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Abstract

This thesis presents an experimental and numerical study on the behaviours of pile group and
piled raft foundations having batter piles subjected to vertical loading and combination of vertical
and horizontal loading. A series of vertical load tests and combination load tests on 3-pile
foundation models and 6-pile foundation models, with or without batter piles, were carried out in
a dry sand ground at the 1-g field. Numerical simulations of the experiments were performed
using finite element method through a three-dimensional finite element program, PLAXIS 3D.
The hypoplastic model was used for the soil model, of which the soil parameters was estimated
from the triaxial tests of the sand. A hybrid pile model, in which the model pile was represented
by beam elements surrounded by solid elements, was employed for modelling the piles.

1. Background, motivation and objectives

Pile foundations including pile group and piled raft foundations are usually applied to support
heavy structures such as high-rise buildings, bridges, wind-turbine towers and offshore structures,
etc. In working conditions, these pile foundations carry not only vertical loads but also horizontal
loads. The horizontal load acting on these structures is wind load and/or wave load and can be
considered as a cyclic load. Hence, these pile foundations are subjected to a combination of
vertical and cyclic horizontal load.

A number of studies on batter piles were reported, e.g. Sadek and Isam (2004),
Ghasemzadeh and Alibeikloo (2011), Isam et al. (2012), and Goit and Saitoh (2013). However,
the studies investigated the behaviours of pile groups with batter piles (Sadek and Isam, 2004,
Ghasemzadeh and Alibeikloo, 2011) or single batter piles (Goit and Saitoh, 2013). Moreover,
these studies 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.

Some researches have been conducted to investigate the behaviours of pile group and piled
raft subjected to combination loading e.g. Unsever et al. (2014), and Sawada and Takemura
(2014). 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 cyclic horizontal load
at the 1-g field. Sawada and Takemura (2014) studied on pile group and piled raft models having
only vertical piles subjected to a 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 subjected to a combination of vertical and cyclic horizontal load are investigated through a
series of model load tests in a dry sand ground at the 1-g field and numerical analyses.

2. Experimental study on behaviours of pile group and piled raft foundations
having batter piles subjected to vertical loading

2.1. Description of the experiments

A dry sand model ground with a relative density, Dr, of about 82% (ps = 1.533 t/m®) was
prepared in a soil box having dimensions of 800 mm in length, 500 mm in width and 530 mm in
depth. The foundation models consist of 3 piles or 6 piles (with or without batter piles). Figure
3.7 shows the dimensions of the foundation models used in the experiments.

In vertical load tests, 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 at the
centre of the raft. The vertical displacements of the foundation were recorded by 4 dial gauges
arranged at the corners of the raft.
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Figure 3.1. Dimensions of the foundation models

2.2.Vertical load tests on 3-pile pile foundations (3PG, 3BPG, 3PR and 3BPR)

Figure 3.11 shows load-settlement curves in cases of the 3-pile foundations (3PG, 3PR, 3BPG
and 3PR). The results indicate that 3BPR has the highest resistance and stiffness followed by
those of 3PR, 3BPG and 3PG, subsequently. It is seen from the results that the resistances of the
foundations with batter piles at any settlement are larger than those of the corresponding
foundations with only vertical piles. For instance, the resistance of 3BPR is 2511 N at a
settlement w = 2 mm (10% pile diameter), which is 8% higher than that of 3PR of 2326 N. The
resistance of 3BPG is 1355 N at a settlement of 2 mm (10% pile diameter), which is 22% higher
than that of 3PG of 1113 N.
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Figure 3.2. Load-settlement curves of the 3-pile foundations

The settlement of 3PR is 1.5 mm at a vertical load V = 2000 N while the corresponding
settlement of 3BPR is 1.3 mm, resulting in 13% decrease of the settlement. A similar effect of
inclusion of batter piles is also seen for a larger vertical load. For instance, the settlement of 3PR
is 3.3 mm at a vertical load V = 3000 N while the corresponding settlement of 3BPR is 2.8 mm,
resulting in 15% decrease of the settlement. In cases of the pile groups (3PG and 3BPG), the
effect of batter piles in settlement reduction is more significant. The settlement of 3PG is 1.3 mm
at a vertical load V = 1000 N while the settlement of 3BPG is only 0.7 mm, resulting in 46%
decrease of the settlement.

The advantages the piled rafts over the pile groups can be found also in Figure 3.11. The
resistances of the piled rafts are much higher than those of the corresponding pile groups, and
settlements of the piled rafts are smaller than those of the corresponding pile groups at any
vertical load.

2.3. Vertical load tests on 6-pile pile foundations (6PG, 6BPG, 6PR and 6BPR)

Figure 3.19 shows the load-settlement curves in cases of the 6-pile foundations. Similar to
the above-mentioned results of the 3-pile foundations, 6BPR has the highest resistance and
stiffness followed by those of 6PR, 6BPG and 6PG, subsequently. 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 the inclusion of batter piles, in both
types of piled raft and pile group.
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Figure 3.3. Load-settlement curves of the 6-pile foundations
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3. Experimental study on behaviours of pile group and piled raft foundations

having batter
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3.1. Description of the experiments
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Figure 4.1. Schematic illustration of a horizontal load test

Figure 4.1 shows the schematic illustration of the experiment setup in a horizontal load test.
A vertical load was applied by placing lead plates in order to simulate the dead weight of the

superstructure. After

that, the cyclic static horizontal load was applied at the raft in the

longitudinal direction of the raft by means of winches and pulling wires (see Figure 4.2). Hence,

the foundations would

be subjected to a combination of vertical load and horizontal load during

the horizontal loading stage.

3.2. Combination load tests on 3-pile pile foundations (3PG, 3BPG, 3PR and 3BPR)

Figure 4.3 shows the relationships between horizontal load, H, and normalised horizontal
displacement, u/D, in the cases of 3PG, 3BPG, 3PR and 3BPR.
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Figure 4.3. Horizontal load vs. normalised horizontal disp. for 3PG, 3BPG, 3PR and 3BPR

The results from

Figure 4.3 indicate clearly that the piled rafts have much higher horizontal

resistance and stiffness than the corresponding pile groups. It is also seen that the resistances of
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the foundations are effectively improved by the inclusion of batter piles in both cases of piled raft
(BPR) and pile group (BPG).
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Figure 4.8. Inclination of the raft vs. horizontal load in the cases of
3PG, 3BPG, 3PR and 3BPR

Figure 4.8 shows the relationships of inclination of the raft, «, and horizontal load, H, in the
cases of 3PG, 3BPG, 3PR and 3BPR. The results also show that the battered pile foundations
(3BPG and 3BPR) are more favourable than the pile foundations with only vertical piles (3PG
and 3PR) in reducing the raft inclination. Also, it is seen that 3BPR the most effective type to
prevent the raft inclination at any horizontal load.

3.3. Combination load tests on 6-pile pile foundations (6PG, 6BPG, 6PR and 6BPR)

Figure 4.19 shows the relationships between horizontal load, H, and normalised horizontal
displacement, u/D, in the cases of 6PG, 6BPG, 6PR and 6BPR.
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Figure 4.19. Horizontal load vs. normalised horizontal disp. for 6PG, 6BPG, 6PR and 6BPR
Similar to the results of the 3-pile foundation models, it is clearly seen that the 6-pile piled
rafts have much higher horizontal resistances than the corresponding pile groups. Also, the

resistances of the 6-pile foundations are effectively improved by the inclusion of batter piles in
both cases of piled raft (BPR) and pile group (BPG).
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Figure 4.21 shows the inclination of the raft against 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. 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.
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Figure 4.21. Inclination of the raft vs. horizontal load during the initial loading stage for 6-
pile foundations (Experiment)
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4. Numerical study on behaviours of pile group and piled raft foundation
having batter piles subjected to vertical loading and combination of vertical
and cyclic horizontal loading

4.1. FEM results of vertical load tests

Figure 5.4 shows measured and calculated load-settlement relationships in the cases of the 3-pile
foundations (3PG, 3PR, 3BPG and 3PR). It is seen that the trends of measured load-settlement
curves are simulated reasonably in FEM calculation, in which the piled rafts (3PR or 3BPR) have
much higher resistance and stiffness than those of the corresponding pile groups (3PG or 3BPG)
and the foundations with batter piles (3BPG or 3BPR) have higher resistance and stiffness than
those of the corresponding foundations without batter piles (3PG or 3PR).
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Figure 5.4. Load-settlement curves of the 3-pile foundations (FEM and Exp.)
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Figure 5.15. Vertical load vs. settlement in cases of 6PG, 6PR, 2x3PG and 2x3PR (FEM)

Figure 5.15 shows comparisons of vertical load-settlement curves between 6PG and
2x3PG, and between 6PR and 2x3PR. It is seen from the curves of the pile groups that the
resistance of 6PG is the same with two times of the resistance of 3PG when normalised
settlement, w/D, is smaller than 0.08. After that, the resistance of 6PG is considerably larger than
that of 2x3PG. As for the piled rafts, the resistance of 6PR is smaller than that of 2x3PR until
w/D reaches 0.40. After that, the resistance of 6PR is notably larger than that of 2x3PR. These
FEM results are compatible with the experimental results although the softening behaviour of
2x3PR was not obtained in FEM analysis.

4.2. FEM results of combination load tests

Figure 5.19 shows the relationships of horizontal load, H, and normalised horizontal
displacement, u/D, in the cases of the 3-pile foundations. Similarly to the experimental results,
FEM results 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 the inclusion of batter piles in both cases of piled raft (BPR) and pile group (BPG).
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Figure 5.19. Horizontal load-nor. horizontal disp. for 3-pile foundations (Exp. and FEM)
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Figure 5.20. Horizontal load-nor. horizontal disp. for 6-pile foundations (Exp. and FEM)
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Similar results are also obtained in cases of the 6-pile foundations, in which the piled rafts
have much higher horizontal resistances than the corresponding pile groups and the resistances of
the foundations are enhanced by the inclusion of batter piles, as shown in Figure 5.20.

It is seen from the above results that the FEM calculations simulate the experimental results
very well.

Figure 5.22 shows the inclination of the raft vs. horizontal load during the initial loading
stage for 6-pile foundations. Also, the numerical results are completely compatible with the
experimental results, indicating that the piled rafts have smaller inclination of raft than the
corresponding pile groups, and the inclination is effectively reduced by inclusion of batter piles.
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Figure 5.22. Inclination of the raft vs. horizontal load during the initial loading stage for 6-
pile foundations (FEM)

Figure 5.32 shows comparisons of horizontal load vs. normalised horizontal displacement
between 6PG and 2x3PG, and between 6PR and 2x3PR at the initial loading stage. It is seen from
both experimental and FEM results that the horizontal resistances of the 6-pile foundations (6PG
and 6PR) are smaller than two times the resistances of the 3-pile foundations (2x3PG and
2x3PR). Obviously, the influence of interaction is indicated from the results.
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Figure 5.32. Horizontal load vs. normalised horizontal displacement for 6PG, 6PR, 2x3PG and
2x3PR (Exp. and FEM)

6. Conclusions of the thesis

The following conclusions and findings are derived:

1) The piled rafts have higher resistance and stiffness than the corresponding pile groups in
both vertical and horizontal directions.

2) The pile foundations including pile groups and piled rafts with batter piles have higher
resistance and stiffness than the foundations with only vertical piles in both vertical and
horizontal directions.

3) Load pressure transferred from the raft base to the ground increase the stress level of the
ground under the raft, resulting in increase of the stiffness and the strength of the soil, which
enhances the pile resistance in the piled raft.

4) The inclination of the piled rafts due to horizontal loading is smaller than that of the
corresponding pile groups.

5) The inclination of the foundations due to horizontal loading is considerably reduced by
inclusion of batter piles in both cases of pile group and piled raft.

6) Larger axial forces generated in batter piles in cases of BPG or BPR compared with
those in corresponding vertical piles in case of PG or PR enhance the horizontal resistance of
BPG or BPR compared with PG or PR.

7) In the cases of the batter pile foundations subjected to horizontal load, larger bending
moments are generated in the vertical centre piles compared with those in the batter piles.

8) The vertical and horizontal resistances of 6-pile foundations are not equal two times the
vertical and horizontal resistances of corresponding 3-pile foundations, indicating influence of
interaction. Hence, the influence of interaction of the raft, the piles and the soil is required to be
considered in pile foundation design.

9) FEM using the hypoplastic model, of which parameters were estimated from triaxial
tests of the sand, produced reasonable simulations.
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