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included two steps of validation. First, a numerical 

model was designed and its results compared to field 

and laboratory measurements. Then, the numerical 

model was used for a parameter variation study to 

validate the Concentric Arches model. This was done 

by comparing the numerical results to predictions 

of the Concentric Arches model as well as two other 

models that are currently in use. The Zaeske (2001) 

model is used in guidelines in Germany and the 

Netherlands and the Hewlett & Randolph (1988) 

model is used in guidelines in the UK and France.

De�nitions of arching and load distribution
Figure 1 shows a basal reinforced piled 

embankment: piles surrounded by soft subsoil, 

overlain by a geosynthetic grid, on which the 

embankment !ll is placed. Because of the friction 

within the !ll, the piles do not only carry the weight 

of the soil directly on top of them, but also part of 

the load above the !eld between the piles. This 

effect, called arching, is increased by the use of a GR. 

Furthermore, the GR itself transfers load to the pile.

Three load parts are de!ned as shown in Figure 

1, each in kN/pile. Load part A is the part that is 

directly transferred to the piles by arching (this load 

part increases when using a GR). The residual load 

is partly redirected to the piles by the GR (load part 

B) and partly carried by the subsoil (load part C). 

When designing piled embankments, the (relative) 

amount of arching, A% = A / (A+B+C) needs to be 

determined. This is the objective of the Concentric 

Arches model or other arching models.

Lessons learned
As described before, the validation of the 

Concentric Arches model was done in two steps. 

The !rst step was to create a numerical model 

with results that are similar to measurements. 

These measurements were drawn from scaled 

laboratory tests (Van Eekelen et al., 2012a and 

2012b) and full-scale !eld tests (Van Eekelen et 

al., 2012c). The laboratory test was modelled !rst. 

It became clear that the test set-up included a 

number of complexities that greatly in"uenced the 

performance of the numerical model. 
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» In September 2013, Van Eekelen et al. 

published a new design model for basal 

reinforced piled embankments. This Concentric 

Arches model specifically focusses on determining 

the load distribution within the embankment. 

Additional to the validation given in the publication 

itself, numerical calculations were used to determine 

the validity of the Concentric Arches model. This was 

done within the MSc thesis of Van der Peet (2014), also 

reported in Van der Peet and Van Eekelen (2014) and 

Infrastructural projects such as roads and railway tracks are usually built on an embankment of sand or granular material. 

When building on soft soils, the prevention of differential settlements and resulting damage is traditionally done by including 

a long settlement period in the construction process. One method to decrease construction time is to use a pile foundation 

beneath the embankment. If a geosynthetic reinforcement (GR) is used in the base of the embankment, the construction is 

called a basal reinforced piled embankment.
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Figure 2: Geometry of the 3D basic modelFigure 1: Load distribution in a basal reinforced piled embankment
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The soft subsoil is modelled using the Mohr-

Coulomb (MC) model. The embankment !ll, 

consisting of crushed granular material, 

is modelled by the hardening soil (HS) model, 

using the drainage type Drained. The !ll property 

set is copied with R
inter

 set to 1.0, to be used 

speci!cally for the interface extensions of the 

subsoil-beam interfaces. The geogrid is modelled 

as a Linear-Elastic material. In 2D, the material is 

isotropic, using axial stiffnesses EA1 = EA2 = 1500 

kN/m, which is a stiffness for long term loading 

and strains usual in practice. In 3D however, in 

order to correctly model the biaxial material 

behaviour, the stiffness is set to anisotropic and 

the stiffness in shear loading, GA, is set to zero.

Construction was modelled in four phases aside 

from the initial phase, which are summarized in 

Table 2. In phase 2, when the embankment is built 

Some of these issues could not be solved within 

the limited time available. Other issues were 

solved and led to a model that produced similar 

results as the !eld test measurements. The solved 

issues are:

• In practice, a sand layer is often placed between 

the piles and the GR. In the numerical model, 

punching failure occurs in this layer at the edges 

of the piles. This punching failure can be pre-

vented by modelling the sand layer as a linear-

elastic material with low stiffness. By using a 

Poisson’s ratio  close to 0.5, the stiffness of the 

layer as a whole is included. However, the actual 

modelled stiffness cannot straightforwardly be 

compared to measured parameters. Therefore, 

in the !nal model of the !eld test, the sand layer 

was removed.

• To correctly model the friction between the 

GR and the surrounding soils, interfaces were 

added around the GR. Because the linear-

elastic material of the piles cannot behave 

plastically, slip of the GR over the piles is very 

small. This slip reaches more realistic values if a 

separate material set is used for the interface. 

This material set uses the Mohr-Coulomb model 

with low strength parameters. The stiffness is 

kept high, to prevent overlap of the GR over the 

piles or sand layer.

• When subsoil with low stiffness is used, the wa-

ter inside has an unrealistic low stiffness, lead-

ing to unrealistically low water overpressures 

for undrained conditions. By increasing the 

Skempton-B parameter of the subsoil the ratio 

between the stiffness of the soil and the water 

can be increased so that the water overpressure 

matches measurements.

Description of numerical models
Using the lessons learned above, a numerical 

model was set up that gives acceptably similar 

results to the !eld measurements, both in PLAXIS 

2D (2012) and PLAXIS 3D (2012.02). Its geometry 

incorporates two !elds. After slight adaption of 

embankment height and material parameters, 

the basic geometry of the 3D model, as shown 

in Figure 2, uses a pile width b = 0.75 m and a 

centre-to-centre distance s
x 
= s

y
 = 2.25 m. The 

embankment height was chosen H = 2.0 m, the 

subsoil height H
sub

 = 1.0 m and the top load 

p = 5.0 kN/m2. These are realistic values in 

practice. In the 2D model, the piles in y-direction 

were combined into beams using the same 

parameters. All boundary conditions are standard 

conditions (bottom !xed in all directions, sides 

!xed in lateral direction). Vertical interfaces were 

added between the beams/piles and the subsoil, 

including an extension of 0.10 meter up into the 

embankment !ll. Horizontal interfaces were used 

around the GR, both above towards the !ll and 

below towards the beams/piles and the subsoil.

The constitutive models and their parameters are 

given in Table 1. The piles are modelled as a linear 

elastic (LE) and Non-porous material. 

Unit
Piles
(LE)

Subsoil
(MC)

Fill
(HS)

Interface
Extension

(HS)

Interface 
GR-Piles

(MC)

dry
kN/m3 15 18 17 17 15

wet
kN/m3 - 20 19 19 15

E
(50)

kN/m2 25x106 500 80x103 80x103 25x106                        

E
oed

kN/m2 - - 60x103 60x103 -

E
ur

kN/m2 - - 210x103 210x103 -

m - - - 0.5 0.5 -

(ur)
- 0.0 0.2 0.2 0.2 0.0

c kN/m2 - 5 1 1 1

° - 10 45 45 10

° - 0 15 15 0

p
ref

kN/m2 - - 100 100 -

K
0
nc - - - 0.2929 0.2929 -

R
inter

- 1.0 0.6 0.8 1.0 1.0

Table 1: Soil material sets in the basic models
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No. Phase name Type Activated geometry

0 Initial phase K0 procedure Subsoil

1 Pile installation Plastic (UM) Beams, Subsoil

2 Embankment constr. Plastic (UM) Beams, Subsoil, GR, Embankment

3 Top load Plastic (UM) Beams, Subsoil, GR, Embankment, Top load 5.0 kPa

4 No subsoil support Plastic (UM) Beams, GR, Embankment, Top load

Basic model GR Stiffness Height Friction angle Top load

Hewlett & Randolph

Zaeske

Concentric Arches

Validating a new design method for piled embankments with PLAXIS 2D and 3D

by activating the GR and !ll, the displacements are 

set to zero. In the last phase (Phase 4), the subsoil 

cluster is turned off to simulate a situation where 

subsoil support is lost. This is realistic when a 

sand layer is included between the piles and the 

GR, which makes the subsoil settle below the GR 

leaving a gap from which no support is possible. 

All calculation phases (not counting the initial 

situation) use a plastic drained analysis, which 

means the effect of consolidation is not included, 

but only the !nal situation of equilibrium. It is 

necessary to account for large deformation effects, 

so the updated mesh (UM) option is turned on.

During the parameter variation study, the basic 

model was adapted one parameter at a time. 

The parameters included in this study were the 

GR stiffness EA1 and EA2, the top load p, the !ll’s 

friction angle and the embankment height H.

Interpreting the results
The arching models under consideration are 

limit state models, attempting to !nd the lightest 

construction that will remain stable. This implies 

that throughout the (arches of the) models the 

ultimate limit state (ULS) is reached and the full 

strength pro!le of the embankment has been 

mobilised. This can be analysed using the relative 

shear stress output of PLAXIS. In both 2D and 3D, 

the last phase, without subsoil support, results 

in a relative shear value of 1.0 throughout the 

embankment. 

This means the shear strength is fully mobilized 

and ULS has been reached. In the earlier stages 

however, ULS is not reached, not even when the 

top load is increased to unrealistically high values. 

Therefore, only the last phase is comparable to the 

results of the analytical models.

Van der Peet (2014) and Van der Peet and Van 

Eekelen (2014) extensively analysed different 

aspects of the numerical results, such as the shape 

of the arches, the stress distribution above the GR 

(Figure 3), the de"ection of the GR and the load 

distribution over arching (A), GR (B) and subsoil 

(C). In the 3D model, the analysis of the shape of 

the arches and GR de"ection was done for three 

separate areas, see Figure 4, to include 3D effects. 

The principal stress directions output of Plaxis was 

used to determine the arch shape (Figure 5 and 

!gure 6). For the 2D model, the distribution of the 

load (over A, B and C) could be analysed using 

the forces view option of the Output program. 

However, more accurate results were acquired 

by integrating the closest stress points over the 

surface under consideration. This is a method that 

can be extended to the 3D situation as well. 

The stress points used were selected using their 

material type and location. This introduces a slight 

inaccuracy because the updated mesh analysis 

results in coordinate values for the stress points 

that change each phase. The stresses in the stress 

points under consideration were then averaged 

using a weighing factor equal to the volume of the 

stress point’s element. 

By creating a thin soil layer both above and below 

the GR, the elements are enforced to have similar 

heights. Therefore, this method should closely 

approximate the exact result. An overview of 

the results of the analysis of the basic model and 

parameter study can be found in table 3. These 

results are presented extensively in Van der Peet 

and Van Eekelen (2014).

Figure 3: Vertical stress distribution on GR resulting from numerical calculations 

and analytical models

Table 2: Calculation phases in the basic models

Table 3: Results of the analysis of the basic model and parameter study
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Conclusions
The numerical calculations and the predictions 

of the Concentric Arches method show strong 

similarities, both in shape of the arches and the 

amount of arching A%. Especially for higher top 

loads and when the in!uence of the "ll’s friction 

angle is of importance, the Concentric Arches 

model performs better than the other analytical 

models under consideration.
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Figure 5 Principal stress directions between two neighbouring piles 

(cross-section 1) after ULS is reached

Figure 6: Principal stress directions between two diagonally neighbouring piles (cross-

section 2) after ULS is reached


