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Abstract 

Geosynthetic-reinforced and pile-supported (GRPS) systems already proved their good performance to support 

embankments constructed over soft soil. The load transfer mechanism in GRPS embankments depends on the 

complex interaction between the soil in place, the structural elements and, the embankment’s soil type (cohesive 

or cohesionless). However, the cohesion influence of the embankment soil has not been well investigated as it is 

often not considered in the design of such systems. The main aim of this study is to present an analytical model 

for GRPS embankments that combine several phenomena such as the concentric arches model in cohesive fill 

soils, the hyperbolic model for the isochrone geogrid curve, and subsoil’s consolidation. Three-dimensional 

numerical analyses are also conducted to evaluate the embankment soil cohesion influence on the soil arching. 

Both the numerical and analytical results agree that the cohesive embankment fills strengthen the soil arching 

effect and, increases the efficacy if compared with cohesionless embankment fills. A comparison of the 

analytical model with measured data and other design methods for full-scale field tests proved the proposed 

model efficiency. The proposed analytical model therefore can be applicable for GRPS embankments with 

cohesive and non-cohesive fill soils. 

Keywords: Geosynthetics; piled embankment; soil arching; cohesive soil; numerical model; Limit equilibrium 

methods 
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1. Introduction 

Soil improvement and reinforcement techniques have been used for a long time and are 

nowadays common due to the increasing need to construct over soft grounds for economical 

solutions. A soil improvement technique, namely, the geosynthetic reinforced pile-supported 

(GRPS) system was established to overcome several challenges when designing 

embankments over soft grounds (such as bearing capacity failures, intolerable settlements, 

large lateral pressures, and movements, and global or local instabilities). The GRPS systems 

have been used for various applications, especially for highway and railroad embankments, 

and construction activities. In this technique, pile elements are placed in a regular pattern 

through the soft soil down to a lower load-bearing stratum. Above the pile heads, a 

reinforcement of one or more geosynthetic layers is placed. Therefore, the behavior of GRPS 

embankments can be defined by the combination of the following three phenomena (Pham, 

2020a), which are (1) the stresses are transferred from the soft soil to the pile due to their 

stiffness difference which is the so-called arching, (2) the stresses are transferred from the soft 

soil to the pile due to the geosynthetic stretching, and (3) reaction of the subsoil support. The 

main parameters that should be determined to design GRPS embankments include the total 

settlements, the differential settlements between piles and soft soil, the geosynthetic strain, the 

isochrone geogrid curve which reflects the long-term reinforcement effect, and the pile 

bearing capacity. 

Comprehensive reviews of the performance of pile-supported embankments considering 

full-scale field tests, experimental and numerical modeling, centrifuge model tests are 

provided by Pham and Dias (2021). Several of these cases were reported with cohesive fill 

soils (Chai et al., 2002; Liu et al., 2007; Chen et al., 2010; Nunez et al., 2013; Wang and 

Zhang, 2014; Liu et al., 2015; Zhou et al., 2016; Cao et al., 2016; Xu et al., 2016; Lu et al., 

2019; Zhao et al., 2019; Wu et al., 2019; Khansari and Vollmert, 2020; Chen et al., 2020). 

Currently, Okay and Dias (2010) reported that the use of treated soils by lime and cement as a 

pile-supported load transfer platform can generate a very high cohesion. Van Eekelen et al. 

(2015) suggested considering the shear strength increase due to cohesion through increasing 

the equivalent friction angle. However, for small stress levels, the maximum difference 

between the two principal stresses is larger for cohesive fills than for fills considering an 

artificially high friction angle. This means that higher tangential stresses can be developed in 

cohesive fills than in purely frictional ones. This can result in a larger arching phenomenon 

and therefore to lower GR strains than the ones which will be calculated considering 

artificially high friction angles. Xu et al. (2016) conducted six scaled model tests to 

investigate the embankment fill properties influence, the pile caps spacing, and the pile type 

on the soil arching and tensioned membrane effects. This study used cohesive and 

cohesionless embankment fills for end-bearing and floating piles. The test results showed that 

the cohesive embankment fills strengthened the soil-arching effect, increased the pile 

efficacy, and reduced the subsoil settlements between pile caps when compared with the 

cohesionless embankment ones. Wang et al. (2017) presented a trapdoor study to investigate 

the arching mechanisms and the associated loads under both active and passive arching 

conditions in c’-φ’ soils. They presented a series of dimensionless charts using both upper 

and lower bound limit analyses. An associated sensitivity analysis demonstrated that the 

arching loads are highly dependent on the collapse mechanism. They are not only a function 

of the geometry but also the soil shear strength. Cohesion is one of the parameters which 

highly affect the arching mechanisms. Khatami et al. (2019) used the Digital Image 

Correlation (DIC) technique to capture the displacement and strain field during the active soil 
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arching in a shallow trapdoor test. They observed that the shear bands were not located at the 

same position in frictional and cohesive soils. The cohesion effect on soil arching is 

important and necessary to be studied further. 

Although the arching knowledge in granular soils was understood relatively well, the 

cohesion effect understanding on the arching phenomena from the theoretical point of view is 

still limited. Many analytical models were developed to predict arching in granular soils 

(Terzaghi, 1943; Hewlett and Randolph, 1988; Low et al., 1994; Abusharar et al., 2009; 

BS8006, 2010; EBGEO, 2011; Van Ekelen et al., 2013; Lu and Miao, 2015; Feng et al., 

2017; Pham, 2020a; Burke and Elshafie, 2021). But none of these existing models were 

developed to predict the arching on cohesive fill soils. The existing design methods were 

therefore only applicable for purely frictional fills. As cohesive fill soils were reported in 

many field cases and commonly used in practice, it is important to develop an analytical 

model for predicting arching in both non-cohesive and cohesive fill soils. 

This paper presents the derivation of an analytical model with a two-step calculation 

procedure for the design of geosynthetic-reinforced pile-supported embankments, in which 

the cohesion impact of fill soils on soil arching is considered. The originality of the proposed 

model also lies within the fact that, unlike the existing methods, the proposed model accounts 

for the influence of embankment soil cohesion on arching. In a first step, an arching model is 

developed to account for the cohesion of fill soils based on the extension of the concentric 

arches model proposed by Van Eekelen et al. (2013). In a second step, a simplified method 

combining the hyperbolic model for the isochrone geosynthetics curve, the frictional 

interaction, the subsoil support, and the subsoil consolidation is developed to analyze the 

geosynthetic deformations. Then, a three-dimensional numerical analysis is conducted to 

assess the stress distribution (soil arching) trend in GRPS embankments for both cohesive 

and non-cohesive fill soils. A comparison for the result trends between numerical and 

analytical models is also presented to evaluate the cohesion role on soil arching. To 

investigate the proposed model validation, a comparison with three well-known design 

methods and field measurements is also presented. 

2. The analytical model proposed for the design of piled embankments 

Like many other analytical methods or guidelines, the design procedure of piled 

embankments is divided into two steps. In the first step (arching calculation step), the load 

distribution in the embankment is evaluated based on the soil arching. It results in the 

calculation of vertical stresses on the top of piles and soft subsoil between piles. The total 

vertical load is divided into two parts: Pc, which is the part of the load transferred to the pile 

cap due to the arching effect, and the residual load PR resting on the geosynthetic and soft soil. 

This residual load is then composed of two parts and can be expressed by PR=PGR+Ps, where 

PGR is the load part on the geosynthetic and PS is the one received by the subsoil. A second 

calculation step allows describing the load-deflection behavior of the geosynthetic 

reinforcement. The residual load is applied to the geosynthetic reinforcement (GR) strip as an 

external load and the GR strain is calculated. The two calculation steps procedure is 

illustrated in Fig. 1. 
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2.1. Step 1: Arching calculation 

2.1.1. Concentric Arch model 

Several families of analytical models describing the first step (arching calculation) are 

available in the literature. They can be listed as follows: Rigid arch models (Carlsson, 1987; 

PWRC, 2000), limit-equilibrium models (Hewlett and Randolph, 1988; EBGEO, 2011; Van 

Eekelen et al., 2013; Pham, 2020c), empirical models (adopted in BS8006, 2010), and 

frictional arching models (Terzaghi, 1943; Handy, 1985; Lu and Miao, 2015). It should be 

noted that the limit-equilibrium model allows considering the load distribution shape as a 

dependent function of geometry and embankment height. Moreover, the limit-equilibrium 

model can determine the arching critical height more accurately than other models. Therefore, 

the limit-equilibrium approaches usually lead to a better agreement with experimental, 

numerical, and field observations, than other models (Fonseca and Palmeira, 2019; Pham and 

Dias, 2021; Pham et al., 2021). Therefore, the limit-equilibrium theory was commonly used 

in many current analytical methods. Based on the limit-state equilibrium theory, Van Eekelen 

et al. (2013) proposed a new model, namely the “Concentric arches model” as an extension of 

Hewlett and Randolph (1988) and EBGEO (2011) models. Lee et al. (2020) conducted a 

series of 3D FE simulations of geosynthetic-reinforced pile-supported embankments. The 

numerical results showed that the vertical stress distribution on the GR changes from an 

inverse-triangular shape for low stiffness subsoils to a uniform shape for high stiffness 

subsoils. This is in good agreement with the concentric arches model behavior. Besides, the 

variation of the arching load part due to the fill height and pile spacing changes could be well 

predicted when the maximum soil arching effect is developed. 

According to the concentric arches (CA) model, the development of arching is a 

combination of many subsequent arches. As the differential settlements start to increase, a 

small arch in the fill occurred first, followed by a succession of larger arches as shown in 

Figure 2. It is observed that a small GR deflection results in the start of an arch formation at 

the pile cap edge. Each arch exerts a force on its subsurface. The arches indicate the main 

principal stress directions. The major principal stress is directed in the tangential direction 

and the minor principal stress is in the radial one. 

Therefore, the arching calculation model proposed in this study combines the 3D 

concentric arches (hemispheres) formed above the square between piles and the 2D 

concentric arches above the GR strips toward the pile caps (Figure 3). It should be noted that 

soil arching is usually followed by four phases, which are the initial arching phase, maximum 

arching, terminal phase, and load recovery. Like many present models, this study will focus 

on examining the maximum soil arching state. 

2.1.2. 3D Concentric Arch model 

Figure 4 shows the 3D concentric hemisphere. The height of the largest 3D arch is equal 

to half the diagonal between two piles. The assumptions considered are like Van Eekelen et al. 

(2013). The main improvements are that the cohesion is included for fill soils in the three-

dimensional differential equilibrium equation, and a reduced form is presented. It should be 

noted that the radius of the 3D hemispheres is signed as an upper-case R and the radius of 2D 

arches is signed as a lower-case r. For a crown element of the 3D arch in Fig. 4, the radial 

equilibrium equation is: 


  




RdR

d RR )(2
 (1) 
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where σR is the radial stress (kPa); σθ is the tangential stress (kPa); γ is the soil unit weight 

(kN/m
3
); R is the hemisphere radius (m).  = the 

The arch stress state is uniform around the semi-circle. It is assumed that the limit state 

occurs in the entire arch. Assuming that  is constant across the arch bottom and that the 

arch itself represents a failure surface within the soil mass, it is possible to express the 

tangential stress
pRP KcK  2.  , where  2/45tan 02 PK , ϕ is the internal friction 

angle of embankment fills (degree); c is the cohesion of embankment fills (kPa); χ is the 

cohesion coefficient (dimensionless). 

Integration of the tangential stress of the 3D hemispheres similar to the Van Eekelen et al. 

(2013) one, allows deducing the total vertical load FGRsquare (kN) exerted by the 3D 

hemispheres on their square subsurface. 
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Where 
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Hg3D is the height of the largest hemisphere, and is given as follows: 
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Lx3D is the largest length of the square area, and given as follows: 
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 (18b) 

Where a (m) is the width of a square pile cap or the equivalent width of a circular pile cap, sx 

and sy are respectively the center-to-center pile spacing in direction x and y. 

2.1.3. 2D Concentric Arch model 

Figure 5 shows the 2D concentric hemisphere considering the largest 3D arch height 

equal to half the spacing between two adjacent piles. The tangential stress in the 2D arches is 

found in a similar way as for the 2D arches. For a crown element of the 2D arch, the radial 

equilibrium equation is: 


  




rdr

d rr   (19) 

Using the integration of the tangential stress on the 2D arch in the x-direction over the 

strip area, the total vertical load FGRstrip exerted by the 2D arches on their strip subsurface can 

be determined. 
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GRstrip2F yGRstrip2xGRstrip2 FF   (22) 
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K2D= K3D  (26) 

Where, Hg2D is the 2D arch height, and is given as follows: 
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Lx2D, Ly2D are respectively the length of the part of the GR strip upon which the 2D arches 

exert their force in x and y direction. They are given as follows: 
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The loading part that does not rest on the GR square is supposed to be transferred to 

the GR strips. This load part is therefore can be applied as an equally distributed surcharge 

load on the 2D arches, which results in a surcharge load as follows: 
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 (29) 

2.1.4. Combination of the 2D and 3D concentric arch models 

The following sections present the load distribution equations which combine the 2D 

concentric arches and the 3D concentric hemispheres. 

The total residual load resting on the geosynthetic reinforcement and the subsoil is: 
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GRstripsGRsquaresGRR FFPPP   (30) 

Where 
RP  represents the total residual load resting directly on the geosynthetic and subsoil 

by arching effect (kN); sP  is the load part received by the subsoil (kN), GRP  is the load part 

carried by the geosynthetic (kN). 

The loading part distributed to the pile caps by arching effect can be expressed as: 

)(.).( GRstripsGRsquareyxc FFssqHP    (31) 

The efficacy component by arching effect which represents the proportion of the 

embankment load distributed directly on the pile caps by arching effect is: 
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 (32) 

The vertical stress acting on the geosynthetic and subsoil by arching effect: 

2. ass
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  (33) 

The stress reduction ratio induced by the arching effect is identified as follows: 

)( qH
SRR

a

sa







 (34) 

It should be noted that for non-cohesive soils (c = 0), the arching prediction results 

obtained from the proposed model are the same as the original concentric arches model of 

Van Eekelen et al. (2013). The proposed model is thus applicable for the design of cohesive 

and non-cohesive soils. 

2.2. Step 2: Geosynthetic deformation calculation 

The second step analysis presented here is based on the ‘‘friction interaction theory 

and tensioned membrane theory’’, and is similar to the analysis presented by Pham (2020a). 

The main refinement in the present analysis is the inclusion of the subsoil consolidation 

degree on the subgrade reaction pressure and the introduction of the hyperbolic stiffness 

model for geosynthetic isochronous curves. It should be noted that the maximum arching 

state is often mobilized for a consolidation degree smaller than 1. Therefore this calculation 

step allows finding a settlement and geosynthetic strain for a given subsoil consolidation 

degree. 

2.2.1. Subgrade reaction theory 

As noted in the previous section, the geosynthetic is deflected under the fill soil weight 

and the surcharge loads. The deflection leads to the geosynthetic stretching which mobilizes 

the geosynthetic strength. As a result, the stretched geosynthetic enters into contact with the 

subsoil. Consequently, the geosynthetic acts as a tensioned membrane and can carry a part of 

the load applied normally to its surface. The rest of the load is transmitted to the subsoil (Ps). 
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This concept is illustrated in Figure 6. Hence, the actual vertical stress that induces the 

tension in the geosynthetic can be determined by: 

up

a

sGR    (35) 

Where σGR is the vertical stress carried by the geosynthetic; σup is the reaction pressure of the 

subsoil; a

s  is the total vertical stress acting on the geosynthetic and subsoil, estimated by 

using Eq. (33). 

The reaction pressure should be considered by the geosynthetic deflection and the subsoil 

consolidation parameters. A pressure-deflection relation at any point is given by the 

following expressions: 

U

yKs
sup   (36) 

actss DEK /  (37) 

Where, y is the maximum geosynthetic deflection (m); Ks is the subgrade reaction modulus 

(kPa/m); U is the subsoil consolidation degree (dimensionless); Es is the average subsoil 

constrained modulus within the active depth; Dact is the active depth (m) 

Substituting Eq. (36) into Eq. (35) yields to the new form: 

U

yKsa

sGR   (38) 

2.2.2. Tensioned membrane theory of the geosynthetic 

For the geosynthetic deformation calculation, it is necessary to assume a specific 

deformation shape. In this study, a parabolic shape is used to simulate the geosynthetic 

deformation. The parabolic deformation shape proved to be more suitable when compared 

with experimental data in the study of Sloan (2011). Considering a parabolic deformation is 

often mentioned in the literature (BS8006, 2010; Pham, 2020a). A parabolic deflection of the 

geosynthetic is therefore assumed in the following study. 

The general form of a parabola is y = kx
2
 where x = (s−a)/2, x is the spacing from the 

edge of the pile cap to the middle point of two successive piles. Therefore, k = 4y/(s−a)
2
, with 

y being the maximum deflection of the geosynthetic at the mid-span between piles. For the 

coordinate system in Figure 7, the deflected angle of geosynthetic is determined by: 

 2)/(84.71

)/(4
sin

asy

asy




  (39) 

Assuming an uniform tension along geosynthetic, the vertical equilibrium requires that: 

)(sin2 asT GR   (40) 

Replacing Eqs. (38), and (39) into (40) leads to the following expression: 
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2.2.3. Frictional interaction between the soil and the geosynthetic 

The geosynthetic stretching results in a relative movement between the geosynthetic and 

the soil, and therefore the skin friction along with the soil–the geosynthetic interface is 

mobilized. It is why the geosynthetic tension is considered as a function of two strain 

components, one due to the load and the other due to the skin friction (Pham, 2020a). Thus, 

mathematically 

fTTT    (42) 

Where T represents the total GR tensile force (kN/m); Tε is the component of the GR tensile 

force induced by the load (kN/m) and, Tf is the component of the GR tensile force induced by 

skin friction (kN/m). 

The component of the geosynthetic tension induced by the geosynthetic stretching under the 

embankment pressure, T, is related to strain according to the secant isochronous stiffness. 

The relation is given by the following expression: 

GRa JT .   (43) 

Where εa represents the geosynthetic strain; JGR is the tensile geosynthetic stiffness (kN/m). 

The geosynthetic tensile stiffness is often taken into account as a strain function for an 

isochronous curve. Based on the shape of the isochronous curves, the hyperbolic model is 

often used for the tensile load-strain-time geosynthetic reinforcement behaviour (Bathurst and 

Naftchali, 2021). The expression of the hyperbolic model is as follows: 
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Where, t is isochronous time, Jo(t) is the initial stiffness at zero strain, and χ(t) is a parameter 

that captures the curvature of the isochronous curve. The elastic geosynthetic behaviour 

under working stress conditions is modeled by setting 1/χ(t) = 0, and Jo(t) = E × A, where E is 

the elastic modulus and A is the cross-section area per meter width of continuous 

reinforcement. 

The geosynthetic strain due to an arching load considering a parabolic deformation model is 

given by Pham (2019): 
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The second component of the GR tensile force is induced by the skin friction along with the 

interface between the soil and the geosynthetic. The relation expressed as follows: 
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Where, s represents the center-to-center pile spacing; a is the pile cap width; fp and fs are 

respectively the friction coefficients of the surrounded soils at the upper and lower side of the 

geosynthetic interfaces; ϕp is the soil friction angle at the upper side of the geosynthetic 

interface; ϕs is the soil friction angle at the lower side of the geosynthetic interface; cs is the 

total soil cohesion at the upper and lower sides of the geosynthetic interface; αp, αs represent 

the interaction coefficients between the geosynthetic and the soil. Values of αp vary within 

the range from 0.65 to 0.85 while the value of αs varies from 0.60 to 0.75 (Pham, 2020a). 

Combining Eqs. (42) to (45), the total GR tensile force is given by: 

).(1.0..
4

85.0

3

8
2

asc
U

yK
ff

as

y
JT s

s
s

a

spGR 


















   (48) 

2.2.4. Overall equilibrium 

The solution to design problems using the equations mentioned above can be found by 

combining the arching theory, the tensioned membrane theory, the subsoil support, and the 

friction interaction. 

The problem of the piled-embankment deformation can be solved by using Eqs. (41) and 

(48). Equation (41) gives a relationship between the applied stress, the soil layer thickness, 

the pile spacing, and the subgrade reaction. Equation (48) gives a relationship between the 

pressure on the geosynthetic, the pile spacing, the geosynthetic tensile characteristics, and 

friction interaction. 

Combining Eqs. (41) and (48) leads to a cubic function of the maximum GR deflection 

which can be written as follows: 
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It should be noted that a

s  is estimated by using Eq. (33), the friction coefficients fp and fs are 

calculated by using Eq. (47). After solving Equation (49), the maximum geosynthetic 

deflection can be determined. Substitute value of y back into Eqs. (41) or (48) to find the 

maximum GR tension. The component of the GR tensile force induced by the arching load 

can be found by considering Equation (43), and the component of the GR tensile force 

induced by skin friction can be calculated from Equation (46). 

Additionally, by using the equilibrium of the vertical forces on the top of the pile cap, the 

load part transferred onto the pile cap by the GR tensioned membrane effect, is calculated: 

sin8aTPm

c   (50) 

Substituting Eq. (39) into Eq. (50), a reduced form is obtained: 
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The expression for the efficacy component contributed by the GR tensioned membrane effect 

is then equal to: 
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Therefore, the total efficacy of a geosynthetic-reinforced and pile-supported embankment is 

the sum of the soil arching and GR tensioned membrane terms: 

ma EEE   (53) 

The parabolic deformation model allows for the calculation of the geosynthetic deflection at 

any distance from the pile cap edge. The geosynthetic deflection at the distance x away from 

the pile cap edge can be calculated by: 
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  (54) 

A flow chart presenting the step-by-step process is presented in Fig. 8 to illustrate the design 

of geosynthetic-reinforced and pile-supported embankments with the proposed model. 

3. Three-dimensional numerical study 

In this study, three-dimensional numerical modeling of geosynthetic-reinforced and pile-

supported embankments is performed using the FLAC3D (Fast Lagrangian Analysis of 

Continua) explicit finite differences program. It should be noted that the main purpose of the 

numerical model is to assess the cohesion effect on arching. Comprehensive evaluations of 

this matter cannot be found in the literature. Moreover, the numerical results intend to check 

the agreement between numerical and analytical models by considering the fill soil cohesion 

influence trend and some other parameters. The details and validation of the numerical model 

can be found in the paper of Pham and Dias (2021b), and a brief description of the numerical 

procedure is presented below. 

3.1. Three-dimensional numerical model 

A three-dimensional model of a full-width embankment offers the possibility of 

including the embankment geometry, piles arrangement, construction process, and advanced 

constitutive models for the component materials. An obvious disadvantage of these 3D full-

width simulations is their time-consuming. Moreover, the complexity level and 

computational demands restrict their use to research-focused applications, particularly if 

parametric analyses are required. The unit cell model, therefore, becomes a suitable approach 

to conduct parametric studies for GRPS embankments when the embankment load is constant. 

This technique was extensively used in numerical modelling of pile-supported embankments 

(Le Hello and Villard, 2009; Lo et al., 2010; Ariyarathne et al., 2013; Yu et al., 2016; Pham, 

2019; Tran et al., 2021; Pham et al., 2021). 

The geosynthetic-reinforced and pile-supported embankment is constituted by piles, pile 

caps, an embankment layer, a geosynthetic, and soft soil. Piles are typically arranged in a 

square or triangular pattern in practice. The square pattern is selected in the analysis, as 

shown in Fig. (9a). The embankment layer thickness is placed on a square mesh in which the 

distance between the two piles is equal to 3m. Due to the symmetry condition, only a quarter 

of a pile is considered Fig. (9b). In this study, the circular pile cap has a diameter of 1m. Fig. 

(9c) shows the finite differences mesh which consists of around 20500 zones for the soils and 
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245 elements for the geogrid. Sixteen meters of soft soil are assumed to be placed on a stiff 

layer, such as bedrock. No deformation is assumed below the substratum. Therefore, at the 

bottom of the numerical model, the displacements are blocked in all directions. The lateral 

displacements are also blocked normally to the vertical boundary faces. 

Although multiple layers of geosynthetic can be placed within the earth platform, only 

one geosynthetic layer is assumed in this study for simplicity. The thickness of the fill below 

the geosynthetic and above the pile is assumed to be equal to 0.25 m in the model, which is 

the typical thickness used in practice. The numerical model followed four calculation steps. 

First, the substratum and the soft soil are installed, then an equilibrium under self-weight is 

reached. In the second step, the pile is installed. A layer of the mattress of 0.5m thickness is 

placed at the pile top. One geosynthetic layer is then installed in the middle of the mattress 

with a distance of 0.25m from the top of the pile head. Finally, the embankment is placed up 

to 5.6m. 

3.2. Material model and parameters 

Five different materials are involved in this complex system: soft soil, substratum, 

embankment fill, pile, and geosynthetic. Due to the complexity of the problem itself, some 

simplified constitutive models are adopted in this analysis. The main goal of the proposed 

study is to investigate the soil arching considering the cohesion effect in the embankment 

layers. 

In the considered continuum approach, a linear elastic constitutive model is used to model 

the geosynthetic and pile behavior. A linear elastic-perfectly plastic model considering Mohr-

Coulomb’s failure criterion was used to model the embankment fill, the mattress, the subsoil, 

and the substratum. The parameters used for this model are the effective cohesion c, effective 

friction angle ϕ, dilation angle ψ, Young’s modulus E, and Poisson’s ratio ν. This model was 

selected because it presents many advantages concerning the research objectives. Firstly, the 

pile element used in this study is a rigid pile, and its tip is placed on the stiff layer. In this 

case, the pile tip resistance is larger than the shaft resistance if compared to the friction pile 

case. Therefore, the soft soil consolidation or creep effect is minimized. In addition, the 

advantage of the linear elastic-perfectly plastic model is allowing to easily modify the subsoil 

elastic modulus during parametric studies. Furthermore, the linear elastic-perfectly plastic 

model uses only five well-known parameters. The effectiveness of the elastic-perfectly plastic 

model was proved in several previous works (Yapage et al., 2014; Yu and Bathurst, 2017; 

Wijerathna and Liyanapathirana, 2020; Pham et al., 2021). 

The geosynthetic was modeled considering a geogrid structural element. Its behavior is 

the one of an isotropic linear elastic material with a tensile stiffness of 1180 kN/m. The 

interface yield stress was determined by the Mohr-Coulomb failure criterion. It was assumed 

a reduction of the shear strength parameters by using interaction factors. Interface elements to 

model the shearing mechanisms at the geosynthetic-soil interface and pile-soil interface are 

considered. The interaction behavior between the gravel and the geogrid is therefore included. 

Interface friction is considered between the mattress and the geosynthetic layer during the 

analysis, and the interface friction angle is assumed to be the same as the gravel friction angle. 

The concrete pile was modeled as an isotropic linear elastic material with Young’s modulus 

of 20 GPa, and a Poisson’s ratio of 0.2. 

In order to compare analytical and numerical models, the properties of the material were 

transformed into equivalent input parameters for the analytical model. All parameters used in 

the analysis are presented in Table 1. The input parameters of numerical and analytical 
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models are similar. The main differences between these two models are soft soil properties. 

In the analytical model, the subgrade reaction modulus (Ks) is used. According to Eq. (37), 

the subgrade reaction modulus was determined by the elastic modulus (Es), and the active 

depth of the soft soil layers (Dact). The term ‘active depth’ is defined as the depth domain 

where the vertical stress increment produced by the structure is lower than 20% of the 

vertical geostatic stress. 

s

a

sactD  /5  (55) 

Where a

s  is the vertical stress acting on the subsoil and the geosynthetic due to the arching 

effect, which is estimated by Eq. (33); γs is the unit weight of the soft soil. In this study, the 

elastic modulus of the subsoil is considered equal to 1500 kPa and the active depth to 10m. 

Therefore, a subgrade reaction modulus of 150 kPa/m is derived. 

3.3. Parametric study 

A parametric study is presented to consider the coupling effect of the fill cohesion 

with the variation of the geometric parameters. The analysis was further extended for 

different improvement area ratios, embankment heights, and subsoil modulus. This will allow 

a better understanding of the cohesion effect on the arching. Only one parameter was 

modified each time, while the others were kept at their reference case values. The details are 

summarised in Table 2. Drained conditions are selected and therefore, the effective cohesion 

and friction angles for the soft soil and fill are used. The geosynthetic tensile stiffness is 

defined as the tensile force per unit width divided by the average strain. 

3.4. Analysis of results 

This numerical study focuses on emphasizing the cohesion effect on the arching and 

stress re-distribution mechanism in the cohesive embankment. Therefore, the results are 

discussed considering the efficacy by arching and the total efficacy in this section. Efficacy 

by arching, Ea, is defined as the proportion of the embankment load distributed directly on 

the pile caps by the arching effect. The total efficacy is defined as the proportion of the 

embankment load transferred onto a pile including the arching and the GR membrane effect. 

It should be noted that the arching efficacy obtained from the proposed model for the case of 

non-cohesive soils (c = 0) is the same as the results of Van Eekelen’s model. However, other 

terms such as the GR strain or differential settlement will differ because the proposed model 

only extends the model of Van Eekelen for the first calculation step (arching). 

3.4.1. Coupled influence of the cohesion and embankment height 

Fig. 10 shows the relationship between the arching efficacy with the embankment 

height for cohesive and non-cohesive fill soils. The results showed that the cohesive 

embankment fills strengthened the soil arching effect, thus increased the pile efficacy by 

arching, when compared with the cohesionless embankment fills. In addition, it is interesting 

to note that the cohesion effect on the arching becomes lower as the embankment height 

increases. The analytical and numerical models agree well with this tendency. The cohesion 

increases the fill shear resistance, and therefore the arching efficacy is enhanced. However, 

the friction resistance decreases with increasing the fill soil cohesion. It can be considered as 

an explanation of why the arching efficacy approaches a constant value when the cohesion is 

increased continuously. 

  

Downloaded by [ University of Edinburgh] on [30/11/21]. Copyright © ICE Publishing, all rights reserved.



Accepted manuscript doi: 
10.1680/jgein.21.00034 

 

A similar trend is also observed for the total efficacy in Fig. 11. According to the 

results, the analytical and numerical models agree that the efficacy by arching increases with 

the embankment height increase. For low heights, the embankment fill shear resistance is not 

large enough to develop arching. As the embankment height increases, more shear resistance 

is developed. It allows full soil arching development. It is found that the arching efficacy 

approaches a limiting value when the embankment height increases. These results proved the 

existence of a critical height that is defined as the height for which the shear forces in the 

embankment fill are reduced to zero. Since the embankment settles uniformly above the 

critical height, it seems appropriate to limit the shearing within the embankment to the soil 

below the critical height in theoretical methods (Sloan, 2011). It should be noted that by 

including the geosynthetic, more load is transferred onto the pile cap by the GR membrane 

effect, and the total efficacy is, therefore, greater for the reinforced cases than for the 

unreinforced ones. 

Both numerical and analytical models agree that the soil cohesion effect on soil 

arching decreases with increasing the embankment height. It is known that arching occurs by 

the shear resistance mobilization to resist the fill soils downward movements. In the low 

embankment case, where partial arching is mobilized, the friction resistance component of 

the embankment fill is not large enough to develop arching. The cohesion in this case acts as 

a bridge to remain fill soils not to be settled and therefore reduces the pressure acting on the 

subsoil. As a result, cohesion has a higher influence on the arching efficacy for low 

embankments than for high ones. 

3.4.2. Coupled influence of the cohesion and the improvement area ratio 

The improvement area ratio (IAR) is defined as the ratio of the coverage area by the 

pile cap with the total pile contributory area. The improvement area ratio can increase by 

increasing the pile cap width or reducing the pile spacing. According to Fig. 12, both 

numerical and analytical models agree that the efficacy of arching increases significantly with 

the increase of the improvement area ratio. However, it is interesting to note that the arching 

efficacy increase becomes lower when the improvement area ratio is greater than 8%. With 

increasing the improvement area ratio, more loads are transferred onto the pile cap and the 

arching efficacy is therefore increased. It is also observed that the cohesion increases the 

arching efficacy, particularly for low improvement area ratios. 

A similar tendency is also observed in Fig. 13 for the total efficacy term. It is worthy 

to note that the cohesive soils produce a higher total efficacy than the non-cohesive soils for 

different improvement area ratios. However, the effect of fill soil cohesion becomes more 

important for a lower improvement area ratio. This tendency is consistent along with 

numerical and analytical results. 

Both numerical and analytical models agree that the fill soil cohesion effect on soil 

arching decreases with the improvement area ratio increase. The fill soils cohesion plays a 

bridge role to connect two adjacent piles and therefore reduces the pressure acting on the 

subsoil and geosynthetic. This function becomes greater for a lower improvement area ratio 

as the arching mobilized due to the friction component is smaller. However, the arching 

mobilized due to the friction component is greater than the one due to cohesion as the 

improvement area ratio increases. This can be considered as an explanation of why the 

cohesion influence on arching decreases with increasing the improvement area ratio. 
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3.4.3. Coupled influence of the cohesion and friction angle of the embankment soil 

Fig. 14 demonstrates the relationship between the efficacy of arching and the embankment 

soil friction angle with the cohesion variation of the embankment soil. It should be noted that 

the prediction results are highly dependent on the fill friction angle. Besides, both analytical 

and numerical results agree that arching is larger with the increase of the fill soil friction 

angle and cohesion. As mentioned earlier, the soil arching is generated by the fill soils' shear 

resistance mobilization, which mainly depends on the friction angle. The total shear 

resistance is expected to increase with increasing the friction angle, and the arching efficacy 

is therefore increased. 

Fig. 15 indicates that the total efficacy increases with the increase of the fill soils 

friction angle. However, it is found from numerical results that the influence of friction angle 

becomes more important for the non-cohesive soils than the cohesive soils. According to the 

shear strength theory of soils, the friction resistance component and the cohesion resistance 

component are not mobilized for the same displacements. Instead, the cohesion is often 

mobilized for small strains before the friction mobilization. Therefore, the cohesion effect on 

the total efficacy decreases with increasing the friction angle. This tendency is observed in 

both numerical and analytical models. 

3.5. Discussion and comments 

The comparison between numerical and analytical results showed that the cohesive 

embankment fills strengthen the soil arching effect and, increase the arching efficacy if 

compared with cohesionless embankment fills. The analytical model agrees well with the 

numerical model in predicting the influence of the embankment height, the improvement area 

ratio, and the fill cohesion for the arching and total efficacy. However, differences in results 

are also obtained during the comparison between analytical and numerical models. It should 

be noted that in the analytical model, the failure state with a maximum arching mobilization 

is considered for the arching theory development while only an admissible deformation state 

is considered in the FDM model. In addition, the arching depends greatly on the nonlinear 

behavior of the soft and embankment soils. An elastic linear perfectly plastic constitutive 

model was selected to simulate these soil layers which represent a great simplification of the 

real behavior of soils. Furthermore, several simplified assumptions were applied for the 

numerical modelling procedure to fit the objectives of this research. As a result, values 

predicted by the analytical and numerical models can not match perfectly. 

In order to overcome these simplified assumptions considered in the numerical model 

and also to investigate the validity of the proposed analytical model, the comparison of the 

analytical model with field measurements is necessary and is presented in the next section. 

4. Validation of the analytical model with field tests 

4.1. Input parameters for the analytical models 

In this study, the validation of the analytical model is done by comparison of the 

proposed model with the measured results and three design standards for five field projects 

considering cohesive embankments. All selected cases are full-scale field tests considering a 

variety of fill soil material characteristics and piles geometry. These five selected cases with 

the determination of input parameters were also presented in Pham and Dias (2021). 
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The input parameters used for the analytical calculations are listed in Table 3. In the 

project of Chen et al. (2020), all the piles were arranged in a square pattern, at a center-to-

center distance of 3 m. The improvement area ratio is equal to 36%. The embankment fill 

mainly consisted of gravel and clayey soils. In the case of Zhao et al. (2019), the piles are 

arranged in a rectangular pattern, with a center-to-center spacing of 2.5 m transversally, and a 

center-to-center spacing of 4.5 m for all the piles longitudinally. It should be noted that the 

fill soils in this project have a cohesion of 16.7 kPa. The monitoring only lasted 56 days and 

reported a subsoil consolidation degree of 78%. For the project of Liu et al. (2015), cohesive 

soils mixed with about 40% fly ash were used as the fill material for the embankment. The 

effective cohesion and friction angle of the fly ash were determined using direct shear tests 

and are respectively equal to 11 kPa and 30°. The columns were placed in a square grid with 

a center to center spacing of 2.4 m. The column caps had a width of 1m. Liu et al. (2007) 

described a geogrid-reinforced and pile-supported (GRPS) highway embankment with a low 

area improvement ratio of 8.7%. The fill material consisted mainly of pulverized fuel ash 

with a cohesion of 10 kPa, and a friction angle of 30°. The annulus concrete piles were placed 

in a square pattern at a distance of three times the pile diameter (3 m) from the center to the 

center of the adjacent piles. The last case is of Forsman et al. (1999), in which DM columns 

were installed with a diameter of 0.8 m and undrained shear strength of 150 kPa to improve 

the in situ soil. A consolidation period of five years compatible with the field monitoring 

period is considered and then the consolidation is continued up to thirty years. The 

consolidation degree of subsoil at the monitoring time was 90%. Forsman et al. (1999) did 

not report the efficacy from field measurements. 

4.2. Comparison and discussion 

A comparison of the analytical model with measured values for the project of Chen et al. 

(2020) is presented in Table 4. According to the results, the efficacy by arching obtained 

from the proposed model is higher by 9.6% compared to the measured value. It should be 

noted that the arching efficacy value predicted by the proposed model and CUR226 model is 

approximately identical. In this project, the fill soils friction angle was very high (39
0
) and 

the surcharge load was 50 kPa while the fill soils cohesion was only equal to 5 kPa. The 

cohesion effect on arching, in this case, is relatively small, and the arching efficacy predicted 

by the proposed model is therefore close to the CUR226 model. Regarding the maximum GR 

tension and deflection, however, the proposed model provides an excellent match with the 

measured results, with a difference of 1.8%. It is also observed that the results of the 

proposed model generally agree with the measured data better than the three available design 

methods. 

The results from the analytical model are compared with the field measurement of Zhao 

et al. (2019), as shown in Table 5. It is interesting to note that the results obtained from the 

analytical model agree well with the measured data for all three main terms. The relative 

difference between the proposed model and measured data is 1.2% for the arching efficacy, 

3.3% for the GR tensile force, and 4% for the maximum geosynthetic deflection. Meanwhile, 

the CUR226 model produces results that differ significantly from the measured data. For 

instance, the CUR226 model underpredicts 26.5% the arching efficacy and overpredicts of 

130.7% the maximum GR deflection. The fill soils cohesion in this project is relatively high 

(16.7 kPa) while the friction angle is quite low. As a result, cohesion plays an important role 

in enhancing the soil arching for this case. However, the CUR226 model was not able to 

consider the cohesion effect that explains why the arching efficacy was underpredicted. It is 

obvious that the proposed model successfully incorporates the cohesion effect on arching, 
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and is therefore applicable for both cohesive and non-cohesive fill soils. Furthermore, the 

proposed model shows a good prediction performance, which is generally better than other 

models for all considered terms. The method of BS8006 cannot be accepted for the GRPS 

embankment design because the result of efficacy by arching was negative. 

The results obtained from the analytical model are compared to the measured values of 

Liu et al. (2015), as shown in Table 6. For the efficacy, the analytical model slightly under-

predicts the arching efficacy of 8.6% and is generally better than other design methods. As 

compared to the CUR226 model, the proposed model produces a better agreement with 

measured results. It can be concluded that considering the fill soils cohesion gives more 

accuracy in predicting the soil arching. According to the results, it is also observed that the 

proposed model matches well with measured data for the maximum GR deflection term, with 

a relative difference of 12.5%. It is also noted that other design methods overpredicted 

significantly the geosynthetic reinforcement tension, yielding in uneconomical designs. 

A comparison between the analytical model and the other design models for the case of 

Liu et al. (2007) is shown in Table 7. It is noted that the analytical model gives a slight under-

estimation of the arching efficacy component with a relative error of approximately 4.7% 

while the relative error of the CUR226 model was equal to 7.5%. Considering the cohesion 

effect, the accuracy in predicting efficacy was improved. It should be noted that an excellent 

agreement between the proposed model and the field measurements is also found for the 

maximum tensile force and deflection of the geosynthetic. The relative error between the 

proposed model and measurement was only 2.5%. The CUR226 model agrees relatively well 

with the measured data for the GR tensile force term but overpredicts significantly the 

maximum GR deflection. The BS8006 and EBGEO models overpredict highly the 

geosynthetic deformation. 

Results, obtained from the analytical model are compared with the field measurements 

and several other design models for the case of Forsman et al. (1999), as shown in Table 8. It 

should be noted that the proposed model gives a good agreement with the measured GR 

deflection (approximately 5.5% of relative difference). The CUR226 model gives an 

underprediction with approximately 21.5% while the EBGEO and BS8006 models produce a 

significant overprediction for the maximum GR deflection term. It should be noted that the 

proposed model gives a better agreement with the measured data when compared to other 

design models. 

5. Conclusion 

This study presents three-dimensional numerical simulations of a geosynthetic-reinforced 

and pile-supported embankment. They permit the evaluation of the influence of the 

embankment soil cohesion on the arching effect. The numerical results showed that for the 

same friction angle, the cohesive embankment fills strengthen the soil arching effect, and 

increase the efficacy when compared with non-cohesive embankment fills, which is in an 

agreement with the findings by Xu et al. (2016) in their scaled-test model. 

A new analytical model is then proposed to predict arching, in which the cohesion of fill 

soils is considered. This model represents an extension of the concentric Arches model that 

enables the application of GRPS embankments to cohesive fill soils. To analyze the 

geosynthetic’s deformation, the proposed method introduces a simplified form of the cubic 

equation which allows in an easier way to perform a design analysis. 
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The interaction mechanism between the soil and the structures is incorporated into the 

proposed method. It enables a realistic and suitable approximation of the load-deformation 

behavior of GRPS embankments. The influence of the subsoil consolidation, skin friction 

along geosynthetic, and platform were considered in the analytical model 

Both analytical and numerical models agree that the arching efficacy increases with an 

embankment height increase, an improvement area ratio increase and, a fill soil friction angle 

increase. The study results also suggest that the embankment soil cohesion contributes to an 

increase in the arching efficacy for the same friction angle. The total efficacy is thus higher 

than the one for cohesionless soils. 

A comparison of the proposed method with three well-known design methods for some 

full-scale field tests is also conducted to investigate the efficiency of the proposed method. 

The results showed that the analytical model results are in good agreement with the field 

measurements, and generally better than other methods. The proposed model is therefore 

applicable for GRPS embankments with cohesive and non-cohesive fill soils. 

Notation 

Basic SI units are shown in parentheses. 

Ac  area of a pile cap (m
2
); 

As  area of soft subsoil between pile caps (m
2
); 

a  width of a square pile cap or equivalent width of a circular pile cap (m); 

c  cohesion of embankment soils (Pa); 

cs  total cohesion of soils at upper and lower sides of geosynthetic interfaces (Pa); 

d  diameter of circular pile cap (m); 

Dact  active depth of subsoil (m); 

E  total efficacy (dimesionless); 

Ea  efficacy component by arching effect (dimesionless); 

Em  efficacy component by membrane effect (dimesionless); 

Es  average elastic modulus of subsoil within active depth (Pa); 

fp  friction coefficient of surrounded soils at upper side of GR interface (dimesionless); 

fs  friction coefficient of surrounded soils at lower side of GR interface (dimesionless); 

FGRsquare  vertical load exerted by 3D hemispheres on square subsurface (N); 

FGRstrip  vertical load exerted by 2D arches on strip subsurface (N); 

Hg3D  height of the largest hemisphere (m); 

Hg2D  height of the 2D arch (m); 

H  height of embankment(m); 

hg  arching height (m); 

JGR  tensile stiffness of geosynthetic (N/m); 

U  consolidation degree of subsoil (dimesionless); 

KP  passive earth pressure coefficient (dimensionless); 

Ks  modulus of subgrade reaction (Pa/m); 

Lx3D  largest length of the square area (m); 

Lx2D  length of GR strip upon which 2D arches exert their force in direction x (m); 

Ly2D  length of GR strip upon which 2D arches exert their force in direction y (m); 

Downloaded by [ University of Edinburgh] on [30/11/21]. Copyright © ICE Publishing, all rights reserved.



Accepted manuscript doi: 
10.1680/jgein.21.00034 

 

a

cP  total load resting directly on pile cap by arching effect (N); 

a

sP  total load resting directly on geosynthetic and subsoil by arching effect (N); 

sP  load part received by subsoil (N); 

m

cP  load part transferred onto pile cap by tensioned membrane effect (N); 

GRP  load part carried by geosynthetic (N); 

q  surcharge (Pa); 

R  radius of hemisphere (m); 

r  radius of a 2D arch (m); 

s’  clear spacing (m); 

s  center-to-center pile spacing (m); 

sd  diagonal pile spacing (m); 

sx  center-to-center pile spacing in direction x (m); 

sy  center-to-center pile spacing in direction y (m); 

T  total GR tensile force (N/m); 

Tε  component of GR tensile force induced by the load (N/m); 

Tf  component of GR tensile force induced by skin friction (N/m); 

y  maximum deflection of geosynthetic (m); 

yx   deflection of geosynthetic at position of distance x away from pile cap edge (m); 

σR  radial stress in a 3D hemisphe (Pa); 

σr  radial stress in a 2D arch (Pa); 

σθ  tangential stress in 2D arch or 3D hemisphere (Pa); 
a

s   vertical stress acting on the geosynthetic and subsoil by arching effect (N/m
2
); 

γ  the soil unit weight (N/m
3
); 

ϕ  internal friction angle of embankment fills (degree); 

χ  cohesion coefficient (dimensionless); 

θ  deflected angle of geosynthetic (degree); 

εa  geosynthetic strain by load (dimensionless); 

ϕp  friction angle of soil at the upper side of the geosynthetic interface (degree); 

ϕs  friction angle of soil at the lower side of the geosynthetic interface (degree); 

αp, αs interaction coefficients between geosynthetic-soils (dimensionless); 

Abbreviations 

BS  British Standard 

CA  Concentric arch 

GRPS  Geosynthetic-reinforced and pile-supported 

GR  Geosynthetic reinforcement 

PHC  Pre-fabricated high-strength concrete 

DM  Deep mixing 

CPT  Cone penetration test 
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Table 1. Parameters used in numerical and analytical models for control case 

Materials Parameters Notation Unit Value 

Numerical Analytical 

Embankment 

and mattress 

Young’s modulus E MPa 20 - 

Poisson’s ratio ν - 0.3 - 

Cohesion c kPa 10 10 

Effective friction angle ϕ degree 30 30 

Unit weight  γ kN/m
3 

18.5 18.5 

Friction interaction coefficient  αp - - 0.8 

Soft subsoil Young’s modulus E MPa 1.5 - 

Poisson’s ratio ν - 0.4 - 

Cohesion c kPa 8.0 - 

Effective friction angle ϕ degree 10 10 

Unit weight  γ kN/m
3 

17 - 

Subgrade reaction modulus  Ks kPa/m - 150 

Consolidation degree of subsoil,  U - - 0.92 

Friction interaction coefficient  αp - - 0.6 

Total cohesion of soils both 

interfaces 

cs kPa - 20 

Substratum Young’s modulus E MPa 200 - 

Poisson’s ratio ν - 0.35 - 

Cohesion c kPa 50 - 

Effective friction angle ϕ degree 25 - 

Unit weight  γ kN/m
3 

19 - 

Pile Dimension of the square cap 

pile 

a m - 0.89 

Diameter of the circular cap pile dc m 1 - 

Young’s modulus E MPa 20000 - 

Poisson’s ratio ν - 0.2 - 

Unit weight  γ kN/m
3
 25 - 

Geosynthetic Tensile stiffness  JGR kN/m 1180 1180 

Poisson’s ratio ν - 0.3 - 

Coupling stiffness k Pa 50e9 - 

Coupling cohesion c kPa 0 - 

Coupling friction ϕ degree 30 - 

 

Table 2. Values used in parametric study 

Parameters Values 

Cohesion of fill soils (kPa) 0, 10, 20 

Embankment height (m) 1.0, 1.4, 2.8, 5.6 

Improvement area ratio (%) 2.0, 8.7, 15.0 

Friction angle of fill soils (degree) 20, 30, 40 
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Table 3. Summary of input parameters of field site for analytical calculations 

Parameters Chen et 

al., 

2020 

Zhao et 

al., 

2019 

Liu et 

al., 

2015 

Liu et 

al., 

2007 

Forsman 

et al. 

(1999) 

Full-

scale 

field 

Full-

scale 

field 

Full-

scale 

field 

Full-

scale 

field 

Full-scale 

field 

Width of square pile cap, a (m) 1.8 1.0 1.0 1.0 0.7 

Center-to-center pile spacing, sx (m) 3.0 4.5 2.4 3.0 1.4 

Center-to-center pile spacing, sy (m) 3.0 2.5 2.4 3.0 1.4 

Embankment height, H (m) 3.0 2.4 4.60 5.6 1.8 

Unit weight of fill soil, γ (kN/m
3
) 22.0 19.0 19.0 18.5 20 

Friction angle of fill soils, ϕ (deg) 39.0 22.0 30.0 30 36 

Cohesion of fill soils, c (kPa) 5.0 16.7 11.0 10 5.0 

Surcharge load, q (kPa) 50 0 0 0 12 

Subgrade reaction modulus, Ks (kPa/m) 459 860 500 550 51 

Consolidation degree of subsoil, U  0.7 0.78 0.80 0.92 0.90 

Geosynthetic tensile stiffness, 

JGR(kN/m) 

5080 1630 1125 1180 1700 

Cohesion of soils at upper and lower 

interfaces, cs (kPa) 

16.4 2 5 20 10 

Friction angle of soils at upper interface, 

ϕp (deg) 

39 30 30 40 32 

Friction angle of soils at lower interface, 

ϕs (deg) 

8.2 30 30 10 32 

Frictional interaction coefficient at 

upper interface, αp  

0.8 0.8 0.8 0.8 0.8 

Frictional interaction coefficient at 

upper interface, αs  

0.6 0.8 0.8 0.6 0.8 

Cohesion coefficient, χ by Eq. (16) 0.108 0.137 0.134 0.11 0.114 

 

Table 4. Comparison of predicted and measured results for site of Chen et al. (2020) 

 Equation 

number 
Proposed 

model 

BS8006 

(2010) 

EBGEO 

(2011) 

CUR226 

(2016) 

Field 

measurement 

Efficacy by arching, 

Ea (%) 

Eq. (32) 89 79.0 92.0 88.3 81.2 

Efficacy by GR 

membrane, Em (%) 

Eq. (52) 1.5 21.0 - 5.5 - 

Total efficacy, E 

(%) 

Eq. (53) 90.5 100 - 93.8 - 

Maximum tension in 

geosynthetic, T 

(kN/m) 

Eq. (41) 11.4 80.2 51.5 23.1 (8.60) 

Maximum 

geosynthetic 

deflection, y (mm) 

Eq. (49) 28.0 164 16 42 27.5 

Note: The number in parentheses () is derived from the deflection of the geosynthetic 
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Table 5. Comparison of predicted and measured results for site of Zhao et al. (2019) 

 Equation 

number 
Proposed 

model 

BS8006 

(2010) 

EBGEO 

(2011) 

CUR226 

(2016) 

Field 

measurement 

Efficacy by arching, 

Ea (%) 

Eq. (32) 48.6 -2.0 21.7 35.8 48.7 

Efficacy by GR 

membrane, Em (%) 

Eq. (52) 0.74 100 - 8.6 - 

Total efficacy, E 

(%) 

Eq. (53) 49.3 100 - 44.4 - 

Maximum tension in 

geosynthetic, T 

(kN/m) 

Eq. (41) 17.9 1678 25.8 8.9 (17.3) 

Maximum 

geosynthetic 

deflection, y (mm) 

Eq. (49) 23 479 82 51 22.1 

 

Table 6. Comparison of predicted and measured results for site of Liu et al. (2015) 

 Equation 

number 
Proposed 

model 

BS8006 

(2010) 

EBGEO 

(2011) 

CUR226 

(2016) 

Field 

measurement 

Efficacy by arching, 

Ea (%) 

Eq. (32) 71.1 71 67.7 68.6 77.7 

Efficacy by GR 

membrane, Em (%) 

Eq. (52) 2.4 29 - 10.0 - 

Total efficacy, E 

(%) 

Eq. (53) 73.4 100 - 79.6 - 

Maximum tension in 

geosynthetic, T 

(kN/m) 

Eq. (41) 11.5 105.7 33.1 15.1 (10.3) 

Maximum 

geosynthetic 

deflection, y (mm) 

Eq. (49) 45.7 192 55 66 40 

 

Table 7. Comparison of predicted and measured results for site of Liu et al. (2007) 

 Equation 

number 
Proposed 

model 

BS8006 

(2010) 

EBGEO 

(2011) 

CUR226 

(2016) 

Field 

measurement 

Efficacy by arching, 

Ea (%) 

Eq. (32) 59.6 61 55.6 57.9 62.5 

Efficacy by GR 

membrane, Em (%) 

Eq. (52) 2.52 39 - 11.8 - 

Total efficacy, E 

(%) 

Eq. (53) 62.13 100 - 69.7 - 

Maximum tension in 

geosynthetic, T 

(kN/m) 

Eq. (41) 20.13 285.8 46.3 22.1 20 

Maximum 

geosynthetic 

deflection, y (mm) 

Eq. (49) 73.8 274 97 92 72 
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Table 8. Comparison of predicted and measured results for site of Forsman et al. (2001) 

 Equation 

number 
Proposed 

model 

BS8006 

(2010) 

EBGEO 

(2011) 

CUR226 

(2016) 

Field 

measurement 

Efficacy by arching, 

Ea (%) 

Eq. (32) 83.7 75 82.5 81.9 - 

Efficacy by GR 

membrane, Em (%) 

Eq. (52) 15.7 25 - 15.6 - 

Total efficacy, E 

(%) 

Eq. (53) 99.4 100 - 97.5 - 

Maximum tension in 

geosynthetic, T 

(kN/m) 

Eq. (41) 14 23.7 35.4 13.6 18 

Maximum 

geosynthetic 

deflection, y (mm) 

Eq. (49) 37.3 96 18 31 39.5 

 

Figure captions 

Figure 1. Design procedure of piled embankment with two calculation steps. a) Step 1. 

Arching calculation, b) Step 2. Load-deflection behavior of geosynthetic 

Figure 2. Formation of concentric arches 

Figure 3. Concentric arches model (modified from Van Eekelen et al., 2013) 

Figure 4. 3D Concentric hemispheres (modified from Van Eekelen et al., 2013) 

Figure 5. 2D Concentric hemispheres (modified from Van Eekelen et al., 2013) 

Figure 6. Subgrade reaction model (Pham, 2020b) 

Figure 7. Parabolic assumption model 

Figure 8. Design procedure of GRPS embankment with the proposed model 

Figure 9. Numerical modelling of GRPS embankment (a) Pile layout, (b) Simulated unit cell, 

(c) Grid mesh 

Figure 10. Efficacy by arching with embankment height 

Figure 11. Total efficacy with embankment height 

Figure 12. Efficacy by arching with improvement area ratio 

Figure 13. Total efficacy with improvement area ratio 

Figure 14. Efficacy by arching with friction angle of fill soils 

Figure 15. Total efficacy with friction angle of fill soils 
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