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ABSTRACT: In current engineering practice, numerical methods are routinely used for the modelling of deep foundations. For 
complex projects the three-dimensional Finite Element Method (FEM-3D) is typically employed. The article studies some aspects of 
numerical modelling for piled raft foundations, with application on a case study conducted on a large diameter gas tank, which is 
subjected mainly to compressive loads. A full-scale field test was conducted by filling the tank with water, during which the 
settlements were monitored. The foundation was modelled using two commercial FEM softwares, using different constitutive laws for 
the soil and interface elements. The results of the numerical models are analyzed and compared to field measurements and two 
simplified methods. The study allows the highlighting of the complexity of the modelling process of a piled raft foundation in 
difficult soil conditions, and of some specific aspects of advanced numerical modelling. 

RÉSUMÉ : Dans la pratique courante, les méthodes numériques sont fréquemment utilisées pour la modélisation des fondations 
profondes. Pour des projets complexes la méthode des éléments finis tridimensionnels (FEM-3D) est généralement utilisée. L’article 
étudie quelques aspects de modélisation numérique des fondations type radier sur pieux avec application sur une étude de cas d’un silo à 
gaz de grand diamètre, soumis à des charges prépondérants de compression. Un test en vraie-grandeur a été réalisé en remplissant le silo 
avec de l’eau et les tassements ont été mesurés. La fondation a été modélisée en utilisant deux codes de calcul qui utilisent FEM et 
différent lois constitutives pour le sol et les éléments d’interface. Les résultats des modélisations numériques sont analysés et comparés 
avec les mesures in situ and aussi avec deux méthodes simplifiées. Cette étude permet de mettre en évidence la complexité du processus 
de modélisation numérique de radiers sur pieux en conditions difficiles de terrain et aussi quelques aspects spécifiques de modélisation 
numérique avancée.     
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1  INTRODUCTION 

The use of three-dimensional Finite Element Analysis for the 
modelling of the foundation of high-rise buildings, or those 
with a large base area combined with difficult soil conditions, is 
often employed in current engineering practice. In case of 
combined pile raft foundations such analysis is particularly 
suitable, taking into account the various interactions that exist 
between the foundation system and the soil. 

The paper presents some aspects of numerical modelling 
applied to a real-life project consisting of a 56 m diameter 
circular gas tank in Northern France, founded on a group of 169 
large diameter piles in particularly difficult soil conditions.  

The initial design of the foundation was performed using the 
equivalent raft method. After the building of the foundation a 
full-scale load test was carried out by filling the tank with water, 
with the settlements being measured using two horizontal 
inclinometers inside the raft. 

Subsequently, a series of numerical calculations were 
performed, as part of a broader study of combined pile raft 
foundations, which contained also several other methods 
(mostly simplified methods) in an effort to compare most of the 
available analysis methods for this type of foundations using a 
real-life case study. 

The numerical calculations were performed using two 
commercial softwares (Plaxis and Midas), and concentrated on 
some specific aspects of numerical modelling applied to deep 
foundations, especially the influence of the soil constitutive 
model and the pile-soil interface elements on overall 
settlements. 

 
2  PROJECT DESCRIPTION 

2 .1  Soil conditions 

In accordance with French practice, the geotechnical study 
was focused on in-situ soil tests (CPT and pressuremeter). The 
pressuremeter test reached a depth of 45 m (compared to approx. 
27 m in case of CPT), for this reason the modelling relied 
primarily on these results. The geotechnical investigations 
revealed a fairly uniform soil lithology consisting of 5 
characteristic soil layers, presented in table 1. 
Table 1. Soil parameters 

Soil layer 
Thick-

ness 
EM,med Es* d* cd* 

 m MPa kPa ⁰ kPa 

Very soft 
peat 

10.5 1.9 1.9 22 21 

Dense 
fine sand 9.5 20.5 61.6 29 10 

Soft silty 
clay 8.0 10.3 15.4 12 21 

Dense 
gravel 7.0 30.2 121 30 0 

Marly 

clay 
9.0 82.3 82.3 20 98 
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 Legend: EM,med: average value of pressuremeter modulus for 
a layer; Es: soil deformation modulus; d, cd: shear strength. 

*The parameters (Es, d and cd) have been correlated from 
the pressuremeter tests using correlations (Utter et al., 2013), as 
the number of triaxial tests conducted on the cohesive soils was 
insufficient. 

Two compressible soil layers are found within the presumed 
influence depth of the foundation: the peat (ground level .. -10.5 
m) and the soft silty clay (-20.0 m .. -28.0 m). The combined 
thickness of the compressible layers indicates particularly 
difficult soil conditions. 

2 .2  Geometry and loads 

The gas tank has a circular shape with an outer diameter of 
56.2 m. Its vertical structure consists of a perimetral wall with a 
thickness of 60 cm, situated at a distance of 3.6 m from the 
margin. The tank is used for the storage of natural gas, being 
subjected to vertical loads, with a maximum service load of 
PSLS = 314 000 kN (average pressure on soil 126.5 kPa). 
Approximately 2/3 of the total load is distributed evenly on the 
surface (incl. self-weight), while the remaining 1/3 is 
transmitted by the perimeter wall. 

2 .3  Initial design 

The initial design was carried out using the equivalent raft 
method. The solution was a piled raft foundation, with 169 
Starsol® (2009) piles (d = 1.02 m, L = 34 m) placed 
concentrically in 7 rings. The raft was designed with a variable 
thickness: 90 cm (center) - 160 cm (margin) (see fig. 1 and 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Vertical cross-section 

 

 
 
 
 
 
 
 
 
 

 
 
 
 

 

 

Figure 2. Pile layout 

The estimated safe bearing capacity for the single pile was 
3773 kN, with a settlement of 7.1 mm, which means that the 

total capacity of the pile group, neglecting both the group effect 
(unfavorable) and the load carried by the raft (favourable) is 
637 000 kN, which is approximately 2 times the service load 
(PSLS). 

The main design criterion was the limitation of the overall 
settlements under 50 mm in all design combinations. The 
estimated settlement and estimated was 31 mm for the test load. 

2 .4  Field test 

In order to verify the design, but also to facilitate the 
consolidation of the foundation soil, a monitoring program was 
implemented for a maximum load of Ptest = 520 500 kN (cca. 
65% higher than the service load PSLS = 314 000 kN). 

The monitoring was performed using two horizontal 
inclinometers placed inside the raft, along the North-South and 
East-West directions. The loads were applied gradually on a 
period of tine of 12 months. Fig. 3 presents the settlement 
diagrams for the maximum load. 

The maximum settlement is approx. 38.5 mm on both 
directions, while settlements at the edge of the raft varies from 
11.5 to 15.5 mm. The measurements are in good agreement 
with the original design – 38.5 mm compared to 31 mm. 

 
 
 
 
 
 
 
 
 

 
 
 

Figure 3. Measured settlements 

 
3  NUMERICAL MODELLING 

3 .1  Overview 

The numerical modelling was performed using the following 
commercial softwares: Plaxis 2D, Plaxis 3D and Midas GTS 
NX 3D. In case of the Plaxis 2D software the axisymmetric 
model was used due to the circular symmetry of the geometry 
and the loads, while in the Plaxis 3D and Midas software the 
entire foundation was modelled. 

The soil layers were modelled using the Mohr-Coulomb 
constitutive law for each software, in addition the Hardening 
Soil model was applied for the Plaxis 3D software, by 
estimating advanced geotechnical properties based on soil type 
and literature (Truty, 2008). 

3 .2  Model details and results 

3.2.1   Plaxis 2D 
 

Hypotheses: axisymmetry; piles modelled as plate elements 
with equivalent stiffness; the central pile modelled as a concrete 
cylinder; perfectly plastic interface element using the Mohr-
Coulomb constitutive model, with =0 and c=qs,lim (where qs,lim 
is the maximum skin friction for a certain soil layer). The 
maximum skin friction was computed using the semi-empirical 
method from the French geotechnical design guide applicable 
before the introduction of the Eurocode 7 (Fascicule N°62, 
1993). 

Results: settlements -  56.7 mm for the central pile, 45.9 
mm for the marginal piles. The maximum settlement is 45% 
larger than the field measurements, which is a reasonable 
difference taking into account the two-dimensional modelling 
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of the foundation, and the uncertainties in the soil parameters 
and pile-soil interface. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Plaxis 2D – overall settlements 

3.2.3   Plaxis 3D 
 
In case of Plaxis 3D the pile were defined with the use of the 

embedded pile option, with their real geometry. The limiting 
values of tip resistance and skin friction were introduced 
explicitly, using correlations from the pressuremeter tests 
provided by Fascicule N⁰62 (1993). 

Two constitutive models were used: the Mohr-Coulomb 
constitutive soil model, with a resulting maximum settlement of 
84.3 mm was obtained an the Hardening Soil model, with 
specific parameters estimated from literature (Truty 2008), 
which resulted in a maximum settlement of 45.6 mm (marginal 
pile) and 41.3 mm (center pile). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Plaxis 3D – overall settlements 

3.2.3   Midas GTS NX 3D 
 
The 3D version was used for this study, which also 

incoporates the FEM. An important feature of the program is 
the definition of the piles (uniaxial element) and pile-soil 
interface, defined using the ultimate capacity of the pile and the 
axial and shear stiffness (load – displacement ratio) obtained 
from load tests. 

The values of the ultimate capacity and stiffness have been 
computed using the Frank and Zhao equations (Frank and Zhao, 
1984), and the resulting settlement for the Mohr-Coulomb 
constitutive model was 46.1 mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Midas GTS NX – skin friction in piles 

3.2.4  Simplified methods 
 

The calculations presented in this paper are part of a broader 
research (Szerzo, 2015, Szerzo et al., 2016), which studies 
calculation methods of combined pile-raft foundations. Within 
that research, a number of simplified methods have been 
studied, two of which have been included to compare 
settlements with numerical methods. 

The methods are the Poulos-Davis-Randolph method 
(Poulos, 2000), which is a simplified method useful in 
estimating the load-displacement behaviour of a combined pile 
raft foundation, and the Piglet software (Randolph, 2006), 
which provides an elastic solution to a pile group with a fully 
rigid or elastic raft, subjected to general load conditions. 

The resulting settlements were 70.65 mm for the Poulos-
Davis-Randolph method, and 45.2 mm for the Piglet software. 

3.3  Specific modelling details 

3.3.1  Pile-soil interface 
 
The definition of the pile-soil interface is a critical element 

in the numerical modelling of a deep foundation, since it has a 
significant influence on the load transfer mechanism from the 
structure to the soil. According to the literature (Tradigo et al. 
2015), a number of constitutive models can be used for pile-soil 
interface, ranging from non-linear elastic to elasto-plastic. 

The calibration of the most realistic constitutive model and 
the stiffness parameters is performed generally using 
instrumented pile load tests or advanced laboratory testing, 
none of which were available for this study. 

The used softwares have fundamentally different approaches 
to defining pile-soil interface, all with advantages and 
limitations. The in-depth study of this aspect is beyond the 
scope of this paper. 

 
3.3.2  Soil constitutive model 

 
The most widely used constitutive model for soils is the 

Mohr-Coulomb model, which has the advantage of requiring 
only the classical geotechnical parameters (unit weight, void 
ratio, deformation modulus and shear strength parameters). 
However, it has been noted that the Mohr-Coulomb model 
frequently overestimates soil deformations for small strains 
(Truty, 2008), and more advanced soil models have been 
increasingly used in recent practice. 
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 3 .5  Comparison and interpretation of results 

For a compasison of the methods, the settlement diagrams at 
the raft level will be superposed on fig. 7. The results of Poulos-
Davis-Randolph method have been represented as a point, since 
this method estimates the maximum settlement for a given load, 
and not its variation within the foundation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Comparison of settlements 

As far as the difference between the maximum calculated 
settlements and the field measurements is concerned (fig. 3), the 
methods can be divided into two categories: 

1.  Small differences (<20%): Piglet, Plaxis 3D with 
Hardening Soil, Midas GTS NX with Mohr-Coulomb, 

2. Large differences (>20%): Poulos-Davis-Randolph,  
Plaxis 2D with Mohr-Coulomb and Plaxis 3D with Mohr – 
Coulomb. 

Some of the conclusions are discussed hereafter, mainly for 
the numerical models. First of all, the values obtained in Plaxis 
3D using Hardening Soil model are in very good agreement 
with measurements (41.3 mm compared to 38.5 mm, measured), 
which confirms that such a constitutive law can lead to realistic 
results for large-scale foundations. 

An interesting difference between results obtain with Midas 
and Plaxis 3D can be found in the skin friction diagrams. Midas 
model revealed the existence of negative skin friction in the 
first 10 m (very soft peat), while in Plaxis model all values were 
positive. A possible reason for this difference is the definition 
of interface elements. 

As a final remark, all methods significantly overestimated 
the settlements at the edge of the foundation. 

 
4  CONCLUSIONS 

The calculations presented in this paper are based on a real-
life project, a circular gas tank situated in Northern France, 
subjected to a full-scale filed test by filling up with water, with 
the maximum load exceeding the service load. 

The geotechnical investigations were based on CPT and 
pressuremeter tests, according to French practice. They 
identified a relatively homogeneous stratigraphy formed of 5 
characteristic strata, characterized by an alternation of weaker 
and harder soils. This particular situation allows the comparison 
of different calculation methods for a complex project. 

The foundation was subjected to a full-scale vertical load 
tests and settlements were measured using two horizontal 
inclinometers, in order to check the initial design, but also to 
perform a primary consolidation of the soil. The settlement 
limit imposed in the initial design was 50 mm in every load 
case. The maximum settlement was measured in the center of 
the foundation, one month after the application of the final load 
increment. Its value is 38.5 mm, compared to 31.0 mm 
estimated in the design. It needs to be mentioned that there are 
no available load test results for the single pile. 

For this case study both the single pile and the entire 
foundation was modelled with several the methods available for 
the author, out of which all the numerical calculations (Finite 
Element Method using the softwares Plaxis 2D and 3D, Midas 
GTS NX 3D) were presented, along with two simplified 
methods. 

The research focused on the comparison of overall 
settlements obtained using different methods, and the influence 
of specific details of numerical modelling (soil constitutive 
model and pile-soil interface) on results. 

According to the results presented in chapter 3, the 
numerical calculations presented a wide range of results for 
overall settlements, all of them overestimating settlements, 
especially at the margin of the foundation, where a large 
percentage of the load was concentrated. As a general trend, the 
Plaxis calculations using the Mohr-Coulomb constitutive model 
produced the largest settlements, while the results obtained 
using Hardening Soil model are in better agreement with field 
measurements. 

The calculations present some aspects of the complexity of 
numerical modelling for large foundations in difficult soil 
conditions. The wide dispersion of results confirm that the 
numerical modelling of such foundations require careful choice 
of model parameters, which can be best obtained using physical 
modelling, such as instrumented pile load tests.  

Also, the results show that simplified methods can be 
successfully used for preliminary design (and in some cases 
even detailed design), although the designer needs to take into 
account the uncertainties resulting from the various simplifying 
assumptions of these methods. 
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