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ABSTRACT: In this study, the behaviours and resistance mechanisms of pile foundations having batter piles were investigated through a
series of vertical load tests and combination load tests on model foundations in dry sand ground at 1-g field. Pile foundation models
consisting of 3 piles and 6 piles, with or without batter piles, were used in the experiments. The model pile was close-ended pipe with a
length of 255 mm and an outer diameter of 20 mm. Dry silica sand having a relative density, Dr, of about 82% was used for the model ground
throughout the experiments. Triaxial CD tests of the sand were carried out to obtain the mechanical properties and to investigate the
behaviour of the sand. The results indicate that the piled raft having batter piles is the most effective to increase the resistances (in both

vertical and horizontal directions) and reduce the inclination.

KEYWORDS: Piled raft, Pile group, Batter pile, Dry sand, Model test

1. INTRODUCTION

Pile foundations having batter piles have been adopted in practice
for structures subjected to large horizontal loads such as bridges
or offshore structures. In practical conditions, these pile
foundations carry not only vertical loads but also horizontal loads
such as wind loads, wave loads and earthquakes.

Number of studies on batter piles were reported, e.g.
Ghasemzadeh and Alibeikloo (2011), Goit and Saitoh (2013),
Isam et al. (2012), and Sadek and Isam (2004). However, the
researches investigated the behaviours of pile groups with batter
piles (Ghasemzadeh and Alibeikloo, 2011; Isam et al., 2012;
Sadek and Isam, 2004) or single batter piles (Goit and Saitoh,
2013). Moreover, these researches investigated the foundation
behaviours subjected to vertical loading alone or horizontal
loading alone. Therefore, the resistance mechanisms of
foundations having batter piles subjected to combination loads
have not been fully understood.

Applications of piled raft foundations to buildings are
increasing in the world to reduce average and/or differential
settlement, e.g. Katzenbach et al (1998), Poulos and Davids
(2005), Poulos et al. (2011), and Yamashita et al. (2011).
Experimental studies as well as numerical analyses on piled raft
foundation having vertical piles alone have been conducted, e.g.
Randolph (1994), Horikoshi and Randolph (1998), Horikoshi and
Randolph (1999), Horikoshi et al. (2003), Matsumoto et al.

(2004), Reul (2004), Sawada and Takemura (2014), Unsever et al.

(2014), Vu et al. (2014), Hamada et al. (2015) and Unsever et al.
(2015).

Unsever et al. (2014) carried out the experimental study on
pile group and piled raft models having only vertical piles
subjected to combination of vertical and horizontal load at 1-g
field. Sawada and Takemura (2014) studied on pile group and
piled raft models having only vertical piles subjected to
combination load using a centrifuge device.

There is few experimental study on behaviours of piled rafts
having batter piles. Hence, in this research, behaviours and
resistance mechanisms of pile groups and piled rafts having
batter piles were investigated through a series of load tests
(vertical load tests and combination load tests) on foundation
models in dry sand ground at 1-g field. Pile foundation models
consisting of 3 piles and 6 piles, with or without batter piles,
were used in the experiments. A reason why the two types of the

model foundations were used is to investigate also the interaction
of the raft and the piles through the ground.

It should be noted that the small-sized experiments were
carried out at 1-g field. Hence, the experiments did not aim to
simulate the behaviour of a prototype, but to investigate the
influence of inclusion of batter piles on the piled raft or the pile
group subjected to combination of vertical and horizontal loading,
and also investigate the resistance mechanisms of the foundations.
The results of the experiments are presented and discussed in this

paper.
2. OUTLINE OF THE EXPERIMENTS
2.1 Model foundations

Figure 1 shows the foundation models used in the experiments.
The foundation models consist of 3 piles or 6 piles (with or
without batter piles). They are pile groups (3PG, 3BPG, 6PG and
6BPQG) if the raft base is not in contact with the ground surface,
while they are piled rafts (3PR, 3BPR, 6PR and 6BPR) if the raft
base is in contact with the ground surface.

Close-ended aluminium pipes having a total length of 285
mm, an outer diameter of 20 mm and a wall thickness of 1.1 mm
were used for the model piles. The upper 30 mm of the pile is
embedded in the raft, resulting in the effective length of 255 mm.
Centre-to-centre pile spacing, s, is 80 mm, 4 times the pile
diameter. The inclination angle of the batter piles is 15 degrees.
Young's modulus of the piles, E,, was estimated from bending
tests of the piles. The geometrical and mechanical properties of
the model pile are summarised in Table 1. In order to obtain axial
forces, bending moments and shear forces in the model piles
during load tests, strain gauges were arranged on the pile shafts
(Figure 2). The piles were covered with the silica sand particles
in order to increase the shaft resistance.

The rafts were made of duralumin with the dimensions as
shown in Figure 1 and can be regarded as rigid. The sand
particles were adhered on the raft base surface to increase the
friction between the raft and the ground during horizontal
loading.

2.2 Model ground

The soil used for model ground in this study is a dry silica
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sand having the properties shown in Table 2. The model ground
with a relative density, Dr, of about 82% (pa = 1.533 t/m3) was
prepared in a soil box having dimensions of 800 mm in length,
500 mm in width and 530 mm in depth (see Figure 3). In order to
control the density of the model ground, the model ground was
prepared by 11 layers (10 layers of 50 mm and 1 layer of 30
mm).

Table 1 Geometrical and mechanical properties of the model pile

Properties Value
Outer diameter, D (mm) 20
Wall thickness, ¢ (mm) 1.1
Effective length from raft base, L (mm) 255
Young's modulus, Ep (N/mm?) 70267
Poisson's ratio, v 0.31
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Figure 2 Model piles with strain gauge instrumentation

In each layer, the sand was poured and compacted by tapping so

that the target relative density of 82% was attained. The sequence

of the preparation of the model ground is summarised as follows:

1) Place 5 soil layers of 50 mm (total height is 250 mm) one by
one and compact until an intended relative density of 82%.

2) Fix temporarily the model foundation to the planned
position by the help of steel bars and clamps.

3) Place and compact 5 more soil layers of 50 mm and 1 more
soil layer of 30 mm until the total height of the model
ground of 530 mm is obtained.

Table 2 Properties of the sand used for model ground

Property Value
Density of soil particle, ps (t/m?) 2.668
Maximum dry density, Oimax (t/m?) 1.604
Minimum dry density, pdmin (t/m?®) 1.269
Maximum void ratio, emax 1.103
Minimum void ratio, emin 0.663
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Figure I Dimensions of the foundation models

Figure 3 Dimensions of the soil box
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2.3 Loading methods

The loading methods employed are similar to those in Unsever, et
al. (2014).

In vertical load tests (Figure 4), the load was applied by the
help of a screw jack with a constant displacement rate of about 2
mm/min. The vertical load was measured by a load cell placed on
the centre of the raft. The vertical displacement of the foundation
was recorded by 4 dial gauges arranged at the corners of the raft.

Figure 4 Experiment setup with measuring instruments in
vertical load tests

Figure 5 shows the schematic illustration of the experiment
setup in a combination load test. Vertical load was applied by
placing lead plates of about 600 N and 1200 N on the raft in the
cases of 3-pile pile foundations and 6-pile pile foundations,
respectively, to simulate the dead weight of the super structure.
After that, cyclic static horizontal load was applied at the raft in
longitudinal direction of the raft by means of winches and pulling
wires (see Figure 6). Hence, the foundations would be subjected
to combination of vertical load and horizontal load during the
horizontal loading stage. The horizontal load was measured by 2
load cells (LC-R and LC-L) arranged in the right (positive)
direction and in the left (negative) direction. Both the horizontal
and vertical displacements of the foundations were recorded by
horizontal and vertical dial gauges.
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Figure 5 Schematic illustration of a combination load test

Figure 6 Experiment setup with measuring instruments in
combination load tests

3.  EXPERIMENTAL RESULTS
3.1 Cone Penetration Test

The uniformity of the model grounds in all the tests was
examined through tests using a miniature cone penetrometer with
a diameter of 20 mm and an apex angle of 60 degrees. The results
of the Cone Penetration Tests (CPTs) of the model grounds are
shown in Figure 7. It is seen that the model grounds are almost
uniform in plane and the cone tip resistance, g., increases almost
linearly with depth in all the tests.
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Figure 7 The results of Cone Penetration Tests

3.2  Triaxial test

A series of triaxial CD tests of the sand having D:= 82% were
conducted under different confining pressures, po= 7, 17, 27, 50,
and 100 kPa, in order to obtain the mechanical properties and to
investigate the behaviour of the sand. In addition, a cyclic CD
test was conducted under po= 100 kPa.

The test results, axial strain & vs. deviatoric stress g, and &
vs. volumetric strain &vol, are shown in Figure 8a and Figure 8b,
respectively. It is seen from Figure 8a that the stiffness increases
with increasing po. Non-linearity and post-peak softening
behaviours are observed from the stress-strain relations. It was
estimated from the experimental results that the peak internal
friction angle, @', is 42.8 degrees while the residual internal
friction angle, ¢', is less than 35 degrees. It is seen from Figure
8b that dilatancy becomes smaller as po increases and dilatancy
angle, ¥, is not constant but decreases with increasing &.
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Figure 8 The results of triaxial CD tests of the sand

3.3  Vertical load tests

Figure 9 shows the load-settlement curves in the cases of the
3-pile foundations (Figure 9a) and the 6-pile foundations (Figure
9b). The results in the cases of the 3-pile foundations indicate
that 3BPR has the highest resistance and stiffhess followed by
those of 3PR, 3BPG and 3PG, subsequently. Similarly, 6BPR has
the highest resistance and stiffness followed by those of 6PR,
6BPG and 6PG, subsequently, in the cases of the 6-pile
foundations. It is obvious that the resistances of the piled rafts are
much higher than those of the corresponding pile groups, and the
resistances of the foundations are considerably improved by
inclusion of batter piles, in both types of piled raft and pile group.

The positive effect of batter piles in reducing settlement is
shown obviously from comparison of the curves of 3PG and
3BPG. For instance, the settlement of 3PG is 1.3 mm at a vertical
load ¥ = 1000 N while the settlement of 3BPG is only 0.7 mm,
resulting in 46% decrease of the settlement. The similar effect is
also seen from comparison of the curves of 6PG and 6BPG. This
positive effect is also notable in the cases of the piled rafts
although it is not as significant as it is in the cases of the pile
groups.

Please notice here that the positive effect of the inclusion of
batter piles mentioned above may not be directly applied in
actual piles. In general, it has been thought that batter piles are
not effective for vertical load comparing with vertical piles.
Because the batter pile will be bent in the direction perpendicular
to the axial direction by vertical loading, a foundation with batter
piles may result in larger settlement if the pile does not have

enough bending rigidity. Vu et al (2016) discussed a similitude
for experiments at 1-g field based on the similitude proposed by
Tai (1989). Vu et al (2016) showed that, in the case of scale ratio
(prototype scale/model scale) of 4 = 30 for an example, the
bending rigidity, £/, and longitudinal rigidity, £4, of a prototype
pile are 4.35 and 0.41 times those of a concrete pile (£ = 3x10°
kPa) having a diameter of 0.6 m and a length of 7.65 m. That is,
the model pile used in the experiments is regarded as a "short
pile" condition.
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Figure 9 Load-settlement curves of the foundation models

The vertical resistances by the piles and the rafts in the cases
of 3PR and 6PR are shown in Figure 10. The proportions of
vertical load carried by the each component are given in
Figure 11. It is seen from Figure 10 and Figure 11 that the load
carried by the raft in the case of 3PR is very small at the early
loading stage. After that the raft load increases to the peak value
and then decreases with the increase of the displacement,
resulting in a softening behaviour. Note that the softening
behaviour was also observed in the triaxial tests of the sand.

The similar trend that the load carried by the raft is very small
at the early loading stage and then increases with increasing w, is
also seen in the case of 6PR, but the softening behaviour was not
observed until w reached 12 mm. More loading was not possible,
because the load exceeded the capacity of the experiment
devices.

It could be explained that imperfect contact between the raft
and the ground surface is a reason why most of the total load is
carried by the piles at the very early loading stage. As mentioned
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in Section 2.2 on the sequence of the model ground preparation,
the top soil layer was compacted after fixing the foundation
temporarily. Hence imperfect contact between the raft and the
ground surface was inevitable. It is also a reason why the raft
resistance of 6PR is not so larger than that of 3PR at the initial
loading stage, as shown in Figure 10.
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Figure 10 Load-settlement curves in cases of 3PR and 6PR
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Figure 11  Proportions of vertical load carried by the pile
component and the raft component in the cases of 3PR and 6PR

Figures 12 and 13 show the axial force distributions along the
pile P1 at various normalised settlements, w/D = 0.01, 0.02, 0.05,
0.20, 0.40 and 0.60, for the 3-pile foundations (3PG, 3BPG, 3PR
and 3BPR) and the 6-pile foundations (6PG, 6BPG, 6PR and
6BPR), respectively. It is noticed that P1 is one of the batter piles
in the batter pile foundations (3BPG, 3BPR, 6BPG and 6BPR).

It can be seen that the axial forces of the pile P1 in the batter
pile groups (3BPG and 6BPG) are larger than those of the
corresponding pile groups without batter piles (3PG and 6PG) at
any normalised settlement. In the cases of the piled rafts, the
differences of axial forces (comparison of 3BPR and 3PR, and
comparison of 6BPR and 6PR) are not as considerable as those in
the cases of the pile groups. It is interesting to notice that the
axial forces in the piled rafts are larger than those in the
corresponding pile groups, especially at large normalised
settlements. This is due to effect of load transferred from the raft
base to the ground. The load transferred from the raft base causes
the increase of the stress level in the ground, resulting in the
increase of stiffness and strength as indicated in the triaxial test
results.
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Figure 12 Axial force distributions along pile shaft of P1 in the
cases of 3PG, 3BPG, 3PR and 3BPR
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Figure 13 Axial force distributions along pile shaft of P1 in the
cases of 6PG, 6BPG, 6PR and 6BPR

In a similar way, Figures 14 and 15 show the bending
moment distributions along the pile P1 at various normalised
settlements, w/D = 0.01, 0.02, 0.05, 0.20, 0.40 and 0.60, in the
cases of the 3-pile foundations and the 6-pile foundations,
respectively. It is seen that larger bending moments are generated
in the pile of the batter pile foundations (3BPG, 3BPR, 6BPG
and 6BPR) compared to those of the corresponding pile
foundations without batter piles (3PG, 3PR, 6PG and 6PR).

Let us here briefly discuss the interactions observed in the
vertical load tests. Load-settlement curves for 6PG, 6BPG,
2x3PG and 2x3BPG are given in Figure 16. It is seen that the
resistances of the 6-pile pile groups are almost equal to two times
the resistances of the 3-pile pile groups when settlement is
smaller than 1.5 mm. When settlement exceeds 1.5 mm, the
resistances of the 6-pile pile groups are considerably larger than
two times the resistances of the 3-pile pile groups. It is interesting
to find that the axial forces are similar between 3PG and 6PG,
and also similar between 3BPG and 6BPG at the small
normalised settlements, w/D = 0.01, 0.02 and 0.05 (see Figures
12 and 13). At the large normalised settlements, w/D = 0.2, 0.4
and 0.6, larger axial forces, mainly caused by larger tip resistance,
are generated in 6-pile pile groups compared to those in 3-pile
pile groups. This is the reason for the larger resistance of the
6-pile pile groups compared to two times the resistances of the
3-pile pile groups.

Figure 17 shows load-settlement curves for 6PR, 6BPR,
2x3PR and 2x3BPR. In contrast to the results in the cases of the
pile groups, the resistances of 6PR and 6BPR are smaller than
2x3PR and 2x3BPR, correspondingly. The results in Figure 10
indicate that the load carried by the 6 piles in 6PR is
approximately two times of the load carried by the 3 piles in 3PR.
Meanwhile, the load supported by the raft in 6PR is considerable
smaller than two times of the load carried by the raft in 3PR until
w attains about 8§ mm. That is the reason why the resistances of
6PR and 6BPR are smaller than 2x3PR and 2x3BPR until w
attains about 8 mm.

3.4 Horizontal load tests

Figure 18 shows the relationships of horizontal load, H, and
normalised horizontal displacement, u/D, in the cases of 3PG,
3BPG, 3PR and 3BPR. Figure 19 shows the results of 6PG,
6BPG, 6PR and 6BPR.

The results from both Figure 18 and Figure 19 indicate
clearly that the piled rafts have much higher horizontal
resistances than the corresponding pile groups. It is also seen that
the resistances of the foundations are effectively improved by
inclusion of batter piles in both cases of piled raft (BPR) and pile
group (BPG).

It is confirmed from the above results that piled raft having
batter piles is the most effective to increase the resistances, in
both vertical and horizontal directions.

Figure 20 shows comparisons of inclination of the raft during
cyclic horizontal loading between 6PG and 6BPG (Figure 20a),
and between 6PR and 6BPR (Figure 20b). The inclination
increases almost linearly with the increase of normalised
horizontal displacement in all cases. The inclination of the raft is
suppressed by inclusion of the batter piles, and this effect is more
considerable in the case of piled raft.

Figure 21 shows the relationship between the inclination of
the raft and horizontal load during the initial loading stage for
6PG, 6BPG, 6PR and 6BPR. The results indicate that the
inclinations of the piled rafts are smaller than those of the
corresponding pile groups at any given horizontal load.
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Figure 17 Load-settlement curves for 6PR, 6BPR, 2x3PR and
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Also, the inclinations of the foundations with batter piles are
smaller than those of the corresponding pile foundations without
batter piles at any given horizontal load. It is worth to notice that
the piled raft with batter piles is the most favourable foundation
type to reduce the inclination.

Let us here briefly discuss the interactions observed in the
horizontal load tests. Horizontal load-horizontal normalised
displacement curves for 6PG, 6BPG, 2x3PG and 2x3BPG are
given in Figure 22. In a similar way, Figure 23 shows horizontal
load-horizontal normalised displacement curves for 6PR, 6BPR,
2x3PR and 2x3BPR. It is seen that the horizontal resistances of
the 6-pile foundations are smaller than two times the resistances
of the 3-pile foundations, showing non-negligible interaction
effects. Numerical analyses will be conducted in future to get
more insight into the behaviours of the foundations and to
understand more about the interactions of raft, piles and soil.

The axial loads at the pile head carried by the rear piles, the
centre piles and the front piles for 3PR, 3BPR, 6PR and 6BPR
are given in Figure 24. Here, the axial loads are defined as the
axial forces at a top of each pile (20 mm below the raft base). In
the cases of 6PR and 6BPR, the axial loads are obtained by
taking average values of the axial loads of rear piles (P1 and P4),
the centre piles (P2 and P5) and the front piles (P3 and P6).
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Figure 18 Horizontal load-normalised horizontal displacement
curves for 3PG, 3BPG, 3PR and 3BPR
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Figure 19 Horizontal load-normalised horizontal displacement
curves for 6PG, 6BPG, 6PR and 6BPR
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In this paper, compression axial force is taken as positive and
tension axial force is taken as negative. It can be seen that the
curves in the four cases have similar trends, in which the front
piles tend to take compression load, meanwhile the centre piles
and the rear piles tend to take tension load. Focusing on the load
of front piles, it is seen that the loads carried by the front piles
(battered pile) in 3BPR and 6BPR are higher than those (vertical
pile) in 3PR and 6PR at any given horizontal displacement. As
for the rear piles, the loads in 3BPR and 6BPR change from
compression into tension more rapidly than those in 3PR and
6PR. Also, the magnitudes of tension load in the cases of 3BPR
and 6BPR are higher than those in 3PR and 6PR. The magnitudes
of axial forces of the piles in the case of BPR (batter piles) are
larger than those in the case of PR (vertical piles), enhancing the
horizontal resistance of BPR compare to PR.
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Changes of bending moments with normalised horizontal
displacement, u/D, at different levels (see Figure 2) of each pile
during horizontal loading are given in Figures 25, 26, 27 and 28
for 3PR, 3BPR, 6PR and 6BPR, respectively. Note that P3 is the
front pile and P1 is the rear pile for positive loading, and vice
versa for negative loading.
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Figure 25 Bending moments of piles for 3PR (in HLT)
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As for the piled rafts without batter piles (3PR and 6PR), the
largest magnitudes of bending moments in the front piles and in
the centre piles are similar, and higher than those in the rear piles.
The magnitudes of bending moments in the centre piles are
similar between positive loading and negative loading.
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Figure 26 Bending moments of piles for 3BPR (in HLT)
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In the centre piles, the maximum bending moments occur at
the top of the piles (level 1). In the front piles, the maximum
magnitudes of bending moments are generated at the level 1 (top
of pile) and the level 4 (distance 140 mm from raft base).

It is obviously seen from Figure 26 and Figure 28 (for 3BPR
and 6BPR) that significantly larger bending moments are
generated in the vertical centre piles (P2) compared to the other
piles (P1 and P3). The bending moments in P2 of 3BPR and
6BPR are also considerably larger than those in P2 of 3PR and
6PR, correspondingly. The bending moments in P1 and P3 of
3BPR and 6BPR are not so much different from those in P1 and
P3 of 3PR and 6PR, correspondingly.

Therefore, the increases of axial forces in the batter piles P1
and P3 as well as the increases of the bending moments in the
vertical centre pile P2 of 3BPR and 6BPR compared to those in
3PR and 6PR, correspondingly, contribute to enhance the
horizontal resistances and to reduce the inclination of the batter
pile foundations.

4. CONCLUSIONS

Series of vertical load tests and combination load tests on 3-pile
foundation models and 6-pile foundation models (with or without
batter piles) in dry sand were carried out at 1-g field to
investigate the behaviours and resistance mechanisms of the pile
foundations. Triaxial tests of the sand were conducted to obtain
the mechanical properties and to investigate to the behaviour of
the sand.

It was confirmed from the experiment results of this
particular research that the piled raft having batter piles is the
most effective foundation type to increase the resistances (in both
vertical and horizontal directions) and reduce the inclination.

Batter piles play important role in increasing the resistances
and reducing settlement and inclination of the batter pile
foundations. In the cases of the pile groups, settlement is
significantly reduced by inclusion batter piles.

In the cases of the piled rafts, the raft is an important member
to support the load and also plays a very important role in the
interaction of raft-soil-pile. The pressure transferred from the raft
base to ground increases the resistance of the piles.

The results also indicated that the resistances of the 6-pile
foundations are not equal two times the resistances of the
corresponding 3-pile foundations, which are effected by
interactions between the components of the foundations (piles,
raft) and the ground.

Numerical studies would be useful to get deeper insight into
the complicated interactions observed in this research. This
aspect is our future study.
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