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ABSTRACT:  Piled rafts are well-established foundation systems, especially for tall buildings under predominantly vertical static 
loading. For this load case, a guideline for dimensioning, design and construction of piled rafts termed as Combined Pile-Raft Foun-
dations (CPRF) already exists. However, in contrast to piled rafts under vertical loading, limited knowledge is available on the soil-
structure interaction of piled rafts under combined vertical and horizontal loading, regardless of whether monotonic, cyclic or dynamic 
actions are involved. This paper aims at providing an insight into the bearing behaviour of bridge piers founded on piled rafts under 
dynamic loading by means of 3D finite element analysis (3D FEA). To simulate the nonlinear behaviour of the soil, the Hardening Soil 
model with small-strain stiffness (HSsmall) is employed, which was calibrated by means of a back analysis of centrifuge tests. Para-
metric studies were performed to assess the impact of various factors on the settlement, lateral displacement, acceleration, response 
spectra, load share between piles and raft, and dynamic response of the piled raft. Within the scope of this paper, the influence of key 
factors, including kinematic and inertial interactions, pile configuration and geometry (spacing, diameter, and length) and loading 
conditions, on the bearing behaviour of piled rafts under seismic loading is discussed.   

KEYWORDS: bridge pier, piled raft, seismic loading, 3D finite element analysis, HSsmall soil model. 

 
1 INTRODUCTION 

For tall buildings under predominantly vertical static loading, 
piled rafts are a well-established foundation system (e.g.  
O’Neill et al., 1996; Poulos, 2001; Reul & Randolph, 2025). If 
applied to bridge foundations (e.g. Hecht & Dürrwang, 2001, 
Comodromos et al., 2016), lateral loads generally are of greater 
importance. However, in contrast to piled rafts under predomi-
nantly vertical loading, comparatively fewer investigations 
have been documented for piled rafts under combined vertical 
and lateral loading, regardless of whether monotonic, cyclic or 
dynamic actions are involved  (Reul & Randolph, 2025).  

In some recent studies, the behaviour of piled rafts under 
dynamic loading conditions was studied numerically using lin-
ear elastic-perfectly plastic soil models, which generate only 
elastic strains upon small-strain load reversals (e.g. Eslami et 
al., 2011; Kumar et al., 2016; Bhaduri & Choudhury, 2019; Ak-
bari et al., 2021; El-Attar, 2021). However, the capability to re-
alistically capture the main aspects of soil-structure interaction 
under dynamic loading requires the selection of more advanced 
constitutive models for the soil. For example, Zhang et al. 
(2017) and Mittal & Samanta (2025) used a hyperbolic-hyster-
etic soil model and Mohr-Coulomb failure criterion in conjunc-
tion with the modified hyperbolic model, respectively, to simu-
late nonlinear soil behaviour in their studies. The Hardening 
Soil model with small-strain stiffness (Benz, 2007), referred to 
as the HSsmall model in the remainder of this paper, captures 
small-strain stiffness and some inherent damping effects and is 
therefore suited for dynamic loading conditions.  

The current research project aims on providing a better un-
derstanding of the bearing behaviour of piled rafts under lateral 
monotonic and dynamic loading by means of numerical simu-
lations with the finite element method. In this paper, the bearing 

behaviour of piled rafts under combined vertical static and lat-
eral seismic loading in dry Toyoura sand was investigated by 
means of three-dimensional finite element analysis (3D FEA) 
using the HSsmall model for the soil. The foundation and load 
configurations investigated in the parametric study are related 
to integral bridges.  

2 NUMERICAL MODEL  

2.1 FE mesh and damping characteristics   

The numerical simulations were carried out with the program 
PLAXIS 3D (Plaxis bv, 2022). After conducting mesh sensitiv-
ity analyses, based on the convergence of the results and opti-
mised computational time, a medium-sized mesh with addi-
tional refinement in the vicinity of the foundation was gener-
ated. As suggested by Kuhlemeyer & Lysmer (1973) for dy-
namic loading, the element sizes were smaller than 1/8 of the 
wavelength associated with the maximum frequency compo-
nent of the input motion. A typical model comprising 155,000 
10-node tetrahedral volume elements and 226,672 nodes, with 
an average element size of 1.35 m, fulfils this criterion. Fig-
ure 1a shows the FE mesh of the system, where 1/2 of the com-
plete 3D problem was modelled considering one symmetry 
plane. 

In previous studies, rafts and piles were frequently mod-
elled as plate and embedded beam elements, respectively (e.g., 
Tschuchnigg, 2012; Kumar et al., 2016; Mali & Singh, 2018; 
Chanda et al., 2020; Jamil et al., 2023). However, to capture the 
complex interaction effects of the piled raft system more accu-
rately, this study employs 10-node tetrahedral volume elements 
also for the piles and the raft. Instead of modelling the entire 
integral bridge, simplifications were made to the deck and the 
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pier. Consistent with other studies (e.g. Wang et al., 2017; Az-
izkandi et al., 2018; Alfach, 2023), a 5 m long cantilever beam 
was used to idealise the pier, and a 0.3 m thick plate was used 
to represent the bridge deck, with their masses lumped at the 
deck level (Figure 1b). The beam and the plate comprised 3-
noded beam elements and 6-noded triangular plate elements, re-
spectively. A rigid connection between the base of the pier and 
the raft was simulated by embedding the pier throughout the 
entire height of the raft.  

The piles were installed “wished-in-place” in the FE 
model, which is considered to capture the installation process 
of cast-in-situ bored piles reasonably well (e.g. Reul & Ran-
dolph, 2025). Between the piled raft and the soil, 12-node inter-
face elements with a designated interface strength reduction 
factor of 𝑅௜௡௧௘௥ ൌ 1 to reflect rough concrete surfaces that were 
placed (Figure 1c). For the extraction of pile forces, zero-mass 
dummy beams with the same diameter as the piles but with stiff-
ness reduced by a factor of 1000 were located in all piles (Fig-
ure 1c), leaving the axial and flexural stiffness of the piles un-
altered. 

 

 
Figure 1. FE model. 

Except for lateral boundaries in the direction of loading, all lat-
eral and bottom model boundaries were constrained to restrict 
perpendicular movements. At the lateral boundaries in the di-
rection of loading (Figure 1d), free-field boundary conditions 
were applied to account for energy dissipation (radiation/geo-
metric damping) during dynamic loading. To account for mate-
rial damping, Rayleigh damping with a target damping ratio 

𝜉 ൌ 2% was considered, in addition to the geometric and hys-
teretic damping. Hysteretic damping is incorporated in the con-
stitutive model of the soil (section 2.2). For comparison pur-
poses, results using 𝜉 ൌ 5% are also included in some of the 
plots presented later, as this damping ratio is a typical value for 
the considered materials (Kramer, 1996). For the formulation 
of Rayleigh damping, the pier and the foundation system were 
idealised as a two-degree-of-freedom system (2-DOF). The 
mass proportional damping coefficient 𝛼 and the stiffness pro-
portional damping coefficient 𝛽 of the Rayleigh damping were 
calculated from the first circular natural frequency of the 2-
DOF system 𝜔ଵ and an odd multiple of it, 𝜔ଶ ൌ 𝑛𝜔ଵ. Here 𝑛 is 
the closest odd integer larger than the ratio 𝜔௣/𝜔ଵ, where 𝜔௣ is 
the predominant circular frequency of the input motion (Hud-
son et al., 1994). Additionally, the natural frequencies were de-
termined using an analytical approach according to Xu et al. 
(2016), which gave comparable results. The stiffness parame-
ters used to determine the natural frequencies were established 
based on a simple cantilever beam model for the pier and on a 
formulation developed by Worku & Lulseged (2023) for the 
foundation system. Accordingly, the Rayleigh damping coeffi-
cients 𝛼 ൌ 0.443 and 𝛽 ൌ 6.78𝑒ିସ were determined and em-
ployed in the numerical analysis.  

2.2 Material properties  

The material behaviour of the dry Toyoura sand was modelled 
with the HSsmall model (Benz, 2007), which is an extension of 
the standard Hardening Soil (HS) model (Schanz et al., 1999), 
incorporating two additional parameters: the shear modulus at 
a very small strain 𝐺଴

௥௘௙ and the threshold shear strain ଴.଻, the 

shear strain at which the secant shear modulus 𝐺௦
௥௘௙is degraded 

to 0.72 ∙ 𝐺଴
௥௘௙. The material parameters of the HSsmall model 

for Toyoura sand summarised in Table 1 were calibrated by 
Degu et al. (2024)   based on the back-analysis of the centrifuge 
model tests by Horikoshi et al. (2003a; 2003b). Since the pier, 
raft and piles are made of concrete, they are considered to be-
have linear elastically with the material parameters listed in Ta-
ble 2.  

Table 1. Material parameters of the soil (Degu et al., 2024). 
Parameter   Toyoura sand 

Dry unit weight ௗ kN/m³ 15.2 

Reference secant stiffness at 50% 
of 𝑞௙ 

𝐸ହ଴
௥௘௙ MPa 42.1 

Tangent oedometric stiffness 𝐸௢௘ௗ
௥௘௙ MPa 30.2 

Unloading-reloading stiffness 𝐸௨௥
௥௘௙ MPa 126.9 

Unloading-reloading Poisson’s ratio 𝜈௨௥ - 0.2 

Power for stress-level dependency 
of stiffness 

𝑚 - 0.65 

Reference stress for stiffness 𝑝௥௘௙ kPa 100.0 

Reference shear stiffness at very 
small strain 

𝐺଴
௥௘௙ MPa 149.0 

Threshold shear strain at which 
𝐺௦ ൌ 0.722 ⋅ 𝐺଴ 

଴.଻ - 1.210-4 

Cohesion 𝑐 kPa 5.8 

Angle of internal friction 𝜑 ° 35.6 

Angle of dilatancy 𝜓 ° 8.7 

Coefficient of earth pressure at rest 
for NC soil 

𝐾଴
௡௖ - 0.47 

Failure ratio ሺ𝑞௙ 𝑞௔⁄ ሻ  𝑅௙ - 0.9 
Initial void ratio 𝑒଴ - 0.75 

𝑞௙ & 𝑞௔= asymptotic and ultimate deviatoric stresses, respectively 
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Table 2. Material parameters of deck, pier, raft and piles. 
Parameter   Deck Pier Pile Raft 

Unit weight  kN/m3 * 0 25 25 

Young’s modulus  𝐸 GPa 41.7 41.7 41.7 41.7 

Poisson’s ratio 𝜈 - 0.21 N/A 0.21 0.21 

*  Varies depending on the load case (Table 4) 

2.3 Foundation configurations in the parametric study  

In the parametric study, the piled raft comprises four piles and 
a square raft with an edge length of 𝑏௥ ൌ 10 m and a thickness 
of 𝑡௥ ൌ 2 m while the pile length 𝐿௣, the pile spacing 𝑆௣ and 
the pile diameter 𝐷௣ were varied as summarised in Table 3. The 
pile length selected for the analyses falls within the range of 
intermediate and long piles, as defined by Hetényi (1946) and 
Das (2016). The pile spacing was varied with  𝑆௣ ൒ 2.5𝐷௣ in 
accordance with code requirements and other established guide-
lines (ASCE 20-96, 1997; Das, 2016). The pile diameters 𝐷௣ 
used in the analyses fall within the range for bored piles, be-
tween  𝐷௣ ൌ 0.3 m and 𝐷௣ ൌ 3.0 m covered by DIN EN 1536 
(2015).  

Table 3. Pile dimensions. 
Parameter    Variants 

Pile length 𝐿௣ m 6 9 12 15 

Pile spacing  𝑆௣ m 2 4 6 8 

Pile diameter 𝐷௣ m 0.5 1.0 1.5 1.8 

2.4 Loading  

The vertical loads applied in the parametric study due to the 
weight of the deck and the raft are summarised in Table 4 and  
Table 6, respectively, with the load increase simulated by 
means of an increase in the unit weight of the deck. For com-
parison, the ultimate capacity of a single pile, assumed to be the 
resistance of the pile at a settlement equal to 10 % of the pile 
diameter as suggested by DN EN 1997-1 (2014), ranges be-
tween 𝑅௨௟௧ = 𝑅ሺ𝑠 ൌ 0.1𝐷௣ሻ = 1094.2 kN (𝐷௣ ൌ 0.5 m ; 𝐿௣ ൌ
9 m ) to 𝑅௨௟௧ = 7,968.6 kN (𝐷௣ ൌ 2.0 m; 𝐿௣ ൌ 12 m). 

Table 4. Vertical loads applied in the parametric study. 
Load type   Load case 

   1 2 3 4 

Load from the  su-
perstructure  

𝑃 kN 1,442 2,188 4,377 10,624 

Increased unit 
weight of deck 

ୢୣୡ୩ kN/m3 53.4 81.1 162.1 393.5 

Total load (Super-
structure + raft) 

𝑃୲୭୲,୴ kN 6,442 7,188 9,377 15,624 

The seismic load comprised an input motion of the 1989 Loma 
Prieta ground motion (CESMD, 2023; PEER, 2023), as pre-
sented in Figure 2 and Table 5. While the total duration of 
ground motion may not significantly affect the responses, the 
duration associated with strong ground motion is likely to have 
a greater impact. Bolt (1969), as cited in Kramer (1996), sug-
gested the so-called bracketed duration as the time between the 
first and last exceedances of a threshold acceleration (usually 
0.05g). In contrast, Trifunac & Brady (1975) defined the strong 
motion duration (referred to as the significant duration in this 
work) as the time interval between the points at which 5% and 
95% of the total energy has been recorded.  

The actual duration of the recorded accelerogram was 
∆𝑡 ൌ 40 s; however, for optimum computational time, the du-
ration was truncated to ∆𝑡 ൌ 20 s, as indicated in Figure 2, after 
confirming the negligible effects of truncation on the response 
of the pier-piled raft system. Moreover, the durations of the 

strong motion in an accelerogram, as defined e.g. by Bolt 
(1969) and Trifunac & Brady (1975) are within the truncated 
duration of ∆𝑡 ൌ 20 s. (Figure 2). Other researchers also used a 
truncated version of the same earthquake (e.g. Phanikanth et al., 
2011; Floroiu, 2016).  

Table 5. Main features of the input earthquake motion (1989 Loma 
Prieta earthquake; Gilroy Array #1, CA, USA)    
Component PGA Duration Time step pf  

 m/s2 s s Hz 
90 4.3 20 0.02 2.7 

 
Figure 2. 1989 Loma Prieta input motion.    

2.5 Step-by-step analysis 

Table 6 summarises the step-by-step analysis in the numerical 
simulation. After the generation of the in-situ stress state by 
means of a K0 procedure and the “wished-in-place” installation 
of piles and raft, the pier and the deck were included simultane-
ously in the model in step 4. The deck and other parts of the 
superstructure were represented by a lumped mass at the top of 
the pier, with the weight varying depending on the load case 
defined in Table 4. In the last step, a displacement-controlled 
seismic load excitation with a duration of ∆𝑡 ൌ 20 s was  ap-
plied in form of a surface-prescribed displacement at the -rigid 
base.  

In preliminary studies conducted by Degu (2026), appro-
priate tolerance and time step values were identified to ensure 
convergence of the results. 

Table 6. Step-by-step analysis.  
Step  𝑃௧௢௧,௩ 

kN 
𝑡 
s 

Calculation type as 
defined in Plaxis 

1 In-situ stress state - - K0 procedure 

2 Pile installation  - - Plastic 

3 Raft installation  5000 - Plastic 

4 Pier and deck in-
stallation 

*1 - Plastic 

5 Vertical loading + 
lateral seismic load  

*1 20 Dynamic*2 

*1 Varies depending on the load case (Table 4)  
*2  Displacements reset to zero prior to running step 5 

3 RESULTS 

The response of the piled raft and the superstructure, in terms 
of typical response spectra, peak acceleration, settlement and 
vertical piled raft coefficient, is presented in this section. The 
vertical piled raft coefficient 𝛼௣௥ is the ratio of the sum of the 
mobilised vertical pile resistances ∑𝑅௣௜௟௘,௩, which is equal to 
the sum of the pile head axial forces ∑𝑁௣௜௟௘, to the total mobi-
lised vertical resistance of the piled raft 𝑅௧௢௧,௩,  which is equal 
to the total applied vertical load on the piled raft 𝑃௧௢௧,௩:  

First exceedance 

Last exceedance 

0 5 10 15 20
-4.5

-3.0

-1.5

0.0

1.5

3.0

4.5

 1989 Loma Prieta input motion 
 Significant duration: 2.9 s - 6.6 s
 Bracketed duration: 1.3 s - 11.0 s

t [s]
a x

 [
m

/s
2 ]

4199



 

 

𝛼௣௥ ൌ
∑𝑅௣௜௟௘,௩

𝑅௧௢௧,௩
ൌ
∑𝑁௣௜௟௘
𝑃௧௢௧,௩

  (1) 

A piled raft coefficient of unity indicates a freestanding pile 
group, whereas a piled raft coefficient of zero describes a raft 
foundation. 

The influence of the vertical load on the response of the 
piled raft is presented in Figure 3 and Figure 4. The settlement 
at the centre of the piled raft due to the seismic loading increases 
with increasing vertical load, with an abrupt increase observed 
during the significant duration of the input motion. Both before 
and after this significant duration, the settlement remains prac-
tically constant. The free-field motion, a motion without any 
interacting structure or far from it, also showed a settlement as 
a result of nonlinear soil behaviour caused by the seismic load-
ing. Due to dynamic soil-structure interaction, an increase in ir-
reversible settlement ranging from 54% to 91% of the free-field 
motion settlement was observed after the significant duration 
and continued through to the end of seismic loading (Figure 3), 
depending on the level of vertical load. Furthermore, the irre-
versible settlement caused by seismic loading increases by 
262% to 906% relative to the irreversible settlement under static 
loading. Similar variations in settlement over time were re-
ported in the literature (e.g., Horikoshi et al., 2003a; Takemura 
et al., 2014; Akbari et al., 2021). 

 
Figure 3. Influence of vertical load on raft centre settlement. 

The variation of the horizontal pseudo-spectral acceleration 
PSA, expressed as a fraction of the acceleration due to gravity 
g, with the natural period 𝑇 at the top of the pier (Figure 4), 
shows a significant decrease with increasing vertical load lev-
els. This is attributed to the longer periods induced by the larger 
vertical loads. However, the predominant natural period 𝑇௣, i.e. 
the period corresponding to the peak value of the response, in-
creases only slightly with the vertical load levels. Furthermore,  
the variation in spectral acceleration with natural period (i.e., 
the shape of the PSA plot), remains largely unaffected by 
changes in loading, except for the highest load level. The effect 
of the vertical load on the PSA at the raft top, which is not pre-
sented here for brevity, is not as pronounced as that at the pier 
top (Degu, 2026).  

The effects of inertial and kinematic interactions are illus-
trated in Figure 5, which gives the horizontal pseudo-spectral 
acceleration at the raft-soil interface. When the weights of the 
piled raft and superstructure are neglected (𝛾ୢୣୡ୩ା୔ୖ ൌ 0.0ሻ, 
inertial interaction is effectively eliminated. In this case, the 
PSA closely aligns with the free-field motion PSA, indicating 
negligible kinematic interaction effects. However, when the 
weight of the piled raft is considered ሺ𝛾୔ୖ ൐ 0ሻ, while the su-
perstructure weight remains neglected ሺ𝛾ୢୣୡ୩ ൌ 0ሻ, the spectral 
acceleration at the predominant period of the response increases 

by approximately 12% relative to the free-field PSA, emphasis-
ing the significance of inertial interaction.  

 
Figure 4. Influence of vertical load on the horizontal pseudo-spectral 
acceleration at the top of the pier.  

Interestingly, when the weight of the superstructure is also in-
cluded (Load case 3; ୢୣୡ୩ା୔ୖ ൌ 162.1 kN/mଷ ൅ 25.0 kN/
mଷ), the peak spectral acceleration decreases by approximately 
8% compared to the free-field PSA. This reduction likely re-
sults from inertial interaction effects, specifically attributed to 
destructive interference between seismic waves propagating 
upward from the foundation and those reflected downward as a 
consequence of the inertial forces generated by the superstruc-
ture.  

It is worth noting that the spectral curve of the input motion 
is lower than the remaining curves over almost the entire period 
range, showing the amplification regardless of the weight of the 
structure. 

 
Figure 5. Inertial effects on the horizontal pseudo-spectral accelera-
tion at the raft-soil interface.  

The influence of pile spacing on the maximum acceleration at 
the top of the raft and pier is presented in Figure 6 for two target 
damping ratios. At both locations, the maximum acceleration 
slightly decreases with decreasing spacing, probably caused by 
the stress waves generated from the piles interacting with more 
destructive interference, decreasing the wave amplitude.  More-
over, with closely spaced piles being located further away from 
the boundaries, the piles and the surrounding soil may experi-
ence higher radiation damping. Additionally, increased pile-
pile interaction leads to stress overlap in between the piles and 
a shadowing effect, which can cause stiffness degradation 
around the piles due to the soil’s nonlinear behaviour. This re-
duction in stiffness, in turn, may lead to an increase in the hys-
teretic damping for the closely spaced piles. Zhang et al. (2017) 
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and Varghese (2020) also reported a slight increase in raft ac-
celeration with increasing pile spacing, as presented in the form 
of response spectral accelerations. Similar observations were 
reported by El-Attar (2021) for the peak acceleration. 

 
Figure 6. Influence of pile spacing on raft and pier top peak accelera-
tion.  

As depicted in  Figure 7, the peak lateral displacement at the 
top of the pier relative to the raft top decreases with increasing 
spacing, consistent with the findings of Mittal & Samanta 
(2025). In contrast, El-Attar (2021) reported that the lateral dis-
placement increases with spacing. It is worth noting that the 
time at which peak acceleration and peak lateral displacement 
at the top of the pier occur differs with 𝑡୮ୣୟ୩,ୟ ൌ 4.3 s and 
𝑡୮ୣୟ୩,୳ ൌ 3.5 s, respectively, resulting in different trends in the 
peak values of acceleration (Figure 6) and displacement (Fig-
ure 7) as spacing changes. 

 
Figure 7. Influence of pile spacing on pier top peak lateral displace-
ment.  

Figure 8 shows the vertical piled raft coefficient increasing with 
increasing pile length. Moreover, the vertical piled raft coeffi-
cient before and after the significant duration varies depending 
on the length of the piles. For the pile length of  𝐿୮ ൌ 12 m and 
𝐿୮ ൌ 15 m, the vertical piled raft coefficient increases during 
the significant duration and is almost constant before and after 
it, whereas for the shortest pile, a decrease is observed during 
the significant duration. This is probably attributed to an in-
crease in confining pressure around the longer piles during 
shaking and a decrease in confining pressure around the shortest 
pile due to the mobilisation of its axial resistance. In contrast, 
shorter piles may reach full mobilisation of their capacity ear-
lier, resulting in the transfer of the resistance to the raft. Varia-
tions in the load share before and after the earthquake were also 
reported by El-Attar (2021), with no clear trend for the effect of 
the pile length recognisable. 

 
Figure 8. Influence of pile length on vertical piled raft coefficient.  

The influence of the pile diameter is shown in Figure 9. As the 
diameter increases, other factors kept constant, the vertical 
piled raft coefficient during the significant duration also in-
creases. For pile diameters of 𝐷୮ ൌ 0.5 m and 𝐷୮ ൌ 1.0 m, the 
vertical piled raft coefficient is nearly constant before and after 
the significant duration. This behaviour is likely due to an in-
crease in the stiffness of the soil. This enhancement in soil prop-
erties, in turn, improves both shaft and base resistance of the 
pile, with the effect being more pronounced on the larger diam-
eter piles ( 𝐷୮ ൌ 1.5 m and 𝐷୮ ൌ 1.8 mሻ. This may also con-
tribute to pressure relief beneath the raft.  

 
Figure 9. Influence of pile diameter on vertical piled raft coefficient.  

The effect of pile spacing, not included here, on the vertical 
piled raft coefficient is minimal compared to the pile length and 
diameter discussed above (Degu, 2026). Additionally, an in-
depth study has been conducted on a pile-supported bridge in 
Ethiopia as a case study (Degu, 2026). By considering the con-
tribution of the raft in the load transfer, it was possible to reduce 
pile lengths significantly without compromising the require-
ments of SLS and ULS. As a result, significant cost savings 
were realised for the bridge.  

4 CONCLUSIONS 

In this study, the effects of the vertical load level and the pile 
configuration on the response of a bridge pier founded on a 
piled raft subjected to seismic loading were investigated by 
means of 3D FEA. It can be concluded that, regardless of the 
foundation configuration, the effects of the seismic action are 
most pronounced during the significant duration when most of 
the energy is transferred into the system. For the investigated 
configurations, an increase in the pile spacing yielded an in-
crease in the peak acceleration of the raft, confirming the results 
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of previous studies. Moreover, dynamic soil-structure interac-
tion effects were found to significantly influence the response 
of the structure-foundation system, with inertial interaction ex-
hibiting a particularly strong impact. The next steps in the re-
search project include the application of these findings to 
bridges founded on piled rafts to optimise the foundation con-
figuration. 
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