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Conventional piled foundation designs tend to be overly conservative since the beneficial role of the 
raft is often neglected by assuming the piles to be the only part of the structure interacting with the 
soil. The contribution of the raft to the global response of the foundation is particularly important in 
the case of “large” piled rafts, where the pile length is comparable to the raft width. This 
configuration, although not theoretically optimal, is common for existing foundations of bridges and 
high-rise buildings. Although the beneficial effect of raft–pile–soil interaction on both bearing 
capacity and stiffness is generally acknowledged, simple and reliable approaches recognized by 
design codes are not yet available. Aiming at providing simple tools for designing large piled rafts 
under static and dynamic/cyclic loads, in this paper a numerical study is presented, with preliminary 
finite element analyses performed to examine the mechanical behaviour of a “large” piled raft under 
vertical centred loads and positioned on a dry sand layer. This paper presents the findings of this 
study, comparing the performance of the piled raft to the corresponding pile group and unpiled raft, 
and highlights the importance of considering the presence of rafts in the design of piled foundations. 
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INTRODUCTION 
The foundations of many early 20th-century European 
infrastructure have now reached the end of their intended 
design life, necessitating a reassessment of their safety 
under current conditions. Conventional piled foundation 
design tends to be overly conservative, often leading to the 
conclusion that these foundations no longer meet all the 
design criteria. Retrofitting foundations is a costly and 
technically challenging process that demands significant 
resources and raw materials. Therefore, retrofitting should 
be undertaken only when absolutely necessary. 

One of the most significant factors contributing to this over- 
conservatism in design is neglecting the contribution of the 
structural element (the raft) connecting the head of the piles 
and in contact with the soil to the foundation response. The 
contribution of the raft to the global response of the founda-
tion system is of particular importance in the case of “large” 
piled raft (Viggiani et al., 2014), in which the length of the piles 
is comparable to the width of the raft. Although from a theo-
retical perspective this configuration is not optimal, it is a very 
common solution in case of existing foundations characterized 
by large width such as the ones of bridges and high-rise build-
ings (see, for instance, Hooper, 1979; Sommer et al., 1991; 
Van Impe & De Clerq, 1995; Katzenbach et al., 2000; 
Mandolini et al., 2005; Katzenbach & Choudhury, 2013; 
Tradigo et al., 2017). 

The beneficial effect of raft–pile–soil interaction on both 
bearing capacity and stiffness is generally acknowledged 
and has been experimentally (Horikoshi & Randolph,
1996

 
; Lee and Chung, 2005; Nguyen et al., 2013; Sawada 

and Takemura, 2014) and numerically (Reul & Randolph, 
2003; de Sanctis & Mandolini, 2006; Deb & Pal, 2019; Han 
et al., 2019; Chanda et al., 2020; Psychari & Anastasopoulos, 
2022; Sakellariadis & Anastasopoulos, 2022; Corigliano et al., 
2023a, 2023b) demonstrated. While the majority of research 
on piled rafts has focused on optimizing new foundations, 
concluding by recommending “small” rafts with long piles 
(e.g. Hanisch et al., 2002; Viggiani et al., 2014; Psychari & 
Anastasopoulos, 2022; Sakellariadis & Anastasopoulos, 2022), 
this research aims at valuing existing foundations, to leverage 
the infrastructure heritage for the sake of the sustainability. 
Specifically, the focus is set on the performance of large piled 
rafts where the pile length is comparable to the raft width, a 
configuration often considered suboptimal but commonly 
encountered in older infrastructures, especially bridges and 
very tall building foundations. By enhancing the understand-
ing of raft contributions in these existing configurations, our 
study aims to extend the service life of foundations that are al-
ready built, thereby reducing the environmental impact associ-
ated with new constructions. Also design codes recognize the 
beneficial effect of the raft, however do not provide guidelines 
on how to account for this effect. 

The final goal of the research carried out by the authors 
is to provide simple tools that can be used in the design of 
large piled rafts (PR) under a general combination 
(inclined and eccentric) of both static and dynamic/cyclic 
loads. To this aim, an experimental/numerical study is 
being conducted. As a preliminary step, the authors per-
formed a finite element (FE) numerical study to design a 
series of 100 g centrifuge tests that will be performed con-
sidering a piled raft on a dry sand layer. The main goal of 
the FE simulations was to assess the feasibility of a series 
of experimental tests to be performed in the facility of the 
Technische Universiteit Delft. In addition, the FE simula-
tion results highlight interesting aspects on the perform-
ance of a specific PR under vertical centred loads compared 
to the corresponding pile group (PG, i.e. a PR in which the 
soil–raft interaction is neglected) and unpiled raft (UR), and 
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to highlight the importance of considering the presence of 
rafts in the design of piled foundations. In this paper, only 
the results of these FE simulations will be discussed. 

FE MODEL 
The mechanical response of a PR, a PG and a UR was 
studied by performing 3D FE analysis using PLAXIS 3D. 
In the PR and PG cases, the foundation consists of an 
8·8 m x 4 m x 1·5 m raft (Fig. 1) supported by eight 8 m 
long piles with a diameter of 0·8 m. The chosen geometry, 
inspired by the case study of Corigliano et al. (2023a, 
2023b), is the one that will be used in the centrifuge tests 
that are part of the wider research programme. The bored 
(non-displacement) piles are characterized by a length/ 
diameter ratio equal to 10, but the pile length/foundation 
width ratio is equal to 0·9 (“large raft”). In the PG analy-
sis, to prevent the interaction between the raft and the 
soil, a gap between the raft and the ground surface is 
present. In the UR case, the dimensions of the foundation 
are the same, but piles are not present. The domain is sub-
divided into 49,000 10-nodes tetrahedral finite elements 
(Fig. 1). On the vertical sides of the domain, normal dis-
placements are imposed to be nil. On the base of the do-
main, all displacements are prevented. 

The soil behaviour was modelled using the hardening soil 
constitutive model (Schanz et al., 1999), whose parameters 
(Table 1) were calibrated based on what proposed in 

refBrinkgreve et al. (2010) and E  
50 was slightly reduced from

18 to 15 MPa to better match the results of a centrifuge test 
performed on a PR and validated on the experimental results 
of the corresponding PG and UR [Fig. 2(a) data from 
Marveggio et al. (2024)]. The unit weight is set to 15 kN/m3. 

The raft, the pier and the piles are assumed to be elastic. 
The properties are those of concrete (Young’s modulus, 
Poisson’s ratio and unit weight are equal to 30 GPa, 0·2 
and 25 kN/m3, respectively). Frictional interface elements 
were used between both soil-raft and soil-piles. The inter-
face stiffness is set to be ten times the soil elastic oedomet-
ric one. The interface friction angle is assumed to be equal 
to two-third of the soil friction one (Fleming et al., 2008). 
The results of a parametric study performed by the authors 
showed that the chosen interface properties allowed to 
accurately reproduce the system response. The results are 
here omitted for the sake of brevity. 

According to Fleming et al. (2008) and Salgado (2008), 
when non-displacement piles are carefully installed, the 
state of stress is close to the initial geostatic conditions. 
Therefore, the stresses were initialized by following a K0 

procedure (K0 is the at-rest lateral earth pressure coefficient). 

Fig. 1. Foundation geometry and finite element mesh 

Table 1. Parameters for hardening soil 

Parameter Value Unit 

Eref 
50

15 [MPa]←
 

Eref 
oed 

15 [MPa]←

Eref 
ur 45 [MPa]←

vur 0.2 [←– ]←
m 0.65 [←– ]←
pref 100 [kPa]←

′ Φ 32 [°]←
ψ 2 [°]←

Subsequently, a vertical displacement is imposed in the cen-
tral area of Fig. 1, representing a 1 m x 1 m column. The 
imposed final vertical displacement is equal to 100% of the 
pile diameter (approximately 9% of raft width). 

RESULTS AND DISCUSSION 
Figure 2(a) presents the load–displacement curves for the 
three cases. When compared to both PG (red line) and UR 
(blue line), the PR (black line) performs better, exhibiting 
significantly larger stiffness. This is completely different to 
what observed by Sakellariadis & Anastasopoulos (2022), 
who considered “small” rafts and both experimentally and 
numerically showed that the raft presence does not affect 
the load settlements curve. This implies that the beneficial 
raft-pile coupling effect is only relevant for “large” raft, as 
the one considered in this paper. For displacements lower 
than 50% of pile diameter, the stiffness of UR and PG are 
comparable, with UR exhibiting a slightly lower stiffness. 
For larger displacements, the UR reaches failure (i.e. its 
stiffness becomes zero, dashed blue line), whereas both PG 
and PR do not. In these two cases, “failure” must be 
defined as a maximum allowable displacement. The choice 
of this value, however, depends on the structure built on 
the foundation and is not addressed in this paper. 

In a simplified way, as proposed by Randolph (1983) for 
linear elastic soils, piles and raft in a PR behaves like an 
in-parallel system. To verify the accuracy of this assump-
tion in case of non-linear soil behaviour, the sum of PG 
and UR load–displacement curve is plotted in Fig. 2(a) 
(purple dashed line). Up to a displacement lower than 50% 
of pile diameter, the purple dashed line is similar to the PR 
one. For larger displacement values, the purple dashed 
curve is lower than the black one, implying that the raft– 
pile–soil interaction is beneficial for the system. 

To better highlight this, Fig. 2(b) and 2(c) shows the 
contribution of piles (sum of axial forces at the pile head) 
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and of the raft for the PR case as a function of vertical dis-
placement [in Fig. 2(b) as forces, whereas in Fig. 2(c) as a 
percentage of the applied load]. The raft contribution to 
the total load capacity is almost 40% and gently decreasing 
with displacement. This range aligns with the optimal 
range of 30%–50% for the raft contribution suggested by 
Hanisch et al. (2002) for technical and economic efficiency. 

Fig. 2. a) Axial load–displacement curves for different foundation types (centrifuge data from Marveggio et a/., 2024), b) piles 
and raft contributions and c) vertical load contribution percentages 

To further highlight the difference of the PR with 
respect to the ideal in-parallel system composed by UR 
and PG, Fig. 2(c) shows the vertical loads of UR (VUR), 
PG (VPG) and UR + PG, divided by the corresponding 
value of PR (VPR). For low displacement values, the in-
parallel system overestimates the PR performance (up to 
+20%), whereas for larger values it underestimates the PR 
performance (up to −20%). Comparing the PG curve with 
the corresponding contribution of piles in PR clearly 
shows the effect of the raft in improving the mechanical 
performance of the piles belonging to the PR. 

The improvement of raft and piles response with respect 
to the UR and PG cases can be attributed to local interac-
tion mechanisms taking place between the raft and piles, 
even though in all the cases, as suggested by the load dis-
placement curve, the state is far from ultimate conditions. 
To highlight this, the vertical displacement and deviatoric 
strain contours are plotted in Fig. 3, which helps in better 
highlighting this mechanism than the almost linear load 
displacement curves. At a settlement of 20% of pile diame-
ter, the PR [Fig. 3(c)] shows a displacement/strain pattern 
similar to the combined pattern of the pile group and raft 
[Fig. 3(a) + 3(b)]. However, the contours already suggest a 
pile-foundation coupling in case of PR: strains do not only 

develop in the proximity of the external pile [PG, 
Fig. 3(a)], but involve a larger domain subdomain [in 
Fig. 3(c), εdev >ψ1% up to a distance approximately one 
fourth of the raft width]. This beneficial coupling contribu-
tion is even more evident focusing on the same plots at a 
settlement of 100% of pile diameter [Fig. 3(d)−(f)], where 
the PR strain/displacement pattern is significantly different 
than the combined PG and UR. The two mechanism are 
interacting among each other, involving a volume of soil 
significantly larger than the sum of the two separated 
mechanism. The previously described behaviour is even 
more evident in terms of displacements: the system seems 
to translate as a rigid block, composed by the foundations 
and the entire region enclosed by the piles. This is due to 
the presence of the piles under the raft, limiting the devel-
opment of strains within the soil between the piles. 

For foundations on granular materials, bearing capacity 
is unlikely to be a design concern (Viggiani et al., 2014) 
and piles are employed as settlement reducers. In Fig. 4, 
the ratio between piled raft settlements (uz,PR) and the cor-
responding raft ones (uz,UR) is plotted as a function of the 
ratio between vertical load and UR limit load. In the worst 
condition, the settlements ratio is approximately 50%, 
implying that the PR stiffness is approximately double of 
the UR. In the same figure, the settlement ratio between 
PR and PG (uz,PG are the PG settlements) are also plotted. 
As expected, PR is always stiffer compared to PG. The set-
tlement ratio ranges approximately between 45 and 60%, 
implying that the PR stiffness is approximately double. 
This suggests that that not accounting for the raft will 
result in a large underestimation of foundation stiffness. 
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Fig. 3. Vertical displacement (left in colours) and deviatoric strain (right in grayscale) contour 

Fig. 4. Variation of settlement ratios with applied load 

CONCLUSION 
In this paper, the authors present the results of numeri-
cal simulations aimed at comparing the response of a 
piled raft with the one of corresponding unpiled raft and 
pile group. These simulations are part of a wider experi-
mental/numerical programme aimed at introducing 
innovative solutions for piled raft design. The main 
objective of these numerical analyses was to design cen-
trifuge tests. However, the numerical results for this case 
also highlighted:  

1. As expected, the piled raft response is better than pile 
group and unpiled raft, with a stiffness that is almost 
always at least double.  

2. The piled raft does not reach failure, implying that its 
limit load has to be defined on the basis of admissible 
displacement (displacement-based design).  

3. Due to the raft–piles–soil interaction, the mechanical 
behaviour of the piles in the piled raft is better than 
that of the corresponding pile group.  

These findings highlight the need for updated design guide-
lines that accurately account for raft contributions in piled 
foundations. Implementing such guidelines could lead to 
more efficient and economical designs, potentially reduc-
ing material usage and construction costs while maintain-
ing or improving foundation performance. 
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