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ABSTRACT: In Japan and Turkey, predominantly traditional design concept of pile group is still adopted even though most pile 
foundations are piled raft foundations in reality. This situation may be attributed to the still limited knowledge about behavior of piled 
rafts subjected to vertical loads and dynamic loads, especially in saturated soil. Hence, in this study, a series of shaking table tests on 
3-pile piled raft (PR), 3-pile pile group (PG) models were carried out in saturated sand under the combinations of vertical and 
dynamic (horizontal shaking) loading, where the input motion was sinusoidal wave having a frequency of 20 Hz and a magnitude of 
1.50 m/s2. The results showed that, raft-ground contact in PR is very effective to reduce settlement compared to PG even in liquefied 
ground. Moreover, even in PR, the horizontal resistance reduces if liquefaction of the ground surface occurs, due to the loss of the raft 
base resistance. It can be concluded that PR is an effective, economical and safe foundation type even in shaking loading, compared 
to conventional pile group. In cases of liquefiable soils or soft soils, PR with soil reinforcement or soil improvement near the ground 
surface will be a practical solution. 

RÉSUMÉ : Au Japon et en Turquie, la méthode de conception traditionnel du groupe de pieux est encore adopté même si la plupart des 
fondations de pieux sont des radiers sur pieux en réalité. Cette situation peut être attribuée à la connaissance limitée du comportement des 
radiers sur pieux soumis aux charges verticales et aux charges dynamiques, en particulier dans les sols saturés. Par conséquent, dans cette 
étude, une série de tests avec table secouée sur des modèles de groupe de pieux à trois pieux (PR) a été réalisée en sable saturé sous les 
combinaisons des charges verticales et dynamiques (secousses horizontales) où le mouvement d'entrée était une onde sinusoïdale ayant 
une fréquence de 20 Hz et 1,50 m/s2. Les résultats ont montré que le contact entre le radier et le sol dans le PR est très efficace pour 
réduire le tassement par rapport au PG même dans le sol liquéfié. De plus, même pour PR, la résistance horizontale diminue si la 
liquéfaction de la surface du sol se produit, en raison de la perte de la résistance de base du radier. On peut conclure que le PR est un type 
de fondation efficace, économique et sûr, même en cas de chargement par secousses, par rapport au groupe de pieux classique. Dans les 
cas de sol potentiellement liquéfiables ou de sols meubles, la PR avec renforcement du sol ou amélioration du sol près de la surface sera 
une solution pratique. 
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1  INTRODUCTION 

In recent years, piled raft foundations have been used 
extensively to reduce average and/or differential settlement of 
building foundations subjected to horizontal loading such as 
earthquakes, wind, etc. in their lifetime. Many researchers were 
studied on horizontal loading of pile foundations (e.g. 
Horikoshi et al. 2003, Tokimatsu et al. 2005, Ishizaki et al. 
2012, Hamada et al. 2012). Nevertheless, the design framework 
of piled rafts subjected to dynamic horizontal loads has not 
been fully established.  

In this study, the behavior of piled raft and pile group in 
saturated sand was investigated under the combination of static 
vertical and dynamic horizontal loading, where the input motion 
was sinusoidal wave having 20 Hz frequency and 1.50 m/s2 
amplitude. 

 
2  EXPERIMENTAL SETUP 

2 .1  Model ground and model foundations 

The experimental setup used in this study is given in Figure 1 
and Figure 2. Silica sand #6, having a relative density of about 
70% was used as a model ground through the experiments. The 
physical properties of the sand are summarized in Table 1. Note 
that peak internal friction angle, ’, was estimated from CD 
triaxial test results. 

The model ground was prepared in a laminar box having 
dimensions of 800 mm x 500 mm with a depth of 530 mm. The 
box was consisted of 10 frames, the inside of which was 
covered with rubber membrane to minimize the wave 
reflections from side walls of the box during dynamic tests (in 
x-direction) so that infinite horizontal distance of the ground 
was simulated.  

The model foundation, piled raft (PR) or pile group (PG), 
was consisted of a rectangular raft and 3 single piles made of 
aluminum hollow tube, where the effective length of the pile 
was 255 mm (Figure 3). Each pile, properties of which are 
summarized in Table 2, was instrumented with strain gauges at 
six levels to obtain axial forces, bending moments and shear 
forces. Center to center pile spacing was 80 mm that equals to 
four times of the pile diameter. The same model foundation was 
used for both PR and PG, however 20 mm space was provided 
between the raft base and the model ground surface for PG in 
order to eliminate the raft effect.  

The model ground was prepared by layers in order to control 
the density of the soil model. Each layer of sand was poured 
into the laminar box, which was full of water, and tamped until 
the intended relative density, 70%. Accelerometers and pore 
water pressure gages were placed at proper locations during the 
preparation of the model ground. Then, laser displacement 
transducers and other accelerometers were placed on the model 
foundation. After placing instrumentations, vertical load, 300 N 
for saturated tests, was applied on top of the raft by placing 
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mass plates. Then, the mass plates were fixed to the raft by 
bolting. Finally, the input sinusoidal wave having 20 Hz 
frequency and 1.50 m/s2 amplitude was applied in x-direction. 
Note that, the similitude of the acceleration is 1 (Iai, 1989) and 
a magnitude of 1.5 m/s2 was selected in these tests as a realistic 
input acceleration. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Experiment setup with instrumentations (all dimensions are in 

mm) 
 

 
Figure 2.Photo of the experiment setup 

 
Table 1. Properties of the model ground 

Item Value

Unit weight of solid particles γs  (kN/m3) 26.068

Maximum dry unit weight, γdmax  (kN/m3) 15.112

Minimum unit weight γdmin  (kN/m3) 12.544

Maximum void ratio emax 1.079

Minimum void ratio emin 0.725

Peak internal friction angle ’ (deg) 43.2
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Figure 3. Model foundation 

Table 2. Properties of the model pile 

Item Value

Length L  (mm) 255.0

Outer diameter D (mm) 20.0

Wall thickness t (mm) 1.1

Cross sectional area A (mm2) 65.3

Second moment of inertia I (mm4) 2926.2

Young’s modulus E (N/mm2) 64000.0

Poisson’s ratio  0.3

2 .2  Shaking table and sinusoidal wave 

Shaking table used in this study had dimensions of 
1.0 m x 1.5 m, which provides one way sinusoidal harmonic 
motion of the frequency up to 30 Hz and up to 20g acceleration. 
Maximum capacity of the shaking table was 50 kN with a 
maximum stroke of 200 mm.  

The resonant frequency, fn, of the model ground alone (dry 
silica sand #6) was estimated as 20 Hz through a sweep test. 
Therefore, it was decided to perform shaking table tests of the 
PR and PG under frequency of 20 Hz. 

Note that, if the scale ratio between the prototype and the 
model was selected as 30, a concrete pile having 0.6 m diameter 
and 7.65 m length could be considered according to a similitude 
rule proposed by Iai (1989) (Unsever et al., 2014). Moreover, 
the input frequency of 20 Hz in the model tests corresponds to 
1.56 Hz in the prototype scale.  

 
3  EXPERIMENTAL RESULTS 

3 .1  Accelerations 

Similar input motions for PR and PG tests were measured at the 
bottom of the laminar box as intended (Figure 4). Figure 5 
presents the measured acceleration at the top of the raft and at 
the midpoint of the mass for PR and PG cases, respectively. For 
PR test, the raft and the mass moves together and the measured 
responses increase slightly through the test. On the other hand 
in PG, vibrated acceleration is reduced at once after about 1.5 s, 
and then it shows similar behavior to that of PR. It may be due 
to the closing of the gap, provided as 20 mm between the raft 
and the ground at the preparation stage. Moreover, in PG case, 
the acceleration responses are different for the mass and the raft 
before 2.3 s, which may be due to the decrement of the lateral 
resistance of the pile near the surface of the ground due to 
dynamic loading. 
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Figure 4. Input motion for PR and PG tests 
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Figure 5. Acceleration responses measured at the raft and at the mid-

height of the mass 

3 .2  Horizontal loads and shear forces 

Horizontal load vs horizontal displacement graph of PR and PG 
under the dynamic load is given in Figure 6. The multiplication 
of the mass of the weight plates by the acceleration measured 
on the mass gives the horizontal load. On the other hand, 
horizontal displacement was derived from the measured 
acceleration on the raft. From the figure, it is seen that 
horizontal stiffness of both models is comparable, although the 
amplitudes of the maximum horizontal displacements of PR is 
larger than that of PG. It may be due to the gap provided 
between the raft and the ground at PG case that decreases the 
transfer of the ground motion to the foundation. 

Figure 7 depicts the relationship of the shear force at pile 
head and horizontal displacement of each model. Shear forces 
were estimated from bending moments, obtained from the axial 
strain gages. It is seen that the piles in PR model exposure 
larger shear forces than that of PG. However, if the shear forces 
are normalized by the maximum horizontal load of each model 
(Figure 6), it is seen that maximum shear force carried by each 
pile is about 15% of the maximum horizontal load for both 
models.  
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Figure 6. Horizontal load vs horizontal displacement relationship for PR 

and PG tests 
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Figure 7. Relationship of the pile head shear force and horizontal 

displacement of each model 
 
3 .3  Vertical loads and vertical displacements 

The proportion of vertical loads carried by piles with time is 
given in Figure 8. The vertical load at each pile was measured 
by strain gauges located at 60 mm below the raft base since the 
axial strains measured at 20 mm below the raft base are 
influenced by the pile head which was rigidly fixed into the raft. 
Therefore, the figure does not include the shaft resistance of 
upper 60 mm. From the figure, it is seen that 3 piles in PR carry 
200 N vertical load, which was about 65% of the total weight of 
the plates, 300 N before shaking. This amount decreases to 50% 
after the shaking. In PG, 95 % of the total vertical load was 
supported by 3 piles before shaking, and then it increases to 
100% at t = 2 s. After that, 3 piles carry 70% of the applied 
vertical load, which gradually increases. 
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Figure 8. Change of vertical load proportions carried by 3 piles for PR 

and PG tests 
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The vertical displacement of the raft was measured by the help 
of two laser displacement transducers. Figure 9 indicates the 
average of these two measurements for PR and PG models 
during shaking table tests. In both cases, vertical displacement 
increases with time. In PR, the vertical settlement reaches to 3 
mm. On the contrary, in PG, settlement reaches to 19 mm quite 
rapidly, after that settlement continues more smoothly since the 
raft touched to the ground. As it is seen, the favorable effect of 
the raft is to suppress the vertical displacements during dynamic 
loading.  
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Figure 9. Comparison of vertical displacements for PR and PG tests 

 
3 .4  Excess pore water pressures 

Figure 10 shows excess pore water pressures generated during 
shaking table tests. In PR case, excess pore water pressure at 
PWP4, located at 210 mm depth (σvo’ = 1.87 kPa) and excess 
pore water pressure at PWP5, located at 290 mm depth 
(σvo’=2.58 kPa) reaches to a constant value of 1.80 kPa rapidly. 
From this measurement, it could be said that full liquefaction 
occurred at the depth of PWP4. On the other hand, the excess 
pore water pressure at PWP1 and PWP2, located at 60 mm 
depth, also increased gradually to 1.70 kPa, although the 
effective overburden pressure at that depth is equal to 0.53 kPa 
disregarding the weight of the plates transferred from the raft 
base to the ground. It could be said that, the vertical load 
transferred from the raft base to the ground increases the stress 
level in the shallower depth of the ground, which reduces the 
damage caused by liquefaction.  

In PG case, the locations of the pore water pressure gauges 
were 20 mm shallower than those in PR test due to 20 mm gap 
generated between the raft and the model ground. From the 
figure, it is seen that excess pore water pressure at PWP4, 
located at 190 mm depth (σvo’=1.69 kPa) and excess pore water 
pressure at PWP5, located at 270 mm depth (σvo’ = 2.40 kPa) 
increase to a constant value of 1.70 kPa, similar to PR case. 
From these measurements, it is obvious that full liquefaction 
occurs at 190 mm depth. In case of PWP1 and PWP 2, both 
located at 40 mm depth (σvo’ = 0.36 kPa), the excess pore water 
pressure reaches to a value of 0.40 kPa at t = 2 s, which 
indicated the liquefaction at that depth. However, the excess 
pore water pressure started to increase again at t = 2.3 s when 
the raft touched to the ground surface, which may be due to the 
vertical load transfer from the raft to the ground. 

4  CONCLUSION 

In conclusion, the behaviors of piled raft and pile group models 
in saturated sand subjected to vertical load and dynamic load, 
having 20 Hz frequency and 1.5 m/s2 amplitude sinusoidal 
wave were investigated in this particular paper. The results 
show that:  
 Maximum horizontal displacement of PG was less than that 

of PR during shaking. It may be due to the gap between the 
raft and the ground generated in PG case, which prevents the 
ground motion transfer to the model foundation.  

 Vertical displacement of PR is considerably small than that of 
PG due to the raft base resistance in PR. 

 When excess pore water pressures were investigated, it is 
seen that the vertical load transfer through the raft to the 
model ground increases the effective stresses at shallower 
depths which terminates the liquefaction of the model ground 
at shallower depths.  
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Figure 10. Excess pore water pressure vs time for PR and PG tests 
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