with
equal thickness, whereas it exhibits a semi-spherical shell shape with equal thickness
under 3D conditions. Kempfert et al. [15,16] revised Hewlett and Randolph’s soil-arching
model [13] and proposed a new model composed of several semicircles. Carlson [17] and
Guido et al. [18], respectively, proposed the wedge-shaped soil-arching theory and the
triangular-shaped soil-arching theory to simplify the calculation models of 2D and 3D
soil-arching effects.

The aforementioned theoretical models can effectively predict the stress distribution
pattern in the soil and the development pattern of soil arches formed in CPS embankments.
However, due to the lack of consideration for the influence of reinforcement, the theoretical
calculation results obtained for GRPS embankments are not entirely consistent with the
measurement results [19–21]. To completely consider the effect of reinforcement in GRPS
embankments, the British Standards Institution has put forth design specifications for
soil-reinforcement technology in GRPS embankments (BS8006) [22], which was updated to
BS8006-1 in 2010 [23]. Germany [24], the Netherlands [25], and the United States [26] have
also established relevant specifications for the design of GRPS embankments.

2. Loading Distribution and Settlement
2.1. The Definition of Soil-Arching Effect

Soil arching is one of the most common phenomena encountered in geotechnical
engineering applications, such as in tunnels, buried piles, and pile-supported embank-
ments [11,12]. In fact, the soil-arching effect is a mechanical phenomenon wherein pressure
is transferred from a yielding mass of soil to the adjoining stationary part. As shown in
Figure 3, when a mass of soil yields while the rest remains intact, a shearing resistance
will occur between the yielding soil and the stationary mass (i.e., lines ac and bd). This
shearing resistance reduces the pressure within the yielding zone while the pressure within
the adjoining soil increases. In other words, the pressure within the yielding part of the
mass is transferred to the adjoining part due to the shearing resistance.
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Figure 3. The mechanization of soil arching.

Unfortunately, Terzaghi did not describe the shape of the soil arch. To further study the
soil-arching phenomenon, based on Terzaghi’s method, Handy [27] proposed the concept
of minor principal stress arching. In this method, the soil-arching model is composed of
two parallel, unyielding, rough vertical walls, and granular filling. With the minor circle
method, the soil arch can be described as a continuous and compressing arch that dips
downward instead of upward if the arch is supportive, and the shape of arch should dip
upward if the reverse is true. Kellogg [28] discussed Handy’s method and pointed out
some limitations. Carlson [17] proposed the wedge-shaped soil-arching theory, which is
applied by the Japanese Design Manual [29] and Nordic Design Guidelines [30]. Guido [18]
proposed the triangular-shaped soil-arching theory, which simplifies the calculation method
for soil arching.

Hewlett and Randolph [13] proposed soil arch models with 2D equal-thickness semi-
circular and 3D equal-thickness shell shapes (as shown in Figure 4a); the models were used
in further research on the soil-arching effect. These models are discussed in Section 2.2.2.
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(b) Low’s soil-arching model of embankment piles with cap beam and geotextile. (c) Zaeske’s
multi-scale model [31]. (d) The Concentric Arches model.

However, the above method ignores the function of the geosynthetic reinforcement,
because of which the calculation results are not entirely consistent with the field mea-
surement results. Based on Hewlett and Randolph’s model (as shown in Figure 4a),
Low et al. [21] considered the effect of geosynthetic reinforcement and improved the model
(as shown in Figure 4b) and the calculation of the soil arching. A multiscale model (as
shown in Figure 4c) was proposed by Zaeske and described by Kempfert [31]; it is adopted
in EBGEO [24]. Combining Hewlett and Randolph’s model and Zaeske’s multiscale model,
Van Eekelen et al. [32,33] proposed a concentric-arching model, as shown in Figure 4d.

Soil arching is influenced by many factors, including the pile shape, embankment-
filling parameters, and subsoil and geosynthetic reinforcement (stiffness, arrangement
pattern, and material characteristics). These factors are discussed in Section 3.

2.2. Different Calculation Methods for Load Distribution

Numerous calculation models have been proposed to understand the transfer char-
acteristics between piles and subsoil, such as the trapdoor model [12], triangular arching
model [17], hemispherical model [13], and semicircular model [21]. Based on these models
and models that were extended from these, the load distribution between the pile and
subsoil can be classified into two types. The first one is based on the trapdoor model and
the other one is based on the hemispherical model or its extended models.

2.2.1. Load Distribution Based on the Trapdoor Model

As shown in Figure 5, the vertical pressure along the horizontal axis is assumed to
be uniformly distributed, and the sliding plates are assumed to be vertical planes. The
soil between the supports is divided into units, the thickness of which can be considered
infinitesimal, and the thickness of a unit can be represented by dz. The weight of the unit
is defined as 2Lγdz, and the weight of the overlying soil is 2Lγz, where 2L is the width of
the sliding plates, and γ is the unit weight of the soil. Assuming that the vertical stress at
any depth into the soil is σv, the vertical stress below the unit will be σv + dσv. If there is a
slippage or a trend of slippage, a shearing resistance will occur between the soil and the
support structure, defined as c + σktanφ, where c is the cohesion of the soil and σk is the
horizontal stress acting on the soil. Clearly, the numbers of the increased vertical stress at
the support structure and the decreased vertical stress at the yielding soil are both equal to
c + σktanφ. In other words, there is a stress-transfer phenomenon between the yielding soil
and the support structure, whose number is equal to c + σktanφ.
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In the last few decades, several studies [34–37] have been conducted on soil arching or
load distribution using trapdoor models. Different development patterns of arching have
been observed with increasing height of the embankment fill; these patterns are discussed
in Section 2.3.3. Wang et al. [38] also set up a trapdoor physical model considering a
geogrid and discussed the stress distribution on a pile-supported embankment. And, there
are five kinds of models (which have different sizes of pile cap or vary in the number of
geogrid sheets used in which the same phenomena can be observed: an increase in the
pressure above the pile cap with decreasing embankment height. However, there is a
special range where the soil pressure above the pile cap increases faster while the pressure
above the surface between the pile caps decreases. The soil pressure above the pile cap
is greater than that above the subsurface between the caps, indicating a pressure transfer
from the subsurface to the pile cap due to the soil-arching effect. Evidently, the pressure
transfer effect fades away outside the reference range. The special range in which there
is a phenomenon of pressure transfer is considered to correspond to the presence of soil
arching, which will also be discussed in Section 2.3.3.

The load distribution between the pile cap and the subsurface under the soil-arching
effect can be better understood through the trapdoor model. However, the aforementioned
method is associated with limitations: it ignores many factors influencing the stress transfer,
because of which the obtained results do not completely match the practically observed
phenomenon. The details of the factors influencing the stress transfer and soil arching will
be discussed in Section 3.

Many investigations on the arching phenomenon [39–41] have been conducted using
a one-segment rigid trapdoor model; the limitation here is that it cannot simulate the
nonuniform settlement of the subsoil during fill placement and localized surface loading.
To overcome this limitation, Mahdi Al-Naddaf et al. [42,43] set up a spring-based trapdoor
model, which was supported by compression springs to allow for continuous displacement
during fill placement and localized surface loading, thus better simulating the condition of
soft subsoil in pile-supported embankments. In the test, there was degradation in the soil
arching, first at the center above the trapdoor and thereafter extended to the entire area
around the trapdoor, whereas in the conventional trapdoor test, a more rapid degradation
was observed.

Other investigations on soil arching involving trapdoor models have also shown that
the soil arch exhibits many different states during embankment construction. The develop-
ment pattern of soil arches in pile-supported embankments is discussed in Section 2.3.3.

2.2.2. A Calculation Method for Load Distribution Based on Hemispherical or
Its Extended Models

A semicircular or hemispherical model [13] is widely used in current studies on pile-
supported embankments [21,44–49]. Clearly, the weight of an embankment fill is borne by
the piles and subsoil.

To understand the load distribution pattern on a pile-supported embankment, Van
Eekelen [32] proposed a concentric-arching (CA) model based on the hemispherical and
multiscale models. As shown in Figure 6, a part of the total load (referred to as load part
A) is transferred to the pile due to soil arching, and the rest (referred to as part B + C) is
directly borne by the subsoil (in the absence of a reinforcement). However, for a GRPS
embankment, the residual load is further distributed as the part that is transferred to the
piles through the reinforcement (referred to as load part B) and as the part which is borne
by the subsoil (referred to as load part C) [33], as shown in Figure 7. Compared with the
aforementioned analytical model, it is found that the former model ignores the effect of
reinforcement, while the membrane and soil-arching effects are both considered in the latter
model. Therefore, the evaluation results based on the latter model may be more accurate,
and the scope of application may be wider.
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Figure 7 illustrates that a part of total load (load part A) is transferred to the pile
cap when the soil arching occurs, which leads the piles to be subjected to a greater load.
Obviously, the phenomenon of stress concentration always accompanies the soil arching,
in which the concentration ratio n (defined as the ratio of the average stress σs

′ on the pile
cap and uniform stress σc on the subsoil) is used to describe the condition of the stress
concentration in the embankment. And, in current research of soil arching, the stress
reduction ratio (SRR), described as the ratio of the average vertical stress remaining to be
carried by the subsoil after arching has occurred to the nominal vertical stress due to the
embankment fill, was used to define the soil-arching degree as another important index.
Obviously, the value of the SRR ranges from 0 to 1. If the SRR equals zero, it represents that
all the embankment load transfers to pile caps. When SRR equals one, the embankment
load will not be transferred, and there will be no soil arching or stress concentration.

In addition to the aforementioned soil arching indices, the efficacy E of the pile
support, which is defined as the proportion of embankment weight carried by the piles,
was proposed by Hewlett and Randolph to discuss the load distribution in a pile-supported
embankments and evaluate the effect of soil arching and reinforcement. However, due
to the different assumptions and analytical models used, there are different calculation
methods for E. For example, the load part A versus the remainder part C (soil-arching effect)
or the load supported by pile A + B versus the subsoil load C (arching + membrane effect)
is used in the load distribution analysis of pile-supported embankments. The efficacy E of
the pile support is equal to the load borne by the pile to the total weight of the embankment
fill. And, there is also the settlement efficacy to evaluate the effect of soil arching; the details
will be introduced in Section 2.3.2.

Tables 1 and 2 present different calculation equations for the efficacy E of the pile
support and the SRR. In these tables, Kp is the Rankine’s passive earth pressure coefficient,
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σs is the pressure acting on the subsoil, σs
′ is the equivalent uniform stress on the subsoil,

s is the centerline space between adjacent piles, s′ is the clear spacing between adjacent
piles, b is the width of the pile cap, Wtotal is the weight of the embankment fill, δ is the
ratio of the width of the pile cap to the centerline space between adjacent piles, q is the
uniform surcharge acting on the embankment fill, H is the embankment fill height, pc is the
vertical stress acting on the pile cap, sx and sy are the spacings in the x- and y-directions,
respectively, FGRsquare is the total vertical load exerted by the 3D hemispheres on the square
subsurface, FGrstrips is the total load on the GR strips, T is the total GR tensile force, t is the
soft-ground deflection midway between the cap beams reinforced with the geotextile, D is
the depth of the soft ground, γs is the unit weight of the embankment fill, Ea and Em are the
efficacy components corresponding to the arching and membrane effects, respectively, and
KG is the tensile stiffness of the geotextile. SSRa is the SRR induced by the arching effect,
SSRm is the SRR induced by the membrane effect, p is the uniformly distributed surcharge
on top of the fill (top load), and θ is the deflected angle of the geosynthetic.

Table 1. The calculation method of a pile-supported embankment without geosynthetic reinforcement.

Source Load Supported by Pile A Subsoil Load C Efficacy E of the Pile
Stress

Reduction
Ratio (SRR)

Hewlett and
Randolph [13]

A =
2KP

KP+1 s2σs[
(1 − δ)(1−KP) − (1 − δ)(1 + KPδ)

]
where
δ = b/s

C = Wtotal − A

E = β
1+β ,

where
β =

2KP
KP+1

1
1+δ[

(1 − δ)−KP − (1 + KPδ)
] -

Low and
Tang [21]

A = KPσs
′s(1 − δ)

[
(1 − δ)−KP − 1

]
C = Wtotal − A

E = β
β+1

where
β = KP

[
(1 − δ)−KP − 1

] SRR = σs ′
γH

Abusharar
et al. [46]

A = Wtotal − C
C = (s − b)σs,
where

σS =
γS(s−b)(KP−1)

2(KP−2)
+

( s−b
s

)KP−1[
q + γS H − γSs

2

(
1 + 1

KP−2

)] E = 1 −

 (s−b)2(KP−1)
2sH(KP−2)

+
( s−b

s

)KP[
1 + q

γS H − s
2H

(
1 + 1

KP−2

)]
 -

BSI (2010) [23]
-

C = 1.4γ(s − b)
(
s2 − b2

)
X, where

X = s2 − b2

(pc
′/(γH + p))/

(
s2 − b2

) E = 1 − (s2−b2)
s2 X -

Van Eekelen et al.
[32,33,50]

A = (γH + p) · Sx · Sy−
FGRsquare − FGRstrips

C = Wtotal − A E = A
Wtotal

-

Zhuang
et al. [51]

A = 2(s − b) KP
KP+1[

s
(
1 − b

s

)−KP − s − KPb
]
σS

C = Wtotal − A E = A
Wtotal

SRR =
σS
γH

Table 2. Calculation methods for a pile-supported embankment with geosynthetic reinforcement.

Source Load Supported by Pile A + B Subsoil Load C Efficacy E of the Pile Stress Reduction Ratio
(SRR)

Low and Tang [21] A + B = Wtotal − C C = σs
′s′ − 2KG(θ − sin θ) E = (A + B)/(γHAi) SRR = σs ′s′−2KG(θ−sin θ)

s′γH

Abusharar et al. [46] A + B = Wtotal − C C = s′
(

σs − tEc
D

)
E = 1 − C

s(γs H+q) -

Pham [52–54] B = 8bT sin θ -

E = Ea + Em,
where
Ea = 1 −

(
1 − a2

s2

)
· SSRa

Em = B
(γH+q)s2

SSR = σs
γH+q

= SSRa − SSRm

2.3. The Characteristics of Stress and Settlement in Pile-Supported Embankments

Many researchers have studied the performance of foundations, which are monitored
in terms of the settlement and vertical stress through field measurements, numerical
simulations, and theoretical analyses. In this section, the characteristics of pile-supported
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embankments and the development pattern of soil arching under the effect of settlement
and vertical stress are discussed.

2.3.1. Stress State

Several researchers have investigated the load distribution pattern on pile-supported
embankments through experiments, field measurements, or numerical simulations. For
example, Chen [55] set up a model test system and found that a taller embankment re-
sults in a higher stress concentration ratio, consistent with that reported by Han and
Murugesan [56,57]. Nguyen [58] also found that the efficacy E increases with increasing
embankment height.

The load distribution varies during the construction of the embankment and the
consolidation of the subsoil. As shown in Figure 8 [59], the vertical stress on the subsoil
increases linearly with the construction of the embankment. However, a decreasing ten-
dency is observed after construction. Moreover, the excess pore water pressure gradually
decreases to zero after construction, as shown in Figure 9 [60]. From this, it may be inferred
that the consolidation of the foundation resulted in an excess decrease in the pore water
pressure, leading to a decrease in the subsoil stress [61]. Moreover, the load distribution on
the pile cap increases slightly during subsoil consolidation, as reported previously [62–64].
This might be explained as follows: the consolidation of the soil expends the differential set-
tlement between the pile and subsoil, thus improving the soil-arching effect and enhancing
the load transfer.
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As shown in Figure 10 [65], the oblique dotted line is the overburden stress from the
embankment and pavement, and the two horizontal dotted lines represent the outer and
inner radius surfaces of the soil arching respectively. During soil consolidation, the vertical
stress first increases, then decreases, and finally increases with increasing soil thickness
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(the distance from the bottom increases, as shown in Figure 10). The increase in the vertical
stress is due to the increase in the soil thickness, and the decrease in the vertical stress is
due to the soil-arching effect, which results in a stress transfer from the subsoil to the piles.

Buildings 2024, 14, x FOR PEER REVIEW 11 of 28 
 

 
Figure 10. Distribution of vertical stress along the depth of embankment [65]. 

Recently, several researchers have focused on the vertical stress distribution on pile-
supported embankments; however, few have studied the distribution of the horizontal 
stress or bending moment. For this case, Zheng and Ma [66,67] set up a separate numerical 
simulation model and found that the bending moment was at its maximum at the clay–
sand interface and that it decreased sharply near the sand. However, the results were de-
rived for the end-bearing pile embankment case, and the bending moment distribution in 
the floating pile embankment should be further investigated. 

2.3.2. Settlement 
Soil settlement behavior can be visualized by field monitoring or numerical simula-

tion [60,68–71]. Evidently, the settlement increases during construction and continues to 
increase thereafter, though at a lower rate. This is because the excess pore water pressure 
dissipates during subsoil consolidation. There is differential settlement between the pile 
and subsoil, as reported by Hosseinpour [68,69] and Wang [60]. The differential settlement 
continues to expend during subsoil consolidation, almost accounting for half of the final 
differential settlement, as shown in Figure 11. 

 
Figure 11. Computed (FEA) and measured settlements on encased column and surrounding soil. 

However, the results differ from those reported by Zhang and Pan [70,71], who found 
that the differential settlement between the pile and subsoil was small, being even lower 

Figure 10. Distribution of vertical stress along the depth of embankment [65].

Recently, several researchers have focused on the vertical stress distribution on pile-
supported embankments; however, few have studied the distribution of the horizontal
stress or bending moment. For this case, Zheng and Ma [66,67] set up a separate numerical
simulation model and found that the bending moment was at its maximum at the clay–sand
interface and that it decreased sharply near the sand. However, the results were derived
for the end-bearing pile embankment case, and the bending moment distribution in the
floating pile embankment should be further investigated.

2.3.2. Settlement

Soil settlement behavior can be visualized by field monitoring or numerical simula-
tion [60,68–71]. Evidently, the settlement increases during construction and continues to
increase thereafter, though at a lower rate. This is because the excess pore water pressure
dissipates during subsoil consolidation. There is differential settlement between the pile
and subsoil, as reported by Hosseinpour [68,69] and Wang [60]. The differential settlement
continues to expend during subsoil consolidation, almost accounting for half of the final
differential settlement, as shown in Figure 11.
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However, the results differ from those reported by Zhang and Pan [70,71], who found
that the differential settlement between the pile and subsoil was small, being even lower
than 1%, as shown in Figure 12a,b. This result can be explained as follows: the former result
is based on an end-bearing pile embankment whereas the latter is based on a floating pile
embankment. Hence, it would be interesting to investigate the differences in the settlement
behaviors between end-bearing and floating pile embankments.
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Based on the time evolution of pile and soil settlement, Pan [71] proposed the pile–soil
settlement ratio (η) to evaluate the effect and evolution of soil arching, which is equal to the
ratio of the settlement of piles and soil to the filling height. As shown in Figure 13, in the
first filling stage, η firstly decreases with H value and then increases with H value. Finally,
η tends to stabilize. This indicates that the soil arching was not formed and functioned
until the filling height reached 1.4 (s − b). Then, the soil arching gradually formed and the
pile settled faster than the soil. Finally, the soil arching was fully formed and the settlement
ratio tended to a stabilized value.
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As shown in Figure 14 [65], with the increase in the distance from the bottom, the
settlement at the pile cap increases while the settlement on the subsoil decreases. From
a certain height, the settlements at the pile cap and subsoil are equal. Therefore, this
height is called the critical height, and the plate along which the settlement is equal is
called the plane of equal settlement. The details of the critical height are introduced in the
next section.
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More recently, most researchers [65,72–74] have investigated the deformation behavior
of pile-supported embankments under cyclic loading. Evidently, the settlement of a pile-
supported embankment will increase with the number of cycles, velocity, and vehicle wheel
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load. Some researchers have also revealed that a geogrid can limit the deformation of a
pile-supported embankment [75]. More studies should be conducted on the deformation
behavior of pile-supported embankments under cyclic loading conditions, particularly
considering the moisture content in the soil.

2.3.3. The Development of Soil Arching

Most current studies on soil arching in pile-supported embankments are based on
a full and stable soil-arching model. In practice, the development pattern of soil arches
includes many different stages and soil arching shapes.

Lai [76,77] divided the evolution of soil arching into three stages: development,
forming–failure–re-forming, and dissipation. In the first stage, the soil arch forms gradually,
and the load-sharing ratio of the piles increases. In the second stage, with increasing sur-
charge, the soil arching undergoes a development phase, a steady phase, destruction, and
re-formation. In the final stage, the embankment cannot form a new stable soil arch once the
surcharge exceeds a certain value. Interestingly, Stage 3 does not occur in a pile-supported
embankment with a geogrid reinforcement during the entire construction [76].

And, Lai [77–79] also divided the soil arch into three shapes: shear plane arch-
ing [80,81], partial arching [82], and full arching [83]. As shown in Figure 15, the three types
of arching are associated with an inactive region (def < 1/16∆s: located above the piles),
an active region (def > 15/16∆s: a sliding region that is located above the trap-wall), and a
transition region (1/16∆s < def < 15/16∆s: between the inactive and active regions). And,
def is the displacements of embankment fill, and ∆s is the pile–subsoil relative displace-
ment. However, compared with shear plane arching and partial arching, there is an equal
settlement region in the full arching case. Evidently, there is no differential settlement in
the equal settlement region. Thus, the height of the bottom of the equal settlement region is
defined as the critical height.

Rui [34,84,85] also divided the shapes of the soil arch into three types: triangular
arching (a triangular deformation region occurs in the model), tower-shaped arching (a
tower-shaped deformation region occurs in the model), and equal settlement arching (an
equal settlement region occurs in the model). A solution is proposed based on the equal
settlement arching.

Based on the theoretical analysis experiment, numerical simulation, and field monitor-
ing, several researchers have established calculation methods for the critical height. The
calculation equations differ depending on the investigation method employed (theoretical
analysis, experiments, numerical simulation, or field monitoring), the calculation model
used, and the embankment type selected. Table 3 presents these equations in detail. In this
table, s is the center space between adjacent piles, b is the width of the pile cap, and H is the
total height of the embankment fill.

Table 3. Calculation method of critical height.

References Critical Height

Terzaghi [12] 2.0(s − b) Pile-supported embankment without geogrid reinforcement
Han and Gabr [56] 1.3(s − b) -

Handy [27] (0.4 ∼ 0.45)H In the case of full soil arching

Van Eekelen [32] (0.51 ∼ 0.62)(s − b) Numerical studies and field measurements of
geosynthetic-reinforced pile-supported embankments

Xu [86] (1.1∼ 1.5)(s − b) A geosynthetic-reinforced pile-supported (GRPS) embankment
Chen [87] 1.4(s − b) Laboratory model
Rui [34] 1.75(s − b) -
Lee [88] (2.0∼ 3.25)(s − b) -
Lai [78] 0.8(s − b) Un-reinforced pile-supported embankments

BSI (2010) [23] 1.4(s − b) -
Samira [89] 1.18(s − b) -
Chen [90] (1.0 ∼ 1.5)(s − b) -
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3. Factors Influencing Soil Arching

The Soil-arching effect, which is a typical phenomenon in soil mechanics, is widely
used to introduce the load distribution and soil deformation in pile-supported embank-
ments. To better understand the mechanism of the soil-arching effect in pile-supported em-
bankments, it is necessary to explore the factors influencing the soil-arching phenomenon.
A pile-supported embankment comprises an embankment fill, piles, and subsoil. The effect
of the geogrid reinforcement should be considered in GRPS embankments. Therefore, in
this section, the following factors influencing the soil arching phenomenon are discussed:
piles, embankment fill, subsoil, and geogrid.

3.1. Piles

In the past twenty years, researchers have widely studied the influence of piles on
soil arching using various methods, including laboratory investigations [86,91,92], field
data and analytical solutions [90,93], 2D discrete element method models [92,94], 2D finite
element models [95,96], and 3D finite element models [95,97–99]. The main conclusions
drawn in the aforementioned studies are summarized below.

3.1.1. Pile Shape

• H/(s − a) directly influences the soil-arching effect in a pile-supported embankment.
A higher H/(s − a) generally leads to a higher maximum E, which represents a higher
soil-arching effect. A lower H/(s − a) will result in a higher settlement due to the
lower degree of soil arching.

• Different values of the coefficient H/(s − a) for pile-supported embankments result in
different types of soil arching shapes (discussed in Section 2.3.3). Thus, the minimum
height of the embankment fill, under which a full soil arching can be formed, should be
considered in the design, in order to give full play to the soil-arching effect to enhance
the load transfer.

• With the increase in the spacing between adjoint piles, the soil-arching effect decreases.
However, for a given final embankment height, within the scope of the pile spacing,
the net cap spacing can be increased without significantly affecting the pile efficiency.

• The soil-arching effect increases with the increase in the pile cap size (this is also
observed with the decrease in the clearance spacing between the pile caps).

• For a given pile spacing and embankment height, the longer the pile length, the higher
the maximum pile efficiency and replacement ratio and the higher the efficiency,
indicating a greater soil-arching effect.

• The shape of the pile body has the most significant influence on the soil-arching effect
in the case of the floating-pile embankment. For instance, the load sharing ratios from
the sections improved by tube piles are significantly lower than those from the sections
improved by Y-shaped piles.

3.1.2. Pile Arrangement

• In a triangular arrangement of the pile-supported embankment, there are two types
of soil arching: primary soil arching (between the upper and lower boundaries) and
secondary soil arching (below the lower boundary). The primary soil arching mainly
plays the role of transferring the load onto the pile caps, and the secondary soil arching
transfers the load toward the area between the pile caps. The height to the crown of
the arch above the triangular arrangement is lower than that in the case of the square
arrangement.

• Compared with the square arrangement of a pile-supported embankment, the triangu-
lar arrangement of the piles has a greater soil-arching effect, owing to which a higher
embankment load is transferred to the piles, resulting in a lower settlement at the top
of the subsoil.



Buildings 2024, 14, 126 16 of 27

3.1.3. Pile Types

• Regardless of the type of embankment (end-bearing pile embankment or floating pile
embankment), the variation in the load distribution with time or embankment height
is similar, though there are some differences. The details of the load distribution have
been discussed in Section 2.3.1.

• Compared with the end-bearing pile embankment, the floating pile embankment after
construction exhibits a greater settlement, as shown in Section 2.3.2. The consolidation
settlement accounts for 50–60% of the total settlement in the floating pile embank-
ment, whereas it is small enough to be ignored in the case of the end-bearing pile
embankment.

• End-bearing piles carry more load than floating piles, owing to the soil arching and ten-
sioned membrane effects, leading to a greater settlement in the floating pile embankment.

3.2. Embankment Filling

The embankment filling, which is one of the important components in a pile-supported
embankment, influences the soil arching and load distribution on the pile-supported em-
bankment, significantly changing the settlement of the pile-supported embankment. Most
current researchers [100–102] focused on the influence of the embankment height, which is
mentioned in Section 2.3.2. However, studies on the materials used in the embankment
filling are limited. Some studies have shown that the parameters related to the embankment
filling (such as the cohesion and friction angle) influence the soil-arching and membranate
effects, and the impact is more pronounced in the case of the GRPS embankment.

Xu [86] investigated the influence of the cohesion of the embankment fill on the pile-
supported embankment and found that the fill cohesion can enhance the soil-arching effect
and transfer more load to the pile caps, which reduces the load transfer to the geosynthetic
reinforcement and the subsoil, resulting in a small settlement and a lower critical height.
Bhasi [103] proposed more details regarding the influence of fill cohesion on pile-supported
embankments. With the increase in the cohesion from 0 to 10 kPa, the ratio of the load
carried by the piles to the total embankment load increases, and the settlement is reduced.
However, for cohesion beyond 10 kPa, the result does not change. The cohesion is not
widely used due to its long-term unreliability, as mentioned previously [7].

In addition to the cohesion, the fill friction angle significantly influences the soil-
arching effect. With increasing friction angle, the soil arching is enhanced, the membrane
effect is reduced, and the total efficacy of the soil arching and membrane effects is im-
proved [52,101,103,104], resulting in a lower total settlement. With increasing friction angle,
the differential settlement between the pile and subsoil increases, which may enhance the
soil-arching effect, as reported by Meena [96].

In the different ranges of the friction angle, the effect of the friction angle on soil arching
is different. Bhasi [103] found that a higher friction angle can enhance the magnitude of the
load transferred to the piles within a friction angle of 30◦, which is reported by Jenck [105].
However, Wijerathna [99] found that the sensitivity of the friction angle on the ratio of the
load carried by the piles to the total embankment load increases with an increase in the
friction angle from 32◦ to 38◦. The different results might be attributed to the difference in
the types of embankments and the method of investigation. The former investigated the
effects of the friction angle in the end-bearing pile-supported embankment, while the latter
did so in the floating pile-supported embankment. Hence, more studies on the influence of
the fill friction angle on the embankment should be conducted

3.3. Subsoil

Several researchers [100,106–108] have investigated the influence of subsoil on pile-
supported embankments in terms of the modulus ratio between the pile and the subsoil,
cohesion, friction angle, compression index (Cc), and over-consolidation ratio. The afore-
mentioned factors have different influences on the embankment under different conditions:
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end-bearing or floating piles, with or without geosynthetic reinforcement, and water levels
in the subsoil. Some of the conclusions drawn in the above studies are as follows:

• Soil strength parameters (cohesion, friction angle, and Young’s modulus) can improve
the arching effects but cannot change the shape or prohibit the development of the
arching zone for soils whose displacements are sufficient for initial plastic flow.

• A higher modulus ratio between the pile and subsoil will increase the difference in the
differential settlement between the pile and subsoil, thus improving the soil arching
and increasing the stress ratio. However, if the modulus ratio is greater than 50, the
increase rate will be low.

• With the increase in the compression index (Cc), the development of subsoil settlement
is accelerated, which accelerates the evolution of the soil arching and increases the
stress borne by the geogrid.

• A higher OCR can significantly suppress the growth of subsoil settlement, which
decreases the contribution of the geogrid in carrying the embankment load.

• For the GRPS embankment, the compressibility of the underlying soil does not influ-
ence the load transfer mechanism. However, there is a complementary action between
the underlying soil and the geosynthetic sheet. A higher compressibility of the un-
derlying soil can limit the movement of the embankment soil, which decreases the
displacement of the geosynthetic sheet.

3.4. Geosynthetic Reinforcement
3.4.1. The Properties of Geosynthetic Reinforcement

A geosynthetic reinforcement is widely employed in pile-supported embank
ments [109,110]; the tension provided by the reinforcement provides support and lim-
its the lateral spreading of the embankment, and a higher embankment load is transferred
to the pile cap. Engineering practice indicates that during construction, a geogrid can
absorb the stress until an arch is formed, which limits the lateral movement of the soil and
improves the safety of construction.

The geogrid stiffness, which is one of the main factors of the maximum geogrid tension,
has also been widely investigated [52,56,111]. Han [56] and Zhuang [111] proposed that
the maximum tension in a geogrid increases with increasing stiffness. Zhuang’s results
also point out that the aforementioned law applies to both static and dynamic conditions,
although the tension might be slightly greater for the same geogrid stiffness under the
dynamic load. Pham [52] also obtained a similar result; the results of linear and nonlinear
subsoil models deviated more with an increase in the stiffness of the geosynthetic. The
author also proposed that the membrane action of the geogrid is strengthened as the
geogrid becomes stiffer, resulting in a lower deflection.

Recently, most investigations on GRPS embankment reinforcements have been based
on the isotropic membrane [56,68,100,112]; a geogrid is an orthotropic material, with
nonzero stiffness only in two orthogonal directions. Therefore, the numerical simulation of
a GRPS embankment, whose geogrid is simulated using an isotropic membrane, cannot
completely match the field conditions.

Zhuang [113] found that the maximum geogrid tension increases with the geogrid
stiffness. This indicates that the influence of the geogrid stiffness on the maximum geogrid
tension decreases with increasing stiffness. The results of the orthotropic membrane model
match those of the truss element model, whereas the results of the isotropic membrane
model tend to produce values that are 22–58% greater. This indicates significant differ-
ences between the orthotropic and isotropic membrane models. Hence, different geogrid
materials should be considered for GRPS embankments.

By conducting a series of plane-strain (2D) trapdoor tests, Al-Naddaf [42] also showed
that a geogrid can maintain a more stable arch and lower the height of the equal settlement
plane. They also found that a biaxial geogrid was more effective in carrying the load
than an uniaxial geogrid with similar tensile strength and stiffness, owing to its better
lateral restraint.
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3.4.2. The Number of Geogrid Layers

Several researchers [98,114–116] have investigated the influence of the number of ge-
ogrid layers on GRPS embankment. By conducting three centrifuge model tests, Shen [115]
found that changing the number of geogrid layers from two to one did not significantly
change the settlement of the foundation soil, and the influence on the load distribution
was also not noticeable. Xu [114] reported a similar phenomenon: for Models T1-T4 (the
T1 without a geogrid layer while the T2, T3, and T4, respectively, with one, two, and four
geogrid layers), the embankment settlement decreased significantly with the addition of
reinforcement layers, but the differences in the settlement for embankments with one, two,
and four geogrids were small. This indicates that the influence of the number of geogrid
layers on the embankment settlement is small.

Figure 16 [98] shows the relationship between the differential settlement efficacy
and geogrid with different numbers of layers and vertical spacing between the layers.
Evidently, the differential settlement increases with the increase in the number of geogrids
or with the decrease in the vertical spacing between the geogrid layers. Badakhshan [116]
also found that the differential settlement decreases with the increase in the number of
geogrids. Moreover, two layers of geogrids placed optimally can more effectively decrease
the differential settlement than using one stiffer geosynthetic layer. This indicates that the
differential settlement has a greater dependency on the number of geogrid layers than the
stiffness of the geogrid.
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3.4.3. Strain in the Geogrid

The strain is an important parameter of a pile-supported embankment and is influ-
enced by many factors, making it difficult to measure. During the construction, the strain
increases with increasing fill height. The strain decreases in the short-term after construc-
tion due to the redistribution of the stress on the embankment fill under the effect of pile
settlement. Thereafter, the strain in the geogrid increases until it reaches a constant value.
During and after preloading, the strain first increases and then decreases, and the maximum
tensile deformation during preloading was found to be 2.92 times that at the end of sur-
charge filling, as reported by Cao [117]. This indicates that the creep of the geogrid should
be considered to ensure safety during long-term serviceability. Al-Naddaf [42] found that
regardless of the number of geogrid layers used (single or double) in the embankment, the
maximum tensile strain occurred at the trapdoor edges. At the trapdoor centerline, the
upper geogrid layer exhibited a significantly lower strain than the lower geogrid layer.
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Figure 17 [118] shows the geogrid strain at different locations with the increase in
the number of load cycles. Evidently, the geogrid strain increases with the number of
load cycles, and the increased rate increases with an increase in the load cycles. Notably,
the strain at sg3 decreases within five cycles because the soil particles above the geogrid
move or slide toward the centerline, generating an inward shear stress that compresses
the geogrid.
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Shen [119] reported differences in the geogrid strain between end-bearing and floating
pile embankments. The geogrid strain in the end-bearing pile embankment was lower than
that in the floating pile embankment. The geogrid strain was at its maximum at the center
of the end-bearing pile embankment, whereas the maximum strain of the model geogrid
occurred near the shoulder of the floating pile embankment.

4. Concluding Remarks

This section provides a summary of the principal conclusions from this paper.

4.1. Load Distribution in Soil

Soil arching is a mechanical phenomenon in which pressure is transferred from the
part with a lower stiffness or greater movement to the part with a higher stiffness or lower
movement. Several researchers have attributed this phenomenon to shearing resistance,
which causes the pressure transfer between the aforementioned parts.

Current studies on soil arching or load distribution are based on trapdoor models,
2D equal-thickness semicircle soil arch models, 3D equal-thickness shell soil arch models,
and models extended from these. The load on an embankment can be divided into two
parts: the load supported by piles (referring to A + B) and the load supported by the
subsoil between the piles (referring to C). For the GRPS embankment, the load supported
by the piles can be further divided into part A (soil-arching effect) and part B (membrane
effect). The load distribution and soil-arching development are represented by E and
SSR, respectively.

The results obtained by theoretical methods, experiments, field monitoring, and
numerical simulations have shown that the vertical stress increases during construction
and then decreases during soil consolidation due to the dissipation of the excess pore
water pressure.
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4.2. Deformation in Soil

During embankment construction, the soil arching undergoes three stages: devel-
opment, forming–failure–reforming, and dissipation. Influenced by the development of
the soil arch, the differential settlement between the pile and subsoil increases gradually
until the values tend to stabilize. And, during the consolidation, the differential settlement
increases slightly due to the load redistribution, leading to the re-formation of the soil arch.

Influenced by the total height of the embankment, there are three types of soil arching:
shear plane arching, partial arching, and full arching. The types of soil arching are related
to the value of H/(s − a). For an embankment with full arching, there is an equal region
wherein the soil settlement at the same height is equal. The height of the bottom of the
equal-settlement region is defined as the critical height, which is related to the pile spacing.
Below the critical height, the differential settlement decreases gradually with increasing
height due to soil arching.

4.3. Factors Influencing Soil Arching

Soil arching influences the load distribution and settlement and is affected by the
following factors: piles, embankment filling, subsoil, geogrid, and environment. These
factors can be explained as follows:

• Piles with a larger width, smaller spacing, and higher length can improve the soil
arching on the embankment, which enhances the load transfer from the subsoil to
piles and decreases the settlement.

• Compared with the square arrangement of the pile-supported embankment, the trian-
gular arrangement of piles brings about a greater soil-arching effect, which increases
the embankment load transferred to the piles, resulting in a smaller settlement at the
top of the subsoil.

• The settlement on a floating pile embankment after construction is greater than that on
an end-bearing pile embankment. The consolidation settlement accounts for 50–60%
of the total settlement in the floating pile embankments, whereas it is small enough to
be ignored on end-bearing pile embankments.

• The shape of the pile body and the pile length have a greater influence on the floating
pile embankment. This is mainly because the bearing capacity of a floating pile
depends on the side friction resistance, whereas that of the end-bearing pile depends
on the pile diameter and strength of the layer-bearing soil.

• An embankment fill with a higher cohesion and friction angle can improve the soil-
arching effect, which enhances the load transfer between the subsoil and piles. How-
ever, the aforementioned rule is only applicable in a specific range of the cohesion and
friction angle.

• The soil strength parameters (cohesion, friction angle, and Young’s modulus) can im-
prove the soil-arching effect but cannot change the shape or prohibit the development
of the arching zone in soil whose displacements are sufficient for initial plastic flow.

• A higher compression index will accelerate the development of subsoil settlement and
accelerate the evolution of the soil arch.

• There is a complementary action between the underlying soil and the geosynthetic
sheet. The higher compressibility of the underlying soil limits the movement of the
embankment soil, which decreases the displacement of the geosynthetic sheet.

• The geogrid in the embankment can provide support and limit the lateral spreading
of the embankment, and a higher embankment load is transferred to the pile cap.
With increasing stiffness, a geogrid will exhibit a higher tension, which applies to
embankments under static and dynamic conditions.

• Orthotropic and isotropic membrane models produced results with some differ-
ences, indicating that different materials of the geogrid should be considered for
GRPS embankments.

• There were differences in the load distribution and soil settlement for embankments
with or without the geogrid. However, the influence of the number of geogrid layers
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for embankment settlement was small. The number of geogrid layers and the spacing
between geogrids had the most significant influence on the differential settlement.

• For the GRPS embankment, the maximum tensile deformation occurred at the edge
of the pile cap. During long-term serviceability, the geogrid will strain continually,
indicating that the creep of the geogrid should be considered.

5. Future Prospects

The soil arching, load distribution, deformation, and other factors influencing CPS
and GRPS embankments have been investigated in current studies. These studies were
based on end-bearing pile embankments under static conditions. Investigations in floating
pile embankments are relatively fewer than that of the end-bearing pile embankments.
In the past ten years, studies have also been conducted on embankments under cyclic
loading. However, the conditions considered are relatively simple, yielding results that
significantly deviate from the actual complex situation. Directions for future research are
provided below:

• A comparison between end-bearing and floating pile embankments during construction,
consolidation, and long-term operation can be made in terms of the load distribution.

• A comparison between end-bearing and floating pile embankments during consolidation
can be made in terms of the total and differential settlements.

• The impact of changes in the water level in the embankment fill on soil arching can
be studied.

• The impact of changes in the water level in the subsoil on the side friction of floating
piles can be studied.

• The load distribution and soil deformation of the embankment under the combined
effect of traffic load and water should be investigated.

• The distribution of the side-friction resistance of floating piles with the pile length,
particularly the friction resistance at the interface between different types of soil layers,
can be analyzed.

• Variations in the tension and strain of the geogrid during long-term operation can
be explored.

• A suitable stiffness range for the geogrid should be determined; if the stiffness of the
reinforced body is too low, it will have little effect on the soil-arching phenomenon;
if the reinforcement has a large stiffness, it will have a lower ductility, and excessive
deformation can lead to failure.
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Notations

The following symbols are used in this paper:

A total load is transferred to the pile through soil arching
B load transferred to the piles through the reinforcement
C load is borne by the subsoil
E proportion of embankment weight carried by the piles
Ea efficacy components corresponding to the arching effects
Em efficacy components corresponding to membrane effects
SRR stress reduction ratio
SSRa SRR induced by the arching effect
SSRm SRR induced by the membrane effect
FGRsquare total vertical load exerted by the 3D hemispheres on the square subsurface
FGRstrips total load on the GR strips
Wtotal weight of the embankment fill
H embankment fill height
Kp Rankine’s passive earth pressure coefficient
KG tensile stiffness of the geotextile
L width of the sliding plates
D depth of the soft ground
p uniformly distributed surcharge on top of the fill (top load)
b width of the pile cap
c cohesion of the soil
δ ratio of the width of the pile cap to the centerline space between adjacent piles
q uniform surcharge acting on the embankment fill
θ deflected angle of geosynthetic
s centerline space between adjacent piles
s′ clear spacing between adjacent piles
sx spacings in the x-directions
sy spacings in the y-directions
γ unit weight of the soil
γs unit weight of the embankment fill
T total GR tensile force
t soft-ground deflection midway between the cap beams reinforced with the geotextile
pc vertical stress acting on the pile cap
σs pressure acting on the subsoil
σs

′ equivalent uniform stress on the subsoil
σk horizontal stress acting on the soil
σv vertical stress at any depth into the soil
dz thickness of a unit
z depth of unit in Figure 4
def displacements of embankment fill in Figure 15
∆s pile–subsoil relative displacement. However, this is compared with the shear plane

in Figure 15.
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