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Abstract 

Pile foundations including pile group and piled raft foundations are employed for 

supporting heavy structures such as high-rise buildings, bridges, wind-turbine towers 

and offshore structures, etc. When these structures are subjected to large horizontal 

loads caused by wind loads, water wave loads or earthquakes, the inclusion of batter 

piles in addition to vertical piles could be a feasible solution to increase the horizontal 

resistance of the foundations. In practical 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. 

In this research, series of vertical load tests and combination load tests are 

conducted on pile foundation models in a dry sand ground at 1-g field to investigate the 

behaviours of the pile foundations. Dry silica sand having a relative density, Dr, of about 

82% is used for the model ground. The consistent condition of the model ground is kept 

in all the experiments and confirmed by cone penetration tests in the each experiment. 

A series of triaxial CD tests of the sand are carried out to characterise the sand 

behaviour. 3-pile pile foundation and 6-pile pile foundation models, with or without 

batter piles, are used for the foundation models. They are piled raft foundations if the 

raft base is in contact with the ground surface. Otherwise, they are pile ground 

foundations if the raft base is not 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 are used for the model piles. The upper 30 mm part of the pile 

is embedded in the raft, resulting in the effective length of 255 mm.  

Numerical analyses of the experiments by using a three-dimensional finite 

element program, PLAXIS 3D, are conducted to confirm the experimental results and 

to obtain deeper insight into the resistance mechanism of the pile foundations. In order 

to select an appropriate soil model and to estimate the soil parameters, simulations of 

the triaxial CD tests of the sand are carried out. The hypoplastic model, an incrementally 

nonlinear constitutive model is employed to model the sand. A parametric study on the 

hypoplastic soil model is performed to examine the influences of the soil parameters on 

the soil behaviour. A hybrid model in which beam elements surrounded by solid 
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elements is used for modelling the piles. The validity of the hybrid pile model is verified 

through a verification study. 

Both the experimental and the numerical results indicate that the foundation with 

batter piles have advantages over the foundation with only vertical piles in aspects of 

resistances and settlement reduction. It is shown 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. 

One of the next steps of this research is to investigate the behaviours of pile 

foundations of offshore structures on coral grounds. Hence, in this thesis, numerical 

analyses on a fictitious single pile subjected to vertical cyclic loading in a coral sand 

are performed. Triaxial tests on a coral sand sampled in Vietnam are carried out in order 

to investigate the behaviour of the coral sand and to select an appropriate soil model as 

well as to estimate the corresponding soil parameters. Influence of cyclic vertical 

loading on the pile response is presented and discussed. 
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Chapter 1   

Introduction 

In this introduction chapter, the background and motivation of the thesis are explained firstly. 

Then, the objectives of the thesis are presented. Finally, the organization of the thesis is given 

in the last section of the chapter. 

1.1 Background and motivation 

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. When these structures are subjected to large horizontal loads caused by wind 

loads, water wave loads or earthquakes, an approach to increase the horizontal resistance is the 

use of batter piles in addition to vertical piles. In realistic 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. 

Applications of piled raft foundations to buildings are increasing in the world to reduce 

average and/or differential settlement, e.g. Katzenbach et al. (2005), Poulos and Davis (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 Anh-Tuan et al. (2014), Hamada et al. (2015) and Unsever et al. (2015).  

Some 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. 
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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 a 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 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.  

1.2 Objective 

The main objectives of this research are provided as follows: 

1. Investigate the behaviours of pile group and piled raft foundations having batter piles 

under vertical load and a combination of vertical and cyclic horizontal load through 

series of model load tests.  

2. Investigation of the interactions between the components of pile foundations through 

the ground (pile-soil-pile, raft-soil-pile) is also one of the objectives of this research. 

3. Numerical analyses of the experiments were carried out using a three-dimensional 

FEM program, PLAXIS 3D, to confirm the experimental results and to obtain more 

insight into the resistance mechanisms of the foundations. 

1.3 Thesis structure 

The thesis consists of the following chapters: 

Chapter 1 is the introduction chapter of this thesis. 

Chapter 2 is the literature review in which studies related to pile group and piled raft 

foundations are briefly reported. 

Chapter 3 presents the description and the results of the vertical load tests on the 

foundation models. The similitude law and the triaxial test results of the sand used for the model 

ground are also presented in this chapter.  

Chapter 4 presents the description and the results of the combination load tests on the 

foundation models. The results are described and discussed in detail to clarify the resistance 
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mechanism of the foundations and the effects of the batter piles on the behaviour of the 

foundations.  

In Chapter 5, numerical study using finite element method through a three-dimensional 

finite element program, PLAXIS 3D, is presented. Numerical simulations of the load tests on 

the foundation models are carried out. Simulations of the triaxial tests of the sand are conducted 

before the analyses of the load tests in order to select an appropriate soil model and to estimate 

the soil parameters. The hypoplastic model is used for the soil model, of which the soil 

parameters is estimated from the triaxial tests of the sand. A hybrid pile model, in which the 

model pile is represented by beam elements surrounded by solid elements, is employed for 

modelling the piles. The numerical results are presented in comparisons with the experimental 

results. 

One of the next steps of this research is to investigate the behaviours of pile foundations 

of offshore structures on coral grounds. Coral sand, which distributes quite popularly in South 

East Asia sea areas, is sand of particles originating in tropical and sub-tropical marine 

environments from bioerosion of limestone skeletal material of marine organisms. A 

problematic feature of coral sand is high crushability of soil particles when it is subjected to 

high confining pressure, shear stress and cyclic loading. Hence, it is necessary to investigate 

the behaviour of pile foundations in coral sand. 

In Chapter 6, numerical analyses on a fictitious single pile subjected to vertical cyclic 

loading in a coral sand are carried out. Triaxial tests on a coral sand sampled in Vietnam are 

carried out in order to investigate the behaviour of the coral sand and to select an appropriate 

soil model as well as to estimate the corresponding soil parameters. Influence of cyclic vertical 

loading on the pile response is presented and discussed 

Chapter 7 is the conclusions of this research. The main findings of the research are 

summarised. Recommendations for further study are also suggested. 

In addition, parametric studies on the hypoplastic soil model and on the behaviour of piled 

raft foundations are presented in Appendixes A1 and A3, respectively. A verification study on 

the validity of the hybrid pile model is presented in Appendix A2. 
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Chapter 2   

Literature review 

 

 

2.1 Introduction 

Pile foundations including pile groups and piled rafts have been commonly used for supporting 

heavy structures. Many research works related to the pile foundations including pile group and 

piled raft foundations have been carried out and published in the past decades. This chapter 

reviews briefly the evolution of the research works that can be classified into analysis methods, 

experimental studies and numerical studies. 

2.2 Pile group foundations 

2.2.1 Analysis methods of pile group foundations 

The various approaches have been commonly adopted to analyse pile group foundations can be 

classified into categories as follows: 

1. Interaction factor methods;  

2. Equivalent raft method;  

3. Equivalent pier method;  

4. Numerical methods. 

The interaction factor methods are based on the principle of superposition and the concept 

of interaction factor  defined as follows: 

 

𝛼 =
𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡 𝑐𝑎𝑢𝑠𝑒𝑑 𝑏𝑦 𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡 𝑝𝑖𝑙𝑒 𝑢𝑛𝑑𝑒𝑟 𝑙𝑜𝑎𝑑 

𝑠𝑒𝑡𝑡𝑙𝑒𝑚𝑒𝑛𝑡 𝑜𝑓 𝑝𝑖𝑙𝑒 𝑢𝑛𝑑𝑒𝑟 𝑖𝑡𝑠 𝑜𝑤𝑛 𝑙𝑜𝑎𝑑
                                  (2.1) 

 

Basic solutions for estimating the group settlement for incompressible friction or end-

bearing 2-pile pile groups were presented in Poulos and Davis (1980). Effects of finite soil 

layer, enlarged pile base, Poisson’s ratio of soil, non-uniform soil modulus, slip at the interface 
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between the pile shaft and the soil, finite compressibility of bearing stratum, the interaction 

between piles of difference sizes are considered by applying correction factors. 

Randolph and Wroth (1978) presented an approach for the analysis of a vertically loaded 

single pile, in which the shaft node settlement was estimated from the shaft load while the pile 

base load-settlement relationship was approximated as a punch on an elastic half-space. This 

approach was the modified and extended to the analysis of pile groups by Randolph and Wroth 

(1979) and Lee (1993). The interaction effects were considered by using the interaction factors 

for pile shaft and pile base separately. The nonlinear response for the pile base was considered 

using approximate hyperbolic relationship between pile base load and pile base settlement.  

Poulos (1988) modified the interaction factor method by applying an average soil 

modulus in order to take into account strain dependency of soil stiffness. It was derived from 

this research that the settlement interaction between piles in a pile group was reduced if the soil 

between the piles was considered to be stiffer than the soil directly adjacent to the pile.  

Guo and Randolph (1997) presented a closed-form solution for the analysis of vertically 

loaded piles in elastic-plastic, non-homogeneous soil by using load transfer approach. The 

interaction between pile and soil was simulated by independent springs along the pile shaft and 

at the pile tip. This solution then was extended by Guo and Randolph (1999) for predicting the 

settlement of pile group by modification the load transfer factors. 

Equivalent raft method is a simplified method for calculating the settlement of pile group 

in which the pile group is replaced by an equivalent raft acting at some representative depth 

below the ground surface. There are many approaches to identify the location and the sizes of 

the equivalent raft. In Tomlinson (1994), the representative depth was chosen as 2L/3 (L is the 

pile length) if the piles worked as friction piles, while the representative depth was chosen as L 

if the pile group worked as end-bearing pile group, as shown in Figure 2.1. The load spreads at 

an angle of 1 in 4 in the case of friction piles and at 0 for end-bearing piles. The settlement of 

the equivalent raft is calculated from the analysis of a shallow foundation. Poulos (2006) 

mentioned that equivalent raft method gives a reasonable prediction of the settlement pile 

groups containing more than 16 piles, with pile spacing of S= 3D (D is the pile diameter). Van 

Impe (1991) declared that the equivalent raft method should be limited to pile groups in which 

pile cross-section area is larger than 10% of the plan area of the group.  
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(a) Friction pile 

 

(b) Combined friction and end bearing pile 

 

(c) End bearing pile 

Figure 2.1. Equivalent raft method (Tomlinson, 1994) 
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Equivalent pier method, in which the pile group is represented by an equivalent pier 

having a similar length of the piles, as shown in Figure 2.2. The equivalent pier diameter is 

identified as a square root of the plan area of the pile group, according to Poulos (1993). The 

accuracy of the equivalent pier method was verified in Poulos (1993) and Randolph (1994).  

Castelli and Maugeri (2002) proposed an approach for the analysis of nonlinear responses 

of vertically loaded pile groups using the equivalent pier method. In this method, the nonlinear 

response of a single pile was modelled by hyperbolic load-transfer functions. Then the load-

transfer functions were modified by using modification factors to take into account the group 

effect due to pile-soil-pile interaction. 

 

 

(a) Pile group 

 

 

(b) Equivalent pier 

Figure 2.2. Equivalent pier method 
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Numerical methods for the analysis of pile groups are presented in section 2.2.3. 

 

2.2.2 Experimental studies on pile group foundations 

Brown et al. (1987) conducted a cyclic lateral load test on a large-scale pile group. The pile 

group consisted of nine steel close-ended pipe piles having an outer diameter of 273 mm and 

wall thickness of 9.27 mm. The piles were arranged in a 3×3 layout with the pile spacing of 

three times the diameter. All of the piles in the group were instrumented in order to compare 

the results with those from the test of an isolated single pile. The results showed that the 

deflection of the piles in the groups was significantly greater than that of a single pile under the 

same average load. A considerable reduction in ultimate soil resistance was measured in the 

group piles compared with that of the single pile in both the first cycle and for 100 cycles of the 

load.  

Rollins et al. (1998) used full-scale static lateral load test to investigate the response of a 

3×3 pile group having the pile spacing of about three times the pile diameter in clay. A load test 

on a single pile was also conducted for comparison. It was found from the experimental results 

that the pile group deflected 2-2.5 times more than the single pile under the same load. The 

authors stated that the piles in trailing rows carried significantly less load than the piles in 

leading rows, and piles in all rows of the pile group carried less load than the isolated single 

pile due to group effect (Figure 2.3). 

 

Figure 2.3. Schematic drawing illustrating reduction in load capacity in pile group due to 

group effect (Rollins et al, 1998) 
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McVay et al. (1998) carried centrifuge testing of laterally loaded pile groups in sands. 

The pile group layout consisted of 3×3, 3×4, 3×5, 3×6 and 3×7 patterns for loose sand (Dr= 

36%) and medium dense sand (Dr= 55%). The pile spacing was three times the pile diameter. 

It was derived from this study that an individual pile row’s contribution to a pile group’s 

horizontal resistance did not change with the size of the group, only with its row position. The 

results also indicated that the percentage of horizontal load carried by each row did not change 

with the soil density. 

Patra et al. (2001) carried out an experimental investigation on pile group models 

subjected to lateral loads in a dry sand. The foundation models with the configurations of 2×1, 

3×1, 2×2, 3×2 and the pile spacing of 3D, 4.5D and 6D (D is the pile diameter) were used in 

the tests. The ratio of the pile embedment length to the pile diameter was varied from 12 to 38. 

Pile friction angle was also changed between 20 and 31 degrees. It was found from this research 

that the ultimate lateral resistance of pile group was affected by the length to diameter ratio of 

pile, pile friction angle, pile group configuration and pile spacing. 

Chandrasekaran et al. (2010) investigated the effects of pile spacing, number of piles, 

embedment length and configuration of pile group on pile-group interaction throughout model 

horizontal load tests. The testing sequence was as follow:  

1. Single pile with embedment length to diameter ratios (L/D) of 15, 30 and 40; 

2. Pile groups 1×2, 2×2 and 1×4 with L/D ratio of 15 and pile spacing to pile 

diameter ratios (S/D) of 3, 5, 7 and 9; 

3. Pile groups 1×2 and 2×2 with L/D ratio of 30 and S/D ratios of 3, 5, 7 and 9; 

4. Pile groups 3×3 and 1×4 with L/D ratio of 30 and S/D ratio of 3; and 

5. Pile groups 1×2 with L/D ratio of 40 and S/D ratio of 3. 

It was derived from the results of this study that the lateral capacity of piles in the groups 

with 3D spacing was considerably reduced compared with that of the single pile due to pile-

soil-pile interaction. Group efficiency of pile groups was influenced by pile spacing, the number 

of piles and embedment length. The authors also pointed out the importance of the pile row 

position on the changes of bending moment along the pile shaft. 

Kim and Yoon (2011) conducted model load tests on six types of configurations of pile 

group with various pile spacing in loose, medium and medium dense sands. It was stated from 

this study that a pile spacing of more than six times the pile diameter in a group seemed to be 

large enough to eliminate the group effects of the piles for both loose sand and medium sand. 

However, the pile spacing needed to be increased into eight times the pile diameter to eliminate 

the group effects in case of medium dense sand. 



12 

 

Zhang et al. (2002) using centrifuge model tests investigated the effects of dead loads on 

the lateral response of battered pile groups. Eighteen different lateral load tests on the 3×3 and 

4×4 battered pile groups with applied vertical dead load of about from 20 to 80% the ultimate 

vertical capacity were carried out. It was found from this study that the effects of vertical dead 

load on the lateral resistance of the battered pile group are dependent on pile arrangement, pile 

inclination angle and soil relative density. Based on the experimental results, the authors 

suggested that designs based on standard lateral load tests with small vertical dead loads would 

be on the safe side because the lateral resistances of battered pile groups under the design 

vertical loads are not smaller than or, to some degree, larger than those measured at a smaller 

vertical load. 

Escoffier et al. (2008) studied the effects of batter piles on the performance of pile group 

using centrifuge modelling. They compared the response of two simplified pile groups as 

follow: 1×2 vertical pile group and 1×2 pile group with one batter pile. Two tip conditions as 

floating pile and end-bearing pile were considered in the study. The static cyclic load tests were 

conducted on the floating pile groups while the dynamic tests were performed on end-bearing 

pile groups. The results from the static tests showed that the pile group with inclined pile has 

larger horizontal resistance and smaller maximum bending moment compared with those of the 

pile group with only vertical piles. The results of the dynamic tests indicated that the battered 

pile group is stiffer than the pile group with only vertical piles and the inclined pile reduced the 

translational movement of the pile cap.   

 

2.2.3 Numerical studies on pile group foundations 

Chow (1987) presented a numerical method for the analysis of three-dimensional pile groups. 

In this method, the analysed pile group models could consist of batter piles, piles with different 

sizes, non-uniform pile sections, soil nonlinearity, soil inhomogeneity, and pile-soil-pile 

interaction. Piles were modelled using beam-column elements connected at the nodes. The soil 

surrounded the piles was represented by the modulus of subgrade reaction or load-transfer 

curves. The author used this solution to analyse full-scale tests and a laboratory model test, and 

he obtained the good agreements between the computed results and the measured results.  

Lee et al. (2002) conducted numerical analyses using two-dimensional (2D) and three-

dimensional (3D) finite element methods to examine single piles (in 2D model) and pile groups 

(in 3D model), as shown in Figure 2.4. The effects of soil slip on the response of the pile groups 

were investigated. A parametric study was also carried out in this research to consider the 
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influence of various parameters such as interface friction coefficient, pile group configuration 

(number of piles, pile spacing, pile position) and surface loading on the group effects. It was 

found that the group effects decreased with increasing of surface loading, as the result of an 

increase in slip length. Meanwhile, an increase of the interface friction coefficient resulted in 

larger group effects due to a reduction of soil slip. As for the configuration of the pile groups, 

the 5×5 group was observed as larger group effects compared with the 3×3 group. The central 

piles were subjected to larger group effects than the corner piles. Smaller group effects were 

observed for the group with larger pile spacing. 

 

 

Figure 2.4. Typical FE meshes in numerical analyses for 2D (axisymmetric) (a) and 3D (5×5 

pile group) (b); analysis sequence (c) (Lee et al, 2002) 
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Comodromos et al. (2003) carried out three-dimensional numerical analyses to 

investigate the interaction influence between piles in a pile group. At first, a back analysis 

through a nonlinear numerical simulation of a tested pile was conducted in which the soil 

properties were verified. After that, parametric analyses of a 3×3 group and a 3×1 group with 

various pile spacing were performed to examine the interaction effect between piles in the pile 

groups. The authors found that the interaction between the piles in the pile groups was 

significant on the foundation stiffness and the application of the stiffness obtained from the pile 

load test in the design would underestimate significantly the settlement of the foundation. 

Hussien et al. (2014) investigated numerically the influence of vertical loads on the lateral 

response of pile groups in sandy soil. 2D finite element analyses focussing on the five piles in 

the middle row of a 3×5 pile group were conducted. Apart from the analyses of the pile group, 

analyses of free-head and capped single piles were also performed for comparison. Two types 

of loading were considered in the study such as pure lateral loading without vertical load and 

combination of vertical and horizontal loads. The interaction between a pile and the surrounding 

soil was idealized in the 2D analysis using soil-pile interaction springs. It was found from the 

results that vertical loads had an influence on increasing the confining pressure of the sand 

surrounding the piles, resulting in an increase of the lateral pile resistance.    

Some numerical studies on pile group with batter piles were reported, e.g. Zaman et al. 

(1993), Sadek and Isam (2004), Gerolymos et al. (2008), and Medina et al. (2015). 

The effect of pile inclination angle on the response of a pile group was investigated in a 

parametric study by Zaman et al. (1993). The analysed results indicated that the inclination 

angle of pile has a considerable effect on distributions of internal forces of the pile. In the case 

of pile group with a vertical load only, the increase of pile inclination resulted in the increase 

of the pile head axial force and the decrease of the pile head shear force. In the case of pile 

group subjected to a combination of vertical and lateral loads, the inclination of pile reduced 

the pile head moment of the pile battered in the direction of the applied lateral load, while 

increased the pile head moment of the pile battered in the opposite direction. 

Sadek and Isam (2004) using three-dimensional finite element method analysed the 

influence of micropiles inclination on their response to seismic loading. The analysed results 

indicated that the performance of the pile foundation under seismic loading was improved by 

battered micropiles. The axial stiffness of the piles was more effectively mobilized by the 

inclination and consequently resulted in a reduction of shear force and bending moment 

generated by seismic loading. 
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Gerolymos et al. (2008) investigated numerically with three-dimensional finite element 

models the seismic behaviour of pile groups with inclined piles. In this research, there are three 

configurations of pile groups considered as follows:  

1. A two-pile group consists of one vertical pile and one inclined pile at 25° with 

respect to vertical direction; 

2. A two-pile group consists of two symmetrically inclined piles at 25° with respect 

to vertical direction; 

3. A two-pile group consists of two vertical piles. 

Both hinged and fixed-head conditions of piles were considered in the analyses in order 

to examine the influence of pile-to-cap connection on the performance of the foundation. The 

results showed that the pile groups with batter piles had larger horizontal stiffness than the pile 

group with only vertical piles. For tall slender structures, the pile group with symmetrically 

inclined piles with hinged pile-to-cap connection resulted in the most satisfactory performance 

of both the superstructure and the foundation. 

Medina et al. (2015) investigated numerically the influence of pile inclination angle on 

dynamic properties and seismic response of pile-supported structures. In this research, the 

dynamic response of slender or non-slender structures supported by pile group foundation was 

obtained through a simple and accurate procedure based on substructuring model in the 

frequency domain taking into account soil-structure interaction. A boundary element-finite 

element (BEM-FEM) formulation was used to calculate the impedance functions and the 

kinematic interaction factors. Different configurations of 2×2 and 3×3 pile groups including 

batter piles were analysed. It was derived from the analysed results that the influence of pile 

inclination angle could be beneficial or detrimental depending on structural slenderness ratio. 

2.3 Piled raft foundations 

2.3.1 Analysis methods of piled raft foundations 

The analysis methods of piled raft foundations ranging from simplified calculation to more 

rigorous numerical methods can be classified into the following categories (Poulos, 2001): 

1. Simplified calculation methods;  

2. Approximation computer-based methods; 

3. More rigorous computer-based methods. 

Simplified approaches involve a number of simplifications in relation to the modelling of 

the soil profile and loading conditions on the raft. Poulos and Davis (1980) presented an 
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equivalent pier approach for estimating the settlement of pile groups. An extension of this 

method was made by Randolph (1994) for estimating the load-settlement behaviour of piled 

raft and load sharing between the raft and the piles. The simplified representation of piled raft 

unit is shown in Figure 2.5 according to Randolph (1994). 

 

Figure 2.5. Simplified representation of piled raft unit (Randolph, 1994) 

 

Burland (1995) introduced the following simplified process of design when piles are 

designed as settlement reducers: 

- Estimate the total long-term load-settlement relationship for the raft without piles 

(see Figure 2.6). The deign load P0 gives a total settlement S0. 

- Assess an acceptable design settlement Sa, which should include a margin of 

safety. 

- P1 is the load carried by the raft corresponding to Sa. 

- The load excess P0- P1 is assumed to be carried by settlement-reducing piles. The 

shaft resistance of these piles will be fully mobilized and therefore no factor of 

safety is applied. Burland suggested a mobilization factor of about 0.9 for ultimate 

shaft capacity, Psu. 

- If the total load on the piled raft exceeds Psu, the piled raft may be analysed as a 

raft (Figure 2.6c). 

- The bending moment in the raft can be obtained by analysing the piled raft as a 

raft subjected to the reduced Qr= Q- 0.9 Psu. 
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Figure 2.6. Simplified design concept (Burland, 1995) 

 

Hain and Lee (1978) introduced an approach to investigate the behaviour of piled raft 

foundations subjected to a vertical load, in which the raft is considered as a flexible elastic plate 

supported on a group of compressible friction piles, and the supported soil is treated as an elastic 

homogeneous or nonhomogeneous material. The analyses were conducted to examine the 

influence of the pile group in reducing settlement of the raft, and to consider the effect of raft 

flexibility and size as well as pile group parameters. It was derived from the results that the 

settlement of a raft could be reduced by combining the raft with a group of piles. A good 

agreement between measured and calculated settlements and piles load was obtained in this 

research. However, noting that it is impossible to give the load distribution along the pile length. 

Clancy and Randolph (1993) extended a hybrid model, which was first proposed by 

O’Neill et al. (1977) and revised by Chow (1987), to analyse flexible piled raft foundation on 

a homogeneous soil. The raft is modelled by thin plate finite elements, the piles are modelled 

by bar finite elements and the soil response is calculated by using an analytical solution. 

Parametric studies were conducted to investigate the effect of raft stiffness, pile spacing, pile 

length and pile stiffness. 

Poulos (1994) presented an approximate method which employed a finite difference 

method for the analysis of piled raft foundations subjected to a vertical load. In this method, the 
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raft is modelled as a thin plate and the piles are represented by interacting springs of 

approximate stiffness. The method allows for the analysis of the development of limiting 

pressures below the raft and the ultimate axial load capacity of the piles. Comparisons between 

the analysed results using this method and centrifuge testing results as well as field data 

obtained good agreements. The author concluded that the consideration of the limited load 

capacity of piles is necessary for the analysis of piled raft to avoid underpredicting settlement 

and overpredicting the amount of load transfer to the piles.    

Russo (1998) using FEM developed an approximate method for the analysis piled raft 

foundations subjected to a vertical load. The raft is modelled as a thin plate, the piles and soil 

are modelled as linear or non-linear interacting springs using the superposition factors. A 

computer program NARA (Non-linear Analysis of Piled RAfts) was created. The results 

predicted by NARA were compared with the measured data and those calculated by Poulos 

(1994). 

Kitiyodom and Matsumoto (2002 and 2003) presented an approximate method for the 

analysis piled raft foundations with or without batter piles. The analysis approach is similar to 

those used by O’Neill et al. (1977), Chow (1987), and Clancy and Randolph (1993), except that 

two additional soil springs in the horizontal plane are attached at each node of the piles and the 

raft to take into account the bending of the piles, the lateral soil resistance to the piles, and the 

shear resistance between the raft base and the soil surface (see Figure 2.7). The raft is modelled 

as the plate elements and the piles are modelled as beam elements using FEM. The numerical 

procedure is implemented via a computer program PRAB (Piled Raft Analysis with Batter 

piles). 

 

Figure 2.7. Plate-beam-spring modelling of a piled raft foundation (Kitiyodom and 

Matsumoto, 2002) 
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Kitiyodom and Matsumoto (2002) analysed group deflection influence factors and load 

influence factors of a 6-pile pile group having batter piles with various raking angles from 0 to 

15 degrees in a uniform elastic soil. The influence factors for vertical load or horizontal load or 

over-turning moment were analysed. Results from the various analytical methods were 

presented and compared in Kitiyodom and Matsumoto (2002). The results showed that the 

deflection influence factors related to vertical and horizontal displacements were considerably 

reduced by using batter piles. It was indicated that settlement and horizontal displacement are 

reduced by inclusion of batter piles. In this research, the authors also analysed also group 

deflection influence factors and load influence factors of a 6-pile piled raft, and showed 

favourable effects of inclusion of batter piles. However, the behaviours of pile raft foundations 

having batter piles in non-elastic soils have not been fully understood. 

More rigorous approaches for the analysis of piled raft foundations are based on 

numerical analysis methods including boundary element method and finite element method. A 

literature review of the methods is presented in section 2.3.3. 

 

2.3.2 Experimental studies on piled raft foundations 

Cooke et al. (1981) reported a case history of a piled raft foundation supporting a 16-story 

building in London. The field measurements were carried out in a 6 year period to investigate 

the behaviour of the piled raft and also compared with that of a single pile. The measuring data 

indicated that the load supported by the raft varied from 45% of the total at the early stage of 

construction to 25% at the end of surveyed period.   

Horikoshi et al. (2003) conducted a research to investigate the performance of piled raft 

foundation models by using a geotechnical centrifuge. A series of vertical load tests and 

horizontal load tests were carried out on piled raft models and their components (single pile and 

raft alone) on dry sand. The effects of different head connections on the piled raft response were 

examined by using two piled raft models with rigid and hinged connections. It was indicated 

from the results that the stiffness and the resistance of the single pile in piled raft foundations 

are different from those of the isolated single pile due to the difference in the confining stress 

condition around the piles. The piled raft with a rigid head connection has higher initial 

horizontal stiffness compared with that of the piled raft with a hinged head connection. 

Matsumoto et al. (2004) presented an experimental and analytical study on the behaviour 

of piled raft foundation models in sand subjected to horizontal and moment loading. A series 

of static horizontal load tests were conducted on the piled raft models in dry sand at 1-g field. 
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The influences of the height of horizontal loading point as well as the head connection on the 

response of the piled rafts were investigated. An analytical study was also carried out to 

demonstrate the validity of the results from the 1-g model tests and to interpret the test results 

in detail. It was derived from both the experimental and analytical results that the horizontal 

displacement and inclination of the raft, and bending moments of piles at a given horizontal 

load were increased with increasing the height of horizontal loading point. The horizontal 

displacement and inclination of the raft, and bending moments of piles in the hinged connection 

piled raft were smaller than those of the corresponding rigid connection piled raft when 

subjected to horizontal load and the associated moment load. 

Matsumoto et al. (2010) carried out experimental and analytical studies on the behaviour 

of pile group and piled raft models subjected to static vertical loading and static cyclic 

horizontal loading in dry sand, in order to investigate the influence of various pile head 

connection conditions between the raft and the piles on the response of the model foundations. 

Four different conditions of pile head connection called as rigid, semi-rigid, semi-hinged and 

hinged were considered in this research, as shown in Figure 2.8. The results showed that the 

influence of pile head connection condition on the behaviour of the pile groups and the piled 

rafts under vertical load alone was not significant. In cyclic horizontal load tests, the horizontal 

stiffness of the piled raft foundations, rotation of the raft and the load proportion carried by the 

raft decrease with reduction of rigidity of pile head connection. 

Yamashita et al. (2011) by monitoring full-scale measurements investigated the 

settlement behaviour and the load sharing between the rafts and the piles of five case histories 

of piled raft foundations in Japan. The field measurements were conducted from the beginning 

of the construction stage to 17 to 60 months after the end of the construction stage. It was 

indicated from the measured results that piled rafts worked more effectively at a pile spacing 

ratio, S/D, larger than six, in which the raft carried at least 30% the effective load of the 

structure. 

Unsever et al. (2014) conducted static cyclic horizontal load tests on piled raft and pile 

group foundation models in dry sand at the 1-g field to investigate the behaviour of the 

foundations under horizontal load. The dead weight of the superstructure was also considered 

by applying a vertical load before applying horizontal load. The results indicated advantages of 

piled raft over pile group under cyclic horizontal loading. 
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Figure 2.8. Model pile with different pile head connection conditions (Matsumoto et al., 2010) 

Hamada (2015) carried out a series of shaking table and static horizontal load tests on pile 

group and piled raft foundations in a centrifuge to examine the influence of ground deformation 

on the bending moment in the piles. The results of the shaking table tests, including the effect 

of ground deformation, were compared with those of the static horizontal load tests without 

ground deformation. It was derived from this study that the bending moment in piles caused by 

ground deformation could be roughly estimated by subtracting the value of bending moment 

generated during the static loading from those of the shaking table test (see Figure 2.9).  

 

Figure 2.9. Estimation of bending moment in piles caused by ground deformation (Hamada, 

2015) 



22 

 

2.3.3 Numerical studies on piled raft foundations 

Butterfield and Banerjee (1971) presented elastic analyses of piled rafts based on 

Mindlin’s solutions. The influences of pile length to pile diameter ratio, group size, pile spacing, 

pile compressibility ratio, the load distribution between the raft and the piles and the influence 

of the raft on the vertical stiffness of the foundation were studied. It was concluded that the 

presence of a smooth ground contacting raft resulted in only a small increase in the stiffness of 

5-15% depending on the group size and pile spacing. However, only homogeneous soil and 

fully rigid raft were considered in this method. 

Kuwabara (1989) used the boundary element method to analyse the behaviour of piled 

raft foundations in a homogeneous isotropic elastic half-space soil. In this method, the piles 

were divided into shaft elements and base elements, while the raft was discretized into 

rectangular elements. The effects of the number of piles, pile length to pile diameter ratio, the 

relative stiffness of pile to soil, and soil Poisson’s ratio were considered in this research. 

Chow and Teh (1991) developed a numerical method to analyse piled raft foundations in 

a non-homogeneous soil of which Young’s modulus increasing linearly with depth but with a 

constant Poisson’s ratio, as shown in Figure 2.10. The influence of the distribution of the soil 

Young’s modulus on the response of the pile foundation was investigated through parametric 

solutions. It was reported that the load carried by the raft was significantly affected by the 

distribution of the soil Young’s modulus. 

 

Figure 2.10. Schematic representation of problem (Chow and Teh, 1991) 



23 

 

Katzenbach et al. (2005) employed 3D FEM simulations to assess settlement of high-rise 

buildings. In the buildings, piled raft foundations were applied for supporting the heavy weight 

of the structures. The raft was modelled by shell elements, while the soil and the piles were 

represented by solid elements. The interface between the soil and the foundation components 

(raft and piles) was modelled by thin solid elements with the material behaviour of the soil. The 

raft and the piles were simulated as linear elastic, whereas the soil was simulated by elasto-

plastic cap model. Several simulations were carried out to assess the appropriate pile length, 

pile diameter and location of piles under the raft. 

Nguyen et al. (2013) employing FEM proposed a design method considering interaction 

effects for piled raft foundations. In this research, the raft was represented by plate elements 

supported by springs and subjected to a vertical load. Each pile was modelled as a pile spring 

at the pile’s position, whereas the relative raft-soil stiffness was modelled by raft springs. In 

order to consider the pile-soil-pile interaction, the pile-soil-pile interaction factor calculated by 

FEM via Plaxis 3D was used. FEM was also employed to determine pile-soil-raft interaction 

factor. Settlement of the foundation and bending moment induced in the raft were calculated 

through a structural program SAP 2000. The analysed results were compared with the 

experimental results of centrifuge tests and obtained good agreements.  

Vu Anh-Tuan et al. (2014) using 3D FEM conducted a parametric study on the settlement 

behaviour of piled raft foundations. In this research, effects of the number of piles, pile length, 

pile spacing and pile layout on the behaviour of piled raft foundations were investigated. The 

analysed results indicated that piled raft foundation has much more efficiency in settlement 

reduction than that of traditional raft foundation. Increases of the number of piles, pile length 

and decrease of pile spacing reduced the foundation settlement. Both value and location of the 

maximum settlement of a piled raft foundation are affected by pile layout. Detail of this study 

is presented in Appendix 3 of this thesis.     

Unsever et al. (2015) carried out numerical analyses of load tests on model foundations 

in dry sand. A series of vertical and horizontal load tests on a 3-pile piled raft model and its 

component (raft and pile) alone were conducted in a dry sand ground at the 1-g field. After that, 

simulations of the model tests were carried out through a FEM software PLAXIS 3D to get a 

deeper insight into the mechanisms of the piled raft foundation. The simulations of the vertical 

load tests obtained reasonable agreements with the experimental results. Although the 

numerical calculations of the horizontal loading of the piled raft did not obtain a good 

simulation of the measured results quantitatively, the trends of the experimental results were 
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reasonably simulated. It was derived that the behaviour of the piled raft foundation was no mere 

summation of the raft and the piles, but considerably affected by the interactions in the 

foundation system.  

2.4 Summary 

In this chapter, research works on pile group and piled raft foundations, including analysis 

methods, experimental studies and numerical studies, have been briefly reviewed. It is seen that 

there have been a lot of studies on pile foundations including pile group and piled raft. However, 

the number of studies on pile foundations having batter piles subjected to a combination of 

vertical and cyclic horizontal loads is quite modest. Particularly, it seems to be that there have 

been few research works on piled raft foundation having batter piles under a combination of 

vertical load and cyclic horizontal load. 

In the design of practical pile foundations, especially for heavy structures, it is required 

to validate the calculation results e.g. capacity, settlements to the corresponding results in the 

loading tests. The full-scale loading tests at the construction fields are considered as the most 

reliable tests for the validation of the design method. However, the full-scale loading tests with 

the field structure measurements are only conducted during or/and after the construction stage 

of the structures. A feasible approach for the validation of the design is using small-scale 

loading tests. In this approach, the validation is carried out by comparisons between the 

simulated results and the measured results of the small-scale loading tests. 

Therefore, series of model load tests on pile group and piled raft foundation models with 

and without batter piles subjected to a combination of vertical and cyclic horizontal loads were 

carried out in this research to examine the behaviours and the resistance mechanism of the 

foundations. After that, the simulations of the experiments were conducted and the calculated 

results were compared with the measured results in the experiments. The findings are derived 

and feasibility of the design method is confirmed through the experimental and the calculated 

results. 
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Chapter 3   

Experimental study on behaviours of pile group 

and piled raft foundations having batter piles 

subjected to vertical loading 

 

3.1 Introduction 

A main objective in this chapter is to investigate the behaviours of piled raft foundations with 

or without batter piles through model experiments. Static vertical load tests were conducted on 

the piled raft foundation models in a model ground of dry sand with the consistent condition at 

the 1-g field. Similar load tests were carried out on the foundation models with pile group 

condition where the raft was not in contact with the ground for comparisons. Pile foundation 

models consisting of 3 piles and 6 piles, with or without batter piles, were used in the 

experiments. That is, 8 types of model foundations 1) 3-pile piled raft with vertical piles alone 

(3PR); 2) 3-pile piled raft with batter piles (3BPR); 3) 3-pile pile group with vertical piles alone 

(3PG); 4) 3-pile pile group with batter piles (3BPG); 5) 6-pile piled raft with vertical piles alone 

(6PR); 6) 6-pile piled raft with batter piles (6BPR); 7) 6-pile pile group with vertical piles alone 

(6PG); 8) 6-pile pile group with batter piles (6BPG) were investigated. 

A reason why both 3-pile foundation model and 6-pile foundation model 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 no aim to simulate the behaviour of a prototype, but to investigate the 

influence of inclusion of batter piles on the performance of the piled raft or the pile group, and 

also investigate the resistance mechanisms of the foundations. 

3.2 Description of the experiments 

3.2.1 Model ground 

The soil used for model ground in this study is a dry silica sand having the properties shown in 

Table 3.1. The grain size distribution of the sand is shown in Figure 3.1. The model ground 



30 

 

with a relative density, Dr, of about 82% (d = 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 3.2). 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). 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 3.1. Properties of the sand used for model ground 

Property  Value 

Density of soil particle, s (t/m
3) 2.668 

Maximum dry density, dmax (t/m
3) 1.604 

Minimum dry density, dmin (t/m
3) 1.269 

Maximum void ratio, emax 1.103 

Minimum void ratio, emin 0.663 

 

 

Figure 3.1. Grain size distribution of the sand 
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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 (see 

Figure 3.3). The results of the Cone Penetration Tests (CPTs) of the model grounds are shown 

in Figure 3.4. It is seen that the model grounds are almost uniform in the plane and the cone tip 

resistance, qc, increases almost linearly with depth in all the tests. 

 

 

Figure 3.2. Dimensions of the soil box 

 

 

Figure 3.3. Cone penetration test 
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Figure 3.4. The results of Cone Penetration Tests 

 

A series of triaxial CD tests of the sand having Dr = 82% were conducted under different 

confining pressures, p0 = 7, 17, 27, 50 and 100 kPa, in order to obtain the mechanical properties 

and to investigate the behaviour of the sand. The height and diameter of the soil specimens were 

100 mm and 50 mm, respectively. The drainage from the specimen was permitted from only 

the top end. In addition, cyclic CD tests were conducted under confining pressures, p0 = 100 

kPa. 

The test results, axial strain a vs. deviatoric stress q, and a vs. volumetric strain vol, are 

shown in Figure 3.5a and Figure 3.5b, respectively. It is seen from Figure 3.5a that the stiffness 

increases with increasing p0. 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, p', is 42.8 degrees while the residual internal friction angle, r', is less 

than 35 degrees. It is seen from Figure 3.5b that dilatancy becomes smaller as p0 increases and 

dilatancy angle, , is not constant but decreases with increasing a. 
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(a) Axial strain a versus deviatoric stress q  
 

 

 (b) Axial strain a versus volumetric strain vol 

Figure 3.5. The results of triaxial CD tests of the sand 
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sand. Figure 3.6 shows the relationships of Ec and effective vertical stress, v’, of 3 tests by 

symbols. Ec was estimated from v’/v where v’ is increment of v’ and v is the 

corresponding increment of vertical strain. Thus estimated Ec is plotted against the average of 
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v’ in each loading step. Although scatters are found between the results of the 3 tests, it is clear 

from the overall trends of the 3 tests that Ec increases exponentially with increasing v’. The 

lines in the figure were drawn using a relation of Eq. (3.1). 
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crefE = constraint elastic modulus at ' = 'ref 

 ' = effective overburden vertical stress                                              

'ref = reference stress (taken as 100 kPa) 

n = exponent  

 

 

Figure 3.6. Relationship between the elastic constraint modulus, Ec, with effective stress, v’ 

 

The measured results are approximated for a wide range of v’ when Ecref = 50 MPa and 

n = 0.5 were assumed. That is, the stiffness of the sand is proportional to the square root of the 

confining pressure.  

 

3.2.2 Model foundations 

Figure 3.7 shows the dimensions of 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 6BPG) 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. The pictures of the foundation models are shown in Figure 3.8. 
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     a) 3PG and 3PR            (b) 3BPG and 3BPR

 

  c) 6PG and 6PR        (b) 6BPG and 6BPR 

Figure 3.7. Dimensions of the foundation models 

 

The rafts were made of duralumin with the dimensions as shown in Figure 3.7 and can be 

regarded as rigid. The sand particles were adhered onto the raft base surface to increase the 

friction between the raft and the ground. 
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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 as shown in Figure 3.9. 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, Ep, was estimated from bending 

tests of the piles. The geometrical and mechanical properties of the model pile are summarised 

in Table 3.2. 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 3.9). The piles were covered 

with the silica sand particles in order to increase the shaft resistance. 

 

 

(a) 3-pile pile foundation models 

 

 

(b) 6-pile pile foundation models 

Figure 3.8. Pictures of the pile foundation models 
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Table 3.2. Geometrical and mechanical properties of the model pile 

Property Value 

Outer diameter，D (mm) 20 

Wall thickness，t (mm) 1.1 

Effective length from raft base，L (mm) 255 

Young's modulus, Ep (N/mm2) 70267 

Poisson's ratio， 0.31 

 

 

    a) P1, P2 and P3       b) P4, P5 and P6 

Figure 3.9. Model piles with strain gauge instrumentation 

3.2.3 Loading method 

In vertical load tests (Figure 3.10), 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. The loading method employed is similar to that 

in Unsever et al. (2014). 

Table 3.3 shows the characteristics of the measuring devices used throughout the 

experiments.  
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Figure 3.10. Experiment setup with measuring instruments in vertical load tests 

 

Table 3.3. Characteristics of the measuring devices (VLT) 

Item Capacity Cal. factor Precision 

Vertical load cell  20000 N 4.784 N/ST 0.2392 N 

Vertical dial gauge VDG1 20 mm 0.01010 mm/ST 0.00050 mm 

Vertical dial gauge VDG2 20 mm 0.00485 mm/ST 0.00024 mm 

Vertical dial gauge VDG3 20 mm 0.00500 mm/ST 0.00025 mm 

Vertical dial gauge VDG4 20 mm 0.00484 mm/ST 0.00024 mm 

 

 

3.3 Similitude for model tests at 1-g gravitational field 

The experiments in this research does not intend to model prototype foundations, but to 

investigate mechanisms of resistance of pile foundations having batter piles. 

It may be, however, appropriate here to briefly review a similitude for 1-g model tests, 

which was proposed by Iai (1989) through dimension analysis. Let  be the geometrical scaling 

factor (prototype size / model size). Then, the scaling factor for stress, , is given by the 

following relation where the same soil as the prototype soil is used for the model ground, since 

the gravitational accelerations in the prototype and the model are the same at 1-g: 

                                                                
p m/                                                                 (3.2) 

where  is the stress in the soil and subscripts 'm' and 'p' denote 'model' and 'prototype', 

respectively. 

 
Screw jack

Load cell

Dial gauge
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For the case where the stiffness of soil at small strain level is proportional to the square 

root of the confining pressure,  , the scaling factor for the strain, , is given by  

                                                                p m/                                                                 (3.3) 

The similitude for model test at 1-g field can be summarised as shown in Table 3.4. The 

similitude for 1-g field model tests is rather complex as compared with the centrifuge 

modelling. 

One-dimensional compression tests of the sand were conducted using an oedometer test 

device to obtain one-dimensional modulus (constrained modulus), Ec, of the sand. Figure 3.6 

shows the relationships of Ec and effective vertical stress, v’, of 3 tests by symbols. Ec was 

estimated from v’/v where v’ is increment of v’ and v is the corresponding increment 

of vertical strain. Thus estimated Ec is plotted against the average of v’ in each loading step. 

Although scatters are found between the 3 test results, it is clear from the overall trends of the 

3 tests that Ec increases exponentially with increasing v’. 

The lines in the figure were drawn using a relation of Eq. (3.1). 

                                                                  
n

EE 











'

'

ref

crefc


                                           (3.1 repeated) 

crefE = constraint elastic modulus at ' = 'ref 

 ' = effective overburden vertical stress                                              

'ref = reference stress (taken as 100 kPa) 

n = exponent  

 

The measured results are approximated for a wide range of v’ when Ecref = 50 MPa and 

n = 0.5 were assumed. That is, the stiffness of the sand is proportional to the square root of the 

confining pressure. Hence, the similitude rules shown in Table 3.4 could be applied to the model 

tests in this paper. In the case of scale ratio of  = 30, the bending rigidity, EI, and longitudinal 

rigidity, EA, of a prototype pile are 4.35 and 0.41 times those of a concrete pile (E = 3×106 kPa) 

having a diameter of 0.6 m and a length of 7.65 m, which means a "short pile" condition. 

Ovesen (1979) carried out a series of centrifuge modelling of vertical loading of rafts on 

a model sand ground. The diameter of the model raft was varied from 14.2 mm to 79.8 mm, 

while the same sand having grain sizes from 0.3 to 0.6 mm was consistently used. Centrifugal 

acceleration was varied from 70.7g to 12.5g to simulate a prototype raft having a diameter of 1 

m in all the modelling. The ratio of the raft diameter to the grain size of 0.6 mm varied from 24 

to 133. The measured load-settlement relations obtained from all the centrifuge modelling 

almost coincided in the prototype scale, regardless of the ratio of the raft diameter to the grain 

size. 
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In the experiments of this research, the ratio of pile diameter to the grain size is 40. 

According to the results of the experiments by Ovesen (1979), it can be judged that the influence 

of the grain size is negligible. 

The authors are aware that modelling at 1-g field does not produce the same stress level 

at corresponding points in the model and prototype, and the stress-strain behaviour of the model 

will be quite different from that of the real system. However, this study, as mentioned earlier, 

does not intend to model a prototype foundation but to investigate the influence of inclusion of 

batter piles on the behaviours of the foundations. Note that, the test results are presented in 

model scale in this paper. 

 

Table 3.4. Similitude for model test at 1-g field (Iai, 1989) 

Item prototype / model 

Length (Size) 
Density 1 

Stress 
Strain 1/2 

Shear modulus 1/2 

Time 3/4 

Frequency 1/3/4 

Displacement 3/2 

Velocity 3/4 

Acceleration 1 

Bending rigidity of pile 9/2 

Longitudinal rigidity of pile 5/2 

 

3.4 Vertical load tests on 3-pile pile foundations (3PG, 3PR, 3BPG and 

3BPR) 

Figure 3.11 shows load-settlement curves in the 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 (Vu Anh-Tuan et al. 2017a). The behaviour of 

a pile foundation at w/D values smaller than 0.1 is very important because the allowable 

settlement of pile foundation is usually smaller than 0.1D in design specifications of many 

countries. 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), 
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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. 

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. 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), 

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 positive effects of batter piles on the performance of pile 

group and piled raft foundations were presented in (Vu Anh-Tuan et al. 2016). 

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 Anh-

Tuan et al. (2017b) discussed a similitude for experiments at 1-g field based on the similitude 

proposed by Iai (1989). Vu Anh-Tuan et al. (2017b) showed that, in the case of scale ratio 

(prototype scale/model scale) of  = 30 for an example, the bending rigidity, EI, and 

longitudinal rigidity, EA, of a prototype pile are 4.35 and 0.41 times those of a concrete pile (E 

= 3×106 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. 

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.  

Note that the advantages of the piled rafts over the pile groups are due to the contribution 

of the raft in supporting a part of the load, which depend on the soil stiffness underneath the 

raft. As has been pointed out by Poulos (2001), piled raft is not so effective in the cases where 

surface soil is very soft, because the raft resistance is not expected. In the cases of stiff soil, 

shallow foundation can be employed. This research would like to focus on piled raft 

foundations. Hence, in the particular case of this research, dense sand having a relative density, 

Dr, of about 82% was used for the model ground throughout the experiments because it is a 

commonly competitive case for application of piled raft foundations.
 
It is also interesting to 
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notice from Figure 3.11 that ultimate vertical capacities of the piled rafts (3PR and 3BPR) are 

mobilised around w/D = 0.45 which is excessively large for serviceability, but is of interest in 

seismic design of pile foundations. 

 

 

Figure 3.11. Load-settlement curves of the 3-pile foundations 

 

The vertical resistances by the piles and the raft of 3PR are shown in Figure 3.12. The 

proportions of the vertical load carried by the each component are given in Figure 3.13. It is 

seen from Figure 3.12 and Figure 3.13 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.  

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 in Section 3.2.1 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 was also pointed out in Vu Anh-Tuan et al. 

(2017a). 
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Figure 3.12. Vertical resistances by the piles, the raft and the total of 3PR 

 

 

Figure 3.13. Proportions of vertical load carried by the piles and the raft of 3PR 

 

Figure 3.14 shows the mobilised resistance forces of the centre pile
 
(P2) and the averaged 

forces of the edge piles (P1 and P3) against normalised settlement, w/D, in the cases of 3PG 

and 3PR. In the figures, the shaft resistance and the tip resistance are indicated. Here, the tip 
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resistance is the axial force of the pile measured at level 6, and the shaft resistance is the 

difference of the axial forces measured at level 1 and level 6 (see Figure 3.9).  

 

 

(a) 

 

(b) 

Figure 3.14. Mobilised resistance of each pile for 3PG and 3PR 

 

It is seen from Figure 3.14 that the total resistance of P2 is similar to the averaged 
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the case of 3PR, in which the total resistance of P2 is greater than the averaged resistance of P1 

and P3. In both cases of 3PG and 3PR, the tip resistance of the centre pile P2 is larger than that 

of the edge pile after w/D reaches 0.1. 

In the case of 3PG (Figure 3.14a), the tip resistances of the piles, after steadily increasing 

until w/D = 0.3, tend to remain stable. The shaft resistances after reaching the peak at 

normalised settlement, w/D, of around 0.08, decrease gradually until to stable values. 

In the case of 3PR (Figure 3.14b), the tip resistances of the piles increase with increasing 

of the settlement. It is remarkable that two peak values of the shaft resistance are obtained in 

the case of 3PR while only one peak value appears in the case of 3PG. For 3PR, after reaching 

a peak at w/D of about 0.09, the shaft resistances decline slightly and attain plateau level when 

w/D varies from 0.14 to 0.25. After that, the shaft resistances of 3PR express a significant 

increase and reach another peak at w/D of around 0.45. It is interesting to find that the peak of 

the load-settlement curve of 3PR also occurred at w/D of 0.45 (see Figure 3.11).  

Figure 3.15 and Figure 3.16 show the axial force and the bending moment distributions, 

respectively, along each pile shaft at various normalised settlements, w/D = 0.01, 0.02, 0.05, 

0.20 and 0.40 in the cases of 3PG and 3BPG. In a similar way, Figure 3.17 and Figure 3.18 

show the axial force and the bending moment distributions, respectively, along each pile shaft 

at various normalised settlements, w/D = 0.01, 0.02, 0.05, 0.20 and 0.40 in the cases of 3PR 

and 3BPR. In ideally symmetrical conditions of the experiments including material condition 

(piles, model ground) and loading condition, the internal forces in the pile P1 are equal to those 

in the pile P3. However, it is very difficult to attain the complete symmetrical conditions, 

resulting in inevitable differences of the internal forces between the pile P1 and the pile P3. 

It is seen from Figure 3.15 and Figure 3.16 that both the axial forces and bending moments 

in the piles of 3BPG are larger than those in the corresponding piles of 3PG generally. Focusing 

on the force values at small normalised settlements, w/D= 0.01, 0.02 and 0.05, the differences 

in axial forces are significant while the differences in bending moments are not so significant 

between 3PG and 3BPG. It is also seen that the increments of axial force (when w/D varies 

from 0.01 to 0.02 and to 0.05) are more considerable than the increments of bending moment 

in both cases of 3PG and 3BPG. Hence, the axial forces play the main role in the increases of 

the vertical resistance of the foundations at the small normalised settlements. For large 

normalised settlements, w/D = 0.2 and 0.4, the differences in axial forces between 3PG and 

3BPG and the increment of axial force in the each case are not as significant as those at the 

small normalised settlements. Meanwhile, the differences in bending moment between 3PG and 

3BPG and the increment of bending moment in the each case are much more significant 
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compared with those at the smaller normalised settlements. Therefore, the increases of bending 

moment contribute main role in the enhancement of the resistance of 3BPG compared with 3PG 

at the large normalised settlements and result in the persevering behaviour in the load-

settlement curve of 3BPG. 

In the cases of 3PR and 3BPR (Figures 3.17 and 3.18), the differences in axial forces 

between the two cases are not as obvious as those in the pile group cases. The axial forces in 

P2 are similar between 3PR and 3BPR. The axial forces in P1 of 3BPR are larger than those of 

3PR. On the contrary, the axial forces in P3 of 3BPR are smaller than those of 3PR. It could be 

confirmed from the comparison of the axial forces in P1 and P3 of 3PR that considerable 

eccentric loading occurred in the experiment of 3PR, leading to the results mentioned above. 

Meanwhile, the magnitudes of bending moments in the batter piles of 3BPR (P1 and P3) are 

quite similar to those in the corresponding piles of 3PR at small normalised settlement, w/D= 

0.01, 0.02 and 0.05. At large normalised settlements, w/D = 0.2 and 0.4, the magnitudes of 

bending moments in the batter piles of 3BPR (P1 and P3) are significantly larger than those in 

the corresponding piles of 3PR. The magnitudes of the bending moments in the vertical centre 

pile (P2) are similar between the two cases at any normalised settlement. Hence, the larger 

magnitudes of bending moments in the batter piles of 3BPR compared with those in the 

corresponding piles of 3PR at the large normalised settlements contribute the enhancement of 

the vertical resistance of 3BPR compared with 3PR. 

It is interesting to see from the comparison of axial forces between 3PR and 3PG that the 

shaft resistances in the piled raft are considerably larger than those in the corresponding pile 

group. The increments of the tip resistances in the piled raft are also considerably larger than 

those in the pile group when w/D varies from 0.2 to 0.4. It can be explained, in the case of piled 

raft, that the pressure transferred from the raft base to the ground increases the stress level 

around the piles, resulting in the increase of stiffness and strength as indicated in the triaxial 

test results, leading to the higher shaft and tip resistances compared with those of the pile 

groups. This aspect has been pointed out in Unsever et al. (2015). 
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(a) 

 

 

(b) 

 

 

(c) 

Figure 3.15. Axial force distributions in 

each pile for 3PG and 3BPG (VLT) 

 

(a) 

 

 

(b) 

 

 

(c) 

Figure 3.16. Bending moment distributions 

in each pile for 3PG and 3BPG (VLT) 
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(a) 

 

 

(b) 

 

 

(c) 

Figure 3.17. Axial force distributions in 

each pile for 3PR and 3BPR (VLT) 
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(b) 

 

 

(c) 

Figure 3.18. Bending moment distributions 

in each pile for 3PR and 3BPR (VLT) 

250

200

150

100

50

0
0 200 400 600 800 1000

3PR 3BPR  w/D 

  0.01

  0.02

  0.05

  0.20

  0.40

P1 

Axial force, F
a
 (N)

 

D
is

ta
n

c
e

 f
ro

m
 t

h
e

 r
a

ft
 b

a
s
e

, 
z p

 (
m

m
)

250

200

150

100

50

0
0 200 400 600 800 1000

P2 
3PR 3BPR  w/D 

  0.01

  0.02

  0.05

  0.20

  0.40

D
is

ta
n

c
e

 f
ro

m
 t

h
e

 r
a

ft
 b

a
s
e

, 
z p

 (
m

m
) Axial force, F

a
 (N)

 

250

200

150

100

50

0
0 200 400 600 800 1000

3PR 3BPR  w/D 

  0.01

  0.02

  0.05

  0.20

  0.40

D
is

ta
n

c
e

 f
ro

m
 t

h
e

 r
a

ft
 b

a
s
e

, 
z p

 (
m

m
)

P3 

Axial force, F
a
 (N)

 

250

200

150

100

50

0
-15 -10 -5 0 5

3PR 3BPR  w/D 

  0.01

  0.02

  0.05

  0.20

  0.40

P1 

Bending moment, M (N.m)

 

D
is

ta
n

c
e

 f
ro

m
 t

h
e

 r
a

ft
 b

a
s
e

, 
z p

 (
m

m
)

250

200

150

100

50

0
-10 -5 0 5 10

3PR 3BPR  w/D 

  0.01

  0.02

  0.05

  0.20

  0.40

P2 

Bending moment, M (N.m)

 

D
is

ta
n

c
e

 f
ro

m
 t

h
e

 r
a

ft
 b

a
s
e

, 
z p

 (
m

m
)

250

200

150

100

50

0
-15 -10 -5 0 5

3PR 3BPR  w/D 

  0.01

  0.02

  0.05

  0.20

  0.40

D
is

ta
n

c
e

 f
ro

m
 t

h
e

 r
a

ft
 b

a
s
e

, 
z p

 (
m

m
)

P3 

Bending moment, M (N.m)

 



49 

 

3.5 Vertical load tests on 6-pile pile foundations (6PG, 6PR, 6BPG and 

6BPR) 

In this section, the experimental results of vertical load tests on the 6-pile foundations are 

presented and compared with the results of the 3-pile foundations in order to confirm the 

findings from the results of the 3-pile foundations (mentioned in section 3.4) as well as to 

investigate the interaction influence of the foundations. 

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. 

 

 

Figure 3.19. Load-settlement curves of the 6-pile foundations 

 

12

10

8

6

4

2

0

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0 2000 4000 6000 8000 10000 12000 14000

N
o

rm
s
lis

e
d

 s
e

tt
le

m
e

n
t,

 w
/D

6PG 
6BPG 

6PR

6BPR

 

 6PG

 6BPG

 6PR

 6BPR

Vertical Load, V (N)

S
e

tt
le

m
e

n
t,

 w
 (

m
m

)



50 

 

The positive effect of batter piles in reducing of settlement is also observed from the 

experimental results of the 6-pile foundations, similar to the results of the 3-pile foundations. 

The vertical resistances by the pile component and the raft component in the case of 6PR 

are given in Figure 3.20 in comparison with the results of 3PR. Similarly, the proportions of the 

vertical load carried by the each component are given in Figure 3.21. 

 

 

Figure 3.20. Vertical resistances by the piles, the raft and the total of 6PR and 3PR 

 

 

Figure 3.21. Proportions of vertical load carried by the piles and the raft of 6PR and 3PR 
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Similar to the results of 3PR, the load carried by the raft in the case of 6PR is very small 

at the early loading stage and then increases with increasing w, 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. 

As mentioned above, 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. 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 3.20. 

 

(a) 6PG 

 

(b) 6PR 

Figure 3.22. Mobilised resistance of each pile for 6PG and 6PR 
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Figure 3.22 shows the mobilised resistance forces of the averaged forces of the centre 

piles (P2 and P5) and the averaged forces of the edge piles (P1, P3, P4 and P6) against 

normalised settlements, w/D, in the cases of 6PG and 6PR. In the case of 6PG (Figure 3.22 a), 

similar trends of the tip resistances and the shaft resistances compared with those of 3PG are 

observed. The tip resistances increase with increasing of settlement until w/D = 0.3 and then 

tend to remain stable, and the tip resistance of the centre pile is larger than that of the edge pile 

after w/D reaches 0.1. It is seen from comparison with 3PG that the tip resistances of the piles 

in 6PG are larger than the corresponding tip resistances of the piles in 3PG after w/D reaches 

0.05. Meanwhile, the shaft resistances after reaching the peak at normalised settlement, w/D, of 

around 0.1, decrease gradually until to stable values. 

In the case of 6PR (Figure 3.22 b), both the tip resistance and the shaft resistance of the 

centre pile are larger than those of the edge piles, similarly to the results of 3PR, resulting in 

higher total resistance of the centre pile compared with the edge pile. Also, both the tip 

resistance and the shaft resistance of the piles in 6PR are larger than those in 6PG. The tip 

resistances of the piles, increase steadily with increasing of settlement. It is also seen that the 

difference of the tip resistance between the centre pile and the edge pile in case of 6PR is more 

considerable than that of 3PR. The shaft resistances of the piles in 6PR do not exhibit peak 

values as those in 3PR. 

Figures 3.23 and 3.24 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, in the cases of the 6-pile 

foundations (6PG, 6BPG, 6PR and 6BPR) and the 3-pile foundations (3PG, 3BPG, 3PR and 

3BPR), respectively. It is noticed that P1 is one of the batter piles in the batter pile foundations 

(6BPG, 6BPR, 3BPG and 3BPR).  

It can be seen that the axial forces of the pile P1 in the batter pile groups (6BPG and 

3BPG) are larger than those of the corresponding pile groups without batter piles (6PG and 

3PG) at any normalised settlement. It is interesting to notice again 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 the effect of load transferred from the raft base to the ground as 

mentioned above.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.23. Axial force distributions in P1 

for 6PG, 6BPG, 6PR and 6BPR (VLT) 
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(d) 

Figure 3.24. Axial force distributions in P1 

for 3PG, 3BPG, 3PR and 3BPR (VLT)
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Let briefly discuss the interactions observed in the vertical load tests. Load-settlement 

curves for 6PG, 6BPG, 2×3PG and 2×3BPG are given in Figure 3.25. It is seen that the 

resistances of the 6-pile groups are almost equal to two times the resistances of the 3-pile groups 

when settlement is smaller than 1.5 mm. When settlement exceeds 1.5 mm, the resistances of 

the 6-pile groups are considerably larger than two times the resistances of the 3-pile groups. It 

is interesting to find that the axial forces are similar between 6PG and 3PG, and also similar 

between 3BPG and 6BPG at the small normalised settlements, w/D = 0.01, 0.02 and 0.05 (see 

Figures 3.23 and 3.24). 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 groups compared with 

those in 3-pile groups. It could be explained that higher stress level around the pile tips in 6PG 

compared with that of 3PG, which is caused by stress superposition at the pile tip area, results 

in higher the pile tip resistance of 6PG compared with that of 3PG. The results of numerical 

analyses, which is presented in chapter 5, will validate this hypothesis. 

 

 

Figure 3.25. Load-settlement curves for 6PG, 6BPG, 2×3PG and 2×3BPG 
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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 2×3PR and 2×3BPR until w attains about 8 mm. 

 

 

Figure 3.26. Load-settlement curves for 6PR, 6BPR, 2×3PR and 2×3BPR 
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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 affected by interactions 

between the components of the foundations (piles, raft) and the ground. 
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Chapter 4   

Experimental study on behaviours of pile group 

and piled raft foundations having batter piles 

subjected to combination of vertical and cyclic 

horizontal loading 

 

4.1 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. A 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 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 a 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 pile group and piled raft having batter 

piles subjected to a combination of vertical and cyclic horizontal load. 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 were investigated through a 

series of model load tests in a dry sand ground at the 1-g field.  

As mentioned in Section 3.1 that small-sized experiments were carried out at the 1-g field 

in the research. Hence, the experiments do not aim to simulate the behaviour of a prototype but 

to investigate the influence of the inclusion of batter piles on the piled raft or the pile group 
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subjected to a combination of vertical and horizontal loading, and also investigate the resistance 

mechanisms of the foundations. 

4.2 Description of the experiments 

The model ground and the model foundations have been presented in detail in chapter 3. Hence 

in this section, only loading method is described.   

Figure 4.1 shows the schematic illustration of the experiment setup in a horizontal load 

test. The 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, 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. 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. 

The characteristics of the measuring devices are summarised in Table 4.1. 

 

 

Figure 4.1. Schematic illustration of a horizontal load test 
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Figure 4.2. Experiment setup with measuring instruments in horizontal load tests 

 

Table 4.1. Characteristics of the measuring devices (HLT) 

Item Capacity Cal. factor Precision 

Horizontal load cell  LC-R 2000 N 0.4866 N/ST 0.0243 N 

Horizontal load cell  LC-L 5000 N 0.8196 N/ST 0.0410 N 

Horizontal dial gauge HDG 50 mm 0.01 mm/ST 0.0005 mm 

Vertical dial gauge VDG-R 50 mm 0.01 mm/ST 0.0005 mm 

Vertical dial gauge VDG-L 50 mm 0.01 mm/ST 0.0005 mm 

 

4.3 Combination load tests on 3-pile pile foundations (3PG, 3PR, 3BPG 

and 3BPR) 

The vertical loads supported by the raft for 3PR and 3BPR prior to the start of horizontal loading 

on the experiments were 183 N and 238 N, respectively, which were 31% and 40% of the dead 

weight of 600 N. As for 6PR and 6BPR, the loads were 527 N and 529 N, respectively, which 

were 44% and 44% of the dead weight of 1200 N. It is indicated that the proportions of vertical 

load carried by the rafts are fairly similar at the beginning of horizontal loading, between 4 

cases of 3PR, 3BPR, 6PR and 6BPR (Vu Anh-Tuan et al. 2016a). 

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.  

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 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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(a) all cycles 

 

 

(b) Close-up of initial loading stage 

Figure 4.3. Horizontal load vs. normalised horizontal disp. for 3PG, 3BPG, 3PR and 3BPR 
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each pile was estimated from shear strain measured at 20 mm below the raft base (see Figure 

3.9), and that the raft resistance was estimated by subtracting horizontal pile resistance from 

the total horizontal resistance measured by the load cell.  

It is seen that the total resistance of 3BPR is considerably higher than that of 3PR. 

Focusing on the raft resistances, almost the same behaviours are obtained in the two cases. It is 

interesting to note that the vertical loads supported by the raft for 3PR and 3BPR prior to the 

start of horizontal loading were 183 N and 238 N, respectively, which were 31% and 40% of 

the dead weight of 600 N.  

Meanwhile, the pile resistance of 3BPR is in the similar trend to that of 3PR but has higher 

value, resulting in the higher total resistance of 3BPR compared with 3PR. 

 

 

Figure 4.4. Horizontal load vs. normalised horizontal disp. for 3PR and 3BPR 
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Figure 4.5. Inclination of the raft during cyclic horizontal loading for 3PG and 3BPG 

 

 

Figure 4.6. Inclination of the raft during cyclic horizontal loading for 3PR and 3BPR 
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0.05 (in the case of 3BPR). Meanwhile, the inclination angle increases steadily from the 

beginning of the horizontal loading in both cases of 3PG and 3PR. 

 

 

Figure 4.7. Inclination of the raft vs. normalised horizontal disp. in the cases of  

3PG, 3BPG, 3PR and 3BPR 
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Figure 4.8 shows the relationships of inclination of the raft, , and horizontal load, H, in 

the 1st half cycle of loading, 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. 

 

(a) 3PG 

 

(b) 3BPG 

Figure 4.9. Vertical disp. of the raft during cyclic horizontal loading for 3PG and 3BPG 
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(a) 3PR 

 

 

(b) 3BPR 

Figure 4.10. Vertical disp. of the raft during cyclic horizontal loading for 3PR and 3BPR 
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accumulative settlements of the piled raft (3PR and 3BPR) are smaller than accumulative 

settlements of the corresponding pile group (3PG and 3BPR), indicating the advantage of pile 

raft over pile group. 

 

(a) 3PR 

 

 

(b) 3BPR 

Figure 4.11. Proportion of horizontal load carried by 3 piles and raft for 3PR and 3BPR 
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The proportions of the horizontal load supported by 3 piles and the raft during cyclic 

horizontal loading in cases of 3PR and 3BPR are shown in Figure 4.11a and Figure 4.11b, 

respectively. The proportion of horizontal load carried by 3 piles in 3BPR is fairly higher than 

that in 3PR, indicating higher efficiency of batter piles compared with vertical piles in load 

sharing. 

 

(a) Case of 3PR 

 

(b) Case of 3BPR 

Figure 4.12. Pile axial load vs. normalised horizontal displacement for 3PR and 3BPR 
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The axial loads at the pile head carried by the rear piles, the centre piles and the front 

piles for 3PR and 3BPR are given in Figure 4.12. Here, the axial loads are defined as the axial 

forces at a top of each pile (20 mm below the raft base). In this research, compression axial 

force is taken as positive and tension axial force is taken as negative.  

It can be seen that 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 load carried by the front piles (battered pile) in 3BPR is higher than that (vertical pile) 

in 3PR at any given horizontal displacement. As for the rear pile, the load in 3BPR changes 

from compression into tension more rapidly than that in 3PR. Also, the magnitude of tension 

load in the case of 3BPR is higher than that in 3PR. 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 compared with PR. 

Changes of bending moments with normalised horizontal displacement, u/D, at different 

levels (see Figure 3.9) of each pile during horizontal loading are given in Figures 4.13 and 4.14 

for 3PR and 3BPR, respectively. Note that P3 is the front pile and P1 is the rear pile for positive 

loading, and vice versa for negative loading. 

As for 3PR, the largest magnitudes of bending moments in the front pile and in the centre 

pile are similar, and higher than those in the rear pile. The magnitude of bending moment in the 

centre pile is similar between positive loading and negative loading. 

In the centre pile, the maximum bending moments occur at the top of the pile (level 1). 

In the front pile, the maximum magnitudes of bending moment 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 4.14 (for 3BPR) that significantly larger bending moment 

is generated in the vertical centre pile (P2) compared with the other piles (P1 and P3). The 

bending moment in P2 of 3BPR is also considerably larger than that in P2 of 3PR. The bending 

moments in P1 and P3 of 3BPR are not so much different from those in P1 and P3 of 3PR, 

correspondingly. 

Figure 4.15 and Figure 4.16 show bending moment distributions and increment of axial 

force distributions during the horizontal loading in each pile shaft at various normalised 

displacements, u/D = 0.02, 0.05, 0.10 and 0.20, repectively, in the cases of 3PG and 3BPG. 

Similarily, Figure 4.17 and Figure 4.18 show the results in the cases of 3PR and 3BPR. Here 

P1, P2 and P3 are the rear pile, the centre pile and the front pile, respectively, and note that P1 

and P3 are the batter piles in 3BPG or in 3BPR.  
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In the pile group cases (see Figure 4.15), it is seen that the bending moments generated 

in the rear pile P1 are similar between 3PG and 3BPG in both distribution patterns and values. 

The bending moment distribution patterns of the centre pile P2 are similar between 3PG 

and 3BPG, although P2 of 3BPG has larger values than P2 of 3PG at each u/D. 

As for the front pile P3, the bending moment distribution patterns are different between 

3PG and 3BPG. For instance, the largest magnitudes of the bending moment were generated at 

a level 1, zp= 20 mm, in P3 of 3PG, while the largest magnitudes of the bending moment were 

generated at a level 4, zp= 140 mm, in P3 of 3BPG. The differences of the largest magnitudes 

of the bending moment in P3 between the two cases are not significant. 

It is worth to note that the largest moments were generated in the front pile P3 in the case 

of 3PG but in the centre pile P2 in the case of 3BPG. 

It is seen from Figure 4.16 that compressive axial forces were generated in the front pile 

P3 meanwhile tensile axial forces were caused in the rear pile P1 and in the centre pile P2 due 

to the horizontal loading. It is interesting to notice that larger magnitudes of axial forces were 

generated in the batter piles (P1 and P3) of 3BPG compared with the corresponding vertical 

piles of 3PG. 

In the cases of the pile rafts (Figure 4.17), it is seen that the bending moments in the batter 

piles of 3BPR (P1 and P3) are almost the same to those in the corresponding vertical piles of 

3PR, in both distribution patterns and values. The bending moments in the centre pile P2 of 

3BPR have similar distribution patterns but larger values compared with those of 3PR. The 

positive maximum moments generated in the centre pile are largest in each foundation, which 

is pronounced in the case of 3BPR. Meanwhile, the largest magnitudes of negative bending 

moment are generated in the front pile P3 in both cases.  

Figure 4.18 shows that the magnitudes of axial forces generated in the piles of 3BPR are 

larger than those of 3PR. Hence, the increases of the axial forces in the batter piles of the 

battered pile foundations (3BPG and 3BPR) compared with those in the foundations without 

batter piles (3PG and 3PR) contribute main role to increase the horizontal resistance and to 

decrease the raft inclination of 3BPG and 3BPR compared with 3PG and 3PR. 

It is also interesting to notice from Figure 4.16 and Figure 4.18 that the axial forces 

generated in the front pile P3 in the cases of the piled rafts are smaller than those in the cases 

of the corresponding pile groups when u/D is larger than 0.02. Meanwhile, the axial forces 

generated in the rear pile P1 are similar between the piled rafts and the pile groups. It can be 

explained that the contribution of the raft in the cases of the pile rafts reduced axial forces in 

the front pile of the piled rafts compared with those of the pile groups.  
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             (a) 

 

             (b) 

 

                 (c) 

Figure 4.13. Bending moments of piles 

for 3PR (in HLT) 

 

             (a) 

 

                  (b) 

 

             (c) 

Figure 4.14. Bending moments of piles 

for 3BPR (in HLT) 
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          (a) 

  

         (b) 

 

          (c) 

Figure 4.15. Bending moment 

distributions for 3PG and 3BPG (HLT) 

  

         (a) 

  

         (b) 

  

         (c) 

Figure 4.16. Increments of axial forces 

for 3PG and 3BPG (HLT) 
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           (a) 

 

          (b) 

 

           (c) 

Figure 4.17. Bending moment 

distributions for 3PR and 3BPR (HLT) 
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           (c) 

Figure 4.18. Increments of axial forces 

for 3PR and 3BPR (HLT) 
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4.4 Combination load tests on 6-pile pile foundations (6PG, 6PR, 6BPG 

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 (Vu Anh-Tuan et al. 2017).  

 

 

(a) all cycles 

 

(b) 1st cycle 

Figure 4.19. Horizontal load vs. normalised horizontal disp. for 6PG, 6BPG, 6PR and 6BPR 
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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). 

 

(a) 6PG and 6BPG 

 

(b) 6PR and 6BPR 

Figure 4.20. Inclination of the raft during cyclic horizontal load 
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Figure 4.20 shows comparisons of inclination of the raft during cyclic horizontal loading 

between 6PG and 6BPG (Figure 4.20a), and between 6PR and 6BPR (Figure 4.20b). The 

inclination of the raft increases almost linearly with the increase of normalised horizontal 

displacement in all the cases. The inclination is suppressed by the inclusion of batter piles and 

this effect is more considerable in the case of piled raft.  

Figure 4.21 shows the inclination of the raft against horizontal load during the initial 

loading stage for 6PG, 6BPG, 6PR and 6BPR.   

 

Figure 4.21. Inclination of the raft vs. horizontal load during the initial loading stage for 

6-pile foundations (Experiment) 

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. 

The axial loads at the pile head carried by the rear piles, the centre piles and the front 

piles in 6PR and 6BPR for the initial loading stage are given in Figure 4.22. Here, 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). Similar to the results of the 3-pile 

foundations, it is seen that the magnitudes of axial forces of the piles in the case of 6BPR (batter 
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piles) are larger than those in the case of 6PR (vertical piles), enhancing the horizontal 

resistance of 6BPR compared with 6PR. 

 

 

(a) 6PR 

 

(b) 6BPR 

Figure 4.22. Pile axial load vs. normalised horizontal displacement for 6PR and 6BPR 
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Figures 4.23 and 4.24 show changes of bending moments with normalised horizontal 

displacement, u/D, at different levels of each pile (P1, P2 and P3) during horizontal loading in 

cases of 6PR and 6BPR, respectively. Note that P3 is the front pile and P1 is the rear pile for 

positive loading (right direction), and vice versa for negative loading (left direction). 

As for 6PR, the largest magnitudes of bending moments in the front pile and in the centre 

pile are similar and higher than those in the rear pile. The magnitude of bending moment in the 

centre pile is similar between positive loading and negative loading. 

In the centre pile, the maximum bending moments occur at the top of the pile (level 1). 

In the front pile, the maximum magnitudes of bending moment are generated at the level 1 (top 

of pile) and the level 4 (distance 140 mm from raft base). 

It is seen from Figure 4.24 (for 6BPR) that significantly larger bending moment is 

generated in the vertical centre pile (P2) compared with the other piles (P1 and P3). The bending 

moment in P2 of 6BPR is also considerably larger than that in P2 of 6PR. The bending moments 

in P1 and P3 of 6BPR are not so much different from those in P1 and P3 of 6PR, 

correspondingly. 

These results of the 6-pile foundations are completely consistent with the results of the 3-

pile foundations as discussed in the previous section. 

Let briefly discuss the interactions observed in the experiments. Horizontal load-

horizontal normalised displacement curves for 6PG, 6BPG, 2×3PG and 2×3BPG are given in 

Figure 4.25. In a similar way, Figure 4.26 shows horizontal load-horizontal normalised 

displacement curves for 6PR, 6BPR, 2×3PR and 2×3BPR. 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 

to get more insight into the behaviours of the foundations and to understand more about the 

interactions of raft, piles and soil.  
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          (b) 

 

 

   (c) 

Figure 4.23. Bending moments of piles 

for 6PR (in HLT) 
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    (c) 

Figure 4.24. Bending moments of piles 

for 6BPR (in HLT) 

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
-35
-30
-25
-20
-15
-10
-5
0
5

10
15
20
25
30
35

P1 in 6PR

 Level 1

 Level 2

 Level 3

 Level 5

 Level 6

 

Normalised horizontal displacement, u/D

B
e

n
d

in
g

 m
o

m
e

n
t,

 M
 (

N
.m

)

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
-35
-30
-25
-20
-15
-10
-5
0
5

10
15
20
25
30
35

 Level 1

 Level 2

 Level 3

 Level 4

 Level 5

 Level 6

P2 in 6PR

 

Normalised horizontal displacement, u/D

B
e

n
d

in
g

 m
o

m
e

n
t,

 M
 (

N
.m

)

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
-35
-30
-25
-20
-15
-10
-5
0
5

10
15
20
25
30
35

 Level 1

 Level 2

 Level 3

 Level 4

 Level 5

 Level 6

P3 in 6PR

 

Normalised horizontal displacement, u/D

B
e

n
d

in
g

 m
o

m
e

n
t,

 M
 (

N
.m

)

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
-35
-30
-25
-20
-15
-10
-5
0
5

10
15
20
25
30
35

P1 in 6BPR

 Level 1

 Level 2

 Level 3

 Level 4

 Level 5

 Level 6

 

Normalised horizontal displacement, u/D

B
e

n
d

in
g

 m
o

m
e

n
t,

 M
 (

N
.m

)

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
-35
-30
-25
-20
-15
-10
-5
0
5

10
15
20
25
30
35

 Level 1

 Level 2

 Level 3

 Level 4

 Level 5

 Level 6

P2 in 6BPR

 

Normalised horizontal displacement, u/D

B
e

n
d

in
g

 m
o

m
e

n
t,

 M
 (

N
.m

)

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
-35
-30
-25
-20
-15
-10
-5
0
5

10
15
20
25
30
35

 Level 1

 Level 2

 Level 3

 Level 4

 Level 5

 Level 6

P3 in 6BPR

 

Normalised horizontal displacement, u/D

B
e

n
d

in
g

 m
o

m
e

n
t,

 M
 (

N
.m

)



79 

 

  

Figure 4.25. Horizontal load vs. normalised horizontal displacement during initial loading 

stage for 6PG, 6BPG, 2×3PG and 2×3BPG 

 

 

Figure 4.26. Horizontal load vs. normalised horizontal displacement during initial 

loading stage for 6PR, 6BPR, 2×3PR and 2×3BPR 
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4.5 Conclusions 

Series of combination load tests on 3-pile foundation models and 6-pile foundation models 

(with or without batter piles) in a dry sand were carried out at the 1-g field to investigate the 

behaviours and resistance mechanisms of the pile foundations. It is derived from the 

experimental results that: 

1) The piled rafts have higher horizontal resistance and stiffness than the corresponding 

pile groups. 

2) The foundations with batter piles have higher resistance and stiffness than the 

foundations with only vertical piles. 

3) The inclination of the piled rafts due to horizontal loading is smaller than that of the 

corresponding pile groups. 

4) The inclination of the foundations due to horizontal loading is considerably reduced 

by the inclusion of batter piles in both cases of pile group and piled raft. 

5) Accumulative settlements of the foundations caused by cyclic horizontal loading are 

effectively reduced by the inclusion of batter piles. 

6) Larger axial forces generated in batter piles in the case of BPG or BPR compared with 

those in corresponding vertical piles in the case of PG or PR enhance the horizontal resistance 

of BPG or BPR compared with PG or PR.  

7) The horizontal resistance of 6-pile foundations is smaller than two times the horizontal 

resistance of corresponding 3-pile foundations, indicating the influence of interaction. 
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Chapter 5   

Numerical study on behaviours of pile group and 

piled raft foundations having batter piles 

subjected to vertical loading and combination of 

vertical and cyclic horizontal loading 

 

 

5.1 Introduction 

Advantages of the pile raft model having batter piles against vertical loading and horizontal 

loading were demonstrated in Chapter 3 and Chapter 4.  

Complementary roles of physical modelling and computational modelling were 

emphasised by Randolph and House (2001) to have a clear understanding of a particular 

mechanism. In order to confirm the experimental results and to get more insight into the 

resistance mechanisms of the pile foundation models, numerical analyses of the vertical load 

tests and the combination load tests were conducted. A FEM software, PLAXIS 3D (2013), was 

adopted to analyse the model load tests. The hypoplastic model, of which soil parameters were 

estimated from triaxial tests of the sand, was used for modelling the soil. The FEM results are 

presented and discussed in detail in comparisons with the experimental results in this chapter.   

5.2 FEM simulation of the triaxial tests 

To select an appropriate soil model and to estimate the soil parameters, simulations of the 

triaxial CD tests were carried out, prior to the analyses of the load tests. 

Figure 5.1 shows the comparisons of the test results and the simulations. The hypoplastic 

model, an incrementally nonlinear constitutive model, was employed to model the sand. The 

early version of the hypoplastic model was introduced by Kolymbas (1985), which describes 
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the stress-strain behaviour of granular materials in a rate form. After that, modifications and 

implementations of the model were proposed by Gudehus (1996), Wolffersdorff (1996), Masin 

(2005). The basic hypoplastic model for granular materials includes eight parameters such as 

critical friction angle c, granular hardness hs, exponential factors n,  and , and minimum, 

maximum and critical void ratios at zero pressure ed0, ei0, ec0. A shortcoming of the basic 

hypoplastic model is overprediction of accumulation deformation due to cyclic loading. 

Niemunis and Herle (1997) introduced an extended hypoplastic model to improve the 

performance of the basic hypoplastic model in cyclic loading. Five additional parameters were 

implemented in the extended hypoplastic model such as stiffness multiplier for initial and 

reverse loading mR, stiffness multiplier for neutral loading mT, small strain stiffness limit Rmax, 

parameters adjusting stiffness reduction r and . A parametric study on the hypoplastic model 

was also carried out in this research and the results are included in Appendix 1. 

The results of the simulations are indicated in Figure 5.1. The soil parameters used in the 

simulations are listed in Table 5.1. These soil parameters were determined so that the calculated 

results match with the results of the CD tests with smaller values of p0 (p0 = 7, 17 and 27 kPa), 

because the effective vertical stress at the bottom of the model ground was about 7.9 kPa. 

Although the calculated result for the CD test with p0 = 50 kPa underestimates the peak value 

of q, the calculated result well simulates the overall trend of the measured result. It is seen from 

Figure 5.1(b) that the calculated results underestimate the measured positive dilatancy, but well 

simulate the tendency of the measured dilatancy behaviours. Former researches on the 

hypoplastic model such as Anaraki (2008) and Pham (2009) also experienced similar results in 

which numerical simulation using the hypoplastic model has smaller dilatancy angle compared 

with the measured result. 
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(a) Deviatoric stress q versus axial strain a 

 

(b) Volumetric strain vol versus axial strain a 

Figure 5.1. Simulation results of the triaxial tests of the sand 

 

Table 5.1. Parameters of the hypoplastic model 

c 

(deg.) 

hs  

(N/mm2) 

n ed0 ec0 ei0   mR mT Rmax r  pt  

(N/mm2) 

e 

31 2000 0.28 0.663 1.1 1.2 0.12 1.2 5 2 5×10-5 0.5 1 3×10-3 0.739 
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5.3 FEM modelling of the load tests 

Numerical analyses were carried out using a three-dimensional FEM program, PLAXIS 3D. 

Only a half of the foundation and the ground was modelled due to symmetric conditions (e.g. 

Figure 5.2).  

 

Figure 5.2. Finite element mesh for the combination load test 

 

The raft and the piles were considered as linear elastic materials. To model the piles, a 

hybrid model in which beam elements surrounded by solid elements was employed, according 

to Kimura and Zhang (2000). Figure 5.3 shows the mechanism of the hybrid model. In the 

hybrid model of this research, beam element carried large proportion (about 90%) of the 

bending stiffness, EI, and axial stiffness, EA, of the pile. In the hybrid pile, the stiffness of the 

surrounding elements is reduced to 10% of the actual value. However, the reduced stiffness of 

the surrounding elements of the hybrid pile is still much higher than that of the soil. Under such 

conditions, Kimura and Zhang (2000) discussed the validity of the hybrid pile in comparison 

with experimental results. A verification study on the validity of the hybrid pile model was also 

conducted in this research and the results are presented in Appendix 2. 

A big advantage of the hybrid pile is easy to obtain axial forces, bending moments and 

shear forces in a pile from those in the beam elements by multiplying stiffness ratios of the 
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hybrid pile to the beam. The properties of the raft, the beam, the solid pile and the weight plates 

are summarised in Table 5.2. 

Interface elements of Mohr-Coulomb type were assigned at the raft base and the pile 

shafts. Interface cohesion was set 0, and the interface friction angle, int’, of 40.2 degrees was 

used following Unsever et al. (2015). The measured peak internal friction angle, p’, is 42.8 

degrees. c = 31 degrees in Table 5.1 is the residual friction angle (friction angle at constant 

volume). In the analyses, if int’ is less than the mobilised friction angle, mob’, of the soil 

adjacent to the pile shaft, int’ controls the interface failure. In contrast, if mob’ becomes less 

than int’, mob’ governs the interface failure. 

 

 

 

Figure 5.3. Mechanism of the hybrid model 

(after Kimura and Zhang, 2000) 

 

Table 5.2. Properties of the elastic elements 

 Beam Solid pile Raft Weight plate 

Unit weight,   (N/mm3) 2.381×10-5 5.501×10-7 2.650×10-5 0.124×10-3 

Young's modulus, E (N/mm2) 63.24×103 14.61×102 68.67×103 16.10×103 

Poisson's ratio,  - 0.31 0.33 0.4 
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The analysis procedure was as follows: 

Step 1: Self-weight analysis of the model ground alone.  

Step 2: Setting the foundation in the ground, and self-weight analysis including the 

foundation. 

Step 3: Analysis of loading process. In the cases of vertical load tests, incremental vertical 

displacement is applied to the top surface of the raft without modelling of the weight 

plates. In the cases of horizontal load tests, placing of the weight plates is modelled prior 

to the start of horizontal loading. Incremental horizontal displacement is applied to the 

raft. 

 

5.4 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). 

 

 

Figure 5.4. Load-settlement curves of the 3-pile foundations (FEM and Exp.) 
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Figure 5.5 and Figure 5.6 show measured and calculated axial force distributions of each 

pile at various normalised settlements, w/D= 0.01, 0.02, 0.05, 0.20 and 0.40 in the cases of 3PG 

and 3BPG, respectively. Figure 5.7 and Figure 5.8 show measured and calculated bending 

moment distributions of each pile at various normalised settlements, w/D= 0.01, 0.02, 0.05, 

0.20 and 0.40 in the cases of 3PG and 3BPG, respectively. The calculated results are compatible 

with the measured results, in which magnitudes of bending moments in batter piles (P1 and P3) 

of 3BPG are much larger than those in the corresponding vertical piles of 3PG, and axial forces 

in batter piles are also larger than those in the corresponding vertical piles at w/D= 0.20 and 

0.40 although the differences are not considerable as those as in measured results.  

Similarly, Figure 5.9 and Figure 5.10 show measured and calculated axial force 

distributions of each pile at various normalised settlements, w/D= 0.01, 0.02, 0.05, 0.20 and 

0.40 in the cases of 3PR and 3BPR, respectively. Figures 5.11 and 5.12 show measured and 

calculated bending moment distributions of each pile at various normalised settlements, w/D= 

0.01, 0.02, 0.05, 0.20 and 0.40 in the cases of 3PR and 3BPR, respectively. The calculated 

results also indicate that magnitudes of bending moments in batter piles of 3BPR are much 

larger than those in the corresponding vertical piles of 3PR as obtained in the measured results. 

It is interesting to see from the calculated results (see Figure 5.5 and Figure 5.9) that axial 

forces of the piles in 3PR are considerably larger than those in 3PG, which is mainly caused by 

larger pile shaft resistance of the piles in 3PR compared with that in 3PG. These calculated 

results are completely compatible with the measured results.  As mentioned in section 3.4, the 

pressure transferred from the raft base to the ground in the case of 3PR increases the stress level 

around the piles, resulting in the increase of stiffness and strength, leading to the pile resistance 

of 3PR compared with that in 3PG. It can be confirmed from the comparison of mean stress 

contours of 3PG and 3PR in the FEM analyses (Figure 5.13 and Figure 5.14). Obviously, the 

mean stress values in the ground in the case of 3PR are considerably larger than those in the 

case of 3PG at the same settlement. 

Figure 5.15 shows comparisons of vertical load-settlement curves between 6PG and 

2×3PG, and between 6PR and 2×3PR. 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 the normalised 

settlement, w/D, is smaller than 0.08. After that, the resistance of 6PG is considerably larger 

than that of 2×3PG. As for the piled rafts, the resistance of 6PR is smaller than that of 2×3PR 

until w/D reaches 0.40. After that, the resistance of 6PR is notably larger than that of 2×3PR. 

These FEM results are compatible with the experimental results as discussed in Section 3.5 

although the softening behaviour of 2×3PR was not obtained in FEM analysis. 
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             (a) 

 

             (b) 

 

                 (c) 

Figure 5.5. Axial force distributions of 

piles for 3PG in VLT (FEM and Exp.) 

 

             (a) 

 

                  (b) 

 

             (c) 

Figure 5.6. Axial force distributions of 

piles for 3BPG in VLT (FEM and Exp.) 
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             (a) 

 

             (b) 

 

                 (c) 

Figure 5.7. Bending moments of piles 

for 3PG in VLT (FEM and Exp.) 

 

             (a) 

 

                  (b) 

 

             (c) 

Figure 5.8. Bending moments of piles 

for 3BPG in VLT (FEM and Exp.) 
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             (a) 

 

             (b) 

 

                 (c) 

Figure 5.9. Axial force distributions of 

piles for 3PR in VLT (FEM and Exp.) 
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             (c) 

Figure 5.10. Axial force distributions of 

piles for 3BPR in VLT (FEM and Exp.) 
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             (b) 

 

                 (c) 

Figure 5.11. Bending moments of piles 

for 3PR in VLT (FEM and Exp.) 
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             (c) 

Figure 5.12. Bending moments of piles 

for 3BPR in VLT (FEM and Exp.) 
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Figure 5.13. Mean stress contours in the ground at w/D= 0.2 from FEM analysis of 3PG (VLT) 

 

 

Figure 5.14. Mean stress contours in the ground at w/D= 0.2 from FEM analysis of 3PR (VLT) 
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Figure 5.15. Vertical load vs. settlement in cases of 6PG, 6PR, 2×3PG and 2×3PR (FEM) 

Figure 5.16 shows comparisons of axial forces in the piles between 6PG and 3PG. 

Similarly, Figure 5.17 shows comparisons of axial forces in the piles between 6PR and 3PR. It 

is seen that the axial forces in the piles of the 6-pile foundations (6PG, 6PR) and the 3-pile 

foundations (3PG, 3PR) are almost the same at normalised settlements w/D= 0.01, 0.02 and 

0.05. While axial forces in the piles of the 6-pile foundations are notably larger than those of 

the 3-pile foundations at larger normalised settlements w/D= 0.20 and 0.40. 

Focussing on the pile tip resistances, it is notable to find that the pile tip resistances in the 

6-pile foundations (6PG and 6PR) are higher than those in the corresponding 3-pile foundations 

(3PG and 3PR) at large normalised settlements, w/D= 0.2 and 0.4. Meanwhile, the shaft 

resistances in the 6-pile foundations are similar to those in the 3-pile foundations. It could be 

explained that higher stress level around the pile tips in the 6-pile foundations compared with 

that in the 3-pile foundations, which is caused by stress overlapping (superposition) at the pile 

tip area, results in higher the tip resistances of the 6-pile foundations compared with those of 

the corresponding 3-pile foundations. 

Figure 5.18 shows mean stress contours in the surface crossing the pile tip (z= -255 mm), 

at the settlement w= 8 mm (w/D= 0.4) in the cases of 3PG and 6PG. The results indicate that 

the stress level around the pile tips in 6PG is larger than that in 3PG, resulting in the larger tip 

resistance of 6PG compared with 3PG. This is the reason why the axial forces in the piles of 

the 6-pile foundations (6PG and 6PR) are notably larger than those of the 3-pile foundations 

(3PG and 3PR) at the large settlements. 
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             (a) 

 

             (b) 

 

                 (c) 

Figure 5.16. Axial forces of piles for 

6PG and 3PG in VLT (FEM) 

 

             (a) 

 

                  (b) 

 

             (c) 

Figure 5.17. Axial forces of piles for 

6PR and 3PR in VLT (FEM) 
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(a) case of 3PG  

 

(b) case of 6PG  

Figure 5.18. Mean stress contours in the surface crossing the pile tip (z= -255 mm), at the 

settlement w= 8 mm (w/D= 0.4) in cases of 3PG and 6PG (FEM- VLT) 
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5.5 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 (Vu Anh-Tuan et al. 2016). 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).  

 

(a) Experimental results 

 

(b) FEM results 

Figure 5.19. Horizontal load-nor. horizontal disp. for 3-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.  

 

 

(a) Experimental results 

 
(b) FEM results 

Figure 5.20. Horizontal load-nor. horizontal disp. for 6-pile foundations (Exp. and FEM) 
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Figure 5.21 shows FEM results of inclination of the raft during cyclic horizontal load in 

cases of pile group (Figure 5.21a) and piled raft (Figure 5.21b). The numerical results are in 

complete agreement with the experimental results, in which the inclination of the raft is 

suppressed by the inclusion batter piles in both cases of pile group and piled raft. The inclination 

increases almost linearly with the increase of normalised horizontal displacement in all cases. 

 

(a) 6PG and 6BPG 

 

(b) 6PR and 6BPR 

Figure 5.21. Inclination of the raft during cyclic horizontal load (FEM) 
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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 5.22 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 a smaller inclination of raft than the 

corresponding pile groups, and the inclination is effectively reduced by inclusion of batter piles.  
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of 3BPR compared with 3PR. The numerical analyses simulate the experimental results very 

well quantitatively as well as qualitatively (Vu Anh-Tuan et al. 2017).  
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the 3 piles was 58 % in 3PR and 65 % in 3BPR, indicating that a higher efficiency of the batter 

piles. The calculations simulate quite well the measured behaviours. 

 

 

Figure 5.23. Horizontal load vs. normalised horizontal displacement of 3PR 

 

 

Figure 5.24. Horizontal load vs. normalised horizontal displacement of 3BPR 
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Figure 5.25. Proportion of horizontal load carried by each component of 3PR 

 

 

Figure 5.26. Proportion of horizontal load carried by each component of 3BPR 

 

Figure 5.27 and Figure 5.28 show the bending moment distributions along each pile shaft 

at various normalised horizontal displacements, u/D= 0.02, 0.06 and 0.10 in the cases of 3PR 

and 3BPR, respectively. Although there are differences in magnitudes of the bending moments 

between the calculations and the measurements, the trends of measured results of the pile 

0.00 0.05 0.10 0.15 0.20 0.25
0

10

20

30

40

50

60

70

80

90

100

3PR Mea.    Cal.

    Pile 

    Raft 

Normalised horizontal displacement, u/D

P
ro

p
o

rt
io

n
 o

f 
h

o
r.

 l
o

a
d

 c
a

rr
ie

d

b
y
 e

a
c
h

 c
o

m
p

o
n

e
n

t 
(%

)

0.00 0.05 0.10 0.15 0.20 0.25
0

10

20

30

40

50

60

70

80

90

100

3BPR
 Mea.    Cal.

    Pile 

    Raft 

Normalised horizontal displacement, u/D

P
ro

p
o

rt
io

n
 o

f 
h

o
r.

 l
o

a
d

 c
a

rr
ie

d

 b
y
 e

a
c
h

 c
o

m
p

o
n

e
n

t 
(%

)



 
103 

bending moments are simulated well in the calculations. It is also worth to notice from both 

measured and calculated results that largest magnitudes of the bending momenst were generated 

in the vertical pile P2 in the battered pile foundation 3BPR.  

The increments of axial forces in the piles caused by the horizontal loading at various 

normalised displacements, u/D= 0.02, 0.06 and 0.10, are given in Figure 5.29 and Figure 5.30 

for cases of 3PR and 3BPR, respectively. It is seen from both the measured and the calculated 

results that larger magnitudes of axial forces are generated in the batter piles (P1 and P3) in the 

case of 3BPR compared with the corresponding vertical piles of 3PR. The calculated results 

simulate well the trends of the measured results although the calculations underestimated the 

magnitudes of the measured axial forces. 

From both the measured and calculated results, it could be concluded that larger axial 

forces generated in the batter piles (P1 and P3) in the case of 3BPR compared with the 

corresponding vertical piles of 3PR enhance the horizontal resistance of 3BPR compared with 

3PR.  
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        (a) 

 

        (b) 

 

        (c) 

Figure 5.27. Bending moment distributions 

along each pile shaft in case of 3PR 
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        (b) 

 

        (c) 

Figure 5.28. Bending moment distributions 

along each pile shaft in case of 3BPR 
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     (a)  

 

     (b)  

 

     (c) 

Figure 5.29. Increment of axial forces 

along each pile shaft in case of 3PR 
 

     

      (a) 

 

      (b)  

 

      (c) 

Figure 5.30. Increment of axial forces 

along each pile shaft in case of 3BPR 
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At present, it is difficult to derive the exact reasons why there are differences in 

magnitudes of the bending moments and the axial forces between the calculations and the 

measurements. It may be thought that the discrepancy between the simulated results and the 

experimental results in the volumetric strain curves (Figure 5.1b) is one of the reasons causing 

the differences in magnitudes of the bending moments and the axial forces between the 

calculations and the measurements.  

Although there are differences between the simulations and the experiments as discussed 

above, the numerical analyses reasonably simulated the experiments overall. Therefore, it is 

feasible to employ numerical analysis with appropriate soil tests for the design of real 

foundation structures. As for real foundation structures, the soil parameters have to be estimated 

from the triaxial tests in high stress-level condition, corresponding to the real condition of the 

structures.  

A triaxial test under high-stress level p0= 200 kPa was carried out further and simulated 

using another set of soil parameters (as shown in Table 5.3) in order to consider the influence 

of stress level on the discrepancy in dilatancy between simulated results and test results. The 

measured and the simulated results of the triaxial test under high-stress level p0= 200 kPa are 

shown in Figure 5.31. The results indicate that the deviatoric stress vs. axial strain curve is 

simulated well, while a discrepancy is still found between the measured and simulated 

volumetric strain curves. However, it is interesting to notice that the discrepancy in dilatancy 

between the simulated result and the experimental result in the case of p0= 200 kPa is 

considerably reduced comparing with those in the cases of p0= 7, 17, 27 and 50 kPa. Hence, it 

could be expected that FEM simulation of a real foundation structure will obtain more 

reasonable results compared with those of the simulation of the small scale experiment.  

 

Table 5.3. Parameters of the hypoplastic model for high stress level p0= 200 kPa 

c 

(deg.) 

hs  

(N/mm2) 

n ed0 ec0 ei0   mR mT Rmax r  pt  

(N/mm2) 

e 

31 6000 0.26 0.663 1.1 1.2 0.14 1.4 5 2 1×10-4 0.5 2 5×10-3 0.739 
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(a) Deviatoric stress q versus axial strain a 

 

 

(b) Volumetric strain vol versus axial strain a 

Figure 5.31. Simulation results of the triaxial CD tests with high stress level p0= 200 kPa 
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(a) Experimental results 

 

 

(b) FEM results 

Figure 5.32. Horizontal load vs. normalised horizontal displacement for 6PG, 6PR, 2×3PG and 

2×3PR (Exp. and FEM) 
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Figure 5.32 shows comparisons of horizontal load vs. normalised horizontal displacement 

between 6PG and 2×3PG, and between 6PR and 2×3PR 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 (2×3PG and 

2×3PR), in which the difference of resistance between 6PR and 2×3PR is more considerable 

than that between 6PG and 2×3PG. Obviously, the influence of interaction is indicated from 

the results. 

5.6 Conclusions 

In this chapter, series of FEM analyses of the vertical load tests and the combination load 

tests were carried out to confirm the experimental results and to investigate deeper insight the 

resistance mechanisms of the foundations. 

The following conclusions and findings are derived from the numerical analyses of this 

particular research: 

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 increases the stress level of 

the ground under the raft, resulting in increases 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 the case of BPG or BPR compared with 

those in corresponding vertical piles in the 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.  

 



 
110 

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. However, there were differences in 

magnitudes of the bending moments and the axial forces between the calculations and the 

measurements. It may be thought that the discrepancy between the simulated results and the 

experimental results in the volumetric curves is one of the reasons causing the differences in 

magnitudes of the bending moments and the axial forces between the calculations and the 

measurements. 

10) It was confirmed from CD test with a high confining pressure that soil parameters 

depend on stress levels. Therefore, it is feasible to employ numerical analysis with appropriate 

soil tests considering stress level in the actual condition for design of real foundation structures. 
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Chapter 6   

Numerical study on behaviour of single piles 

subjected to cyclic loading in a coral sand 

 

Coral sand, which distributes quite popularly in South East Asia sea areas, is sand of particles 

originating in tropical and sub-tropical marine environments from bioerosion of limestone 

skeletal material of marine organisms. A problematic feature of coral sand is high crushability 

of soil particles when it is subjected to high confining pressure, shear stress and cyclic loading. 

Constructions of offshore structures will increase more in South East Asian countries, along 

with their rapid economic development. Most offshore structures are supported by pile 

foundations which are subjected to cyclic horizontal loads such as winds and water waves as 

well as to vertical load. Hence, it is necessary to investigate the behaviour of pile foundations 

in coral sand.   

In this chapter, numerical analyses on a fictitious single pile subjected to vertical cyclic 

loading in a coral sand are carried out. Triaxial tests on a coral sand sampled in Vietnam are 

carried out in order to investigate the behaviour of the coral sand and to select an appropriate 

soil model as well as to estimate the corresponding soil parameters. Influence of cyclic vertical 

loading on the pile response is presented and discussed. 

6.1 Introduction 

Pile foundation is usually used for supporting offshore structures, which are subjected to cyclic 

loading caused by water waves and/or winds as well as to vertical loading. In South East Asia 

sea areas such as Indonesia or Vietnam, coral sands or calcareous sands distribute quite 

popularly. A problematic feature of coral sand or calcareous sand is high crushability of soil 

particles due to high confining pressure, shear stress and cyclic loading (e.g. Murff 1987, Poulos 

1988).  

Physical and mechanical characteristics of calcareous sands have been summarised in 

Murff (1987) and Poulos (1988). In a natural state, calcareous sediments behave differently 

from terrestrial silica sands, the most significant distinguishing feature being their tendency to 

exhibit volume reduction upon shearing, even at relatively low normal stresses. Poulos (1988) 
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pointed out that the tendency for volume reduction due to shearing plays a dominant role in the 

foundations on calcareous sediments. Al-Douri and Poulos (1995) compared predicted and 

observed performance of cyclic load tests on small-scale single piles jacked into a dry 

calcareous sand to study the accumulation of permanent displacement of the piles. They 

employed an empirical equation to predict the accumulation of permanent displacement of the 

piles. 

In this study, a challenge is made to explore a feasible approach to simulate the 

performance of a single pile subjected to vertical cyclic loading, using FEM combined with the 

results of triaxial cyclic CD tests. A coral sand sampled in Vietnam was used in this study. 

Physical soil tests of the sand were first carried out. Then, monotonic and cyclic triaxial CD 

tests of the sand were carried out in order to obtain stress-strain behaviours of the sand. FEM 

analyses of the CD tests were conducted to select an appropriate soil model and the 

corresponding soil parameters. 

A fictitious but practical pile was considered in FEM analyses. Analysis of monotonic 

loading was first carried out. Two cases of cyclic loading analyses were further carried out: 

cyclic loads were applied within the yield load in the first case while cyclic loads were applied 

after the pile resistance exceeded the yield load in the second case. An objective of the two 

analyses of cyclic loading is to investigate the influence of cyclic loading on the shaft resistance 

and the tip resistance, separately. 

6.2 Physical and mechanical properties of a coral sand 

A coral sand collected from Truong Sa Island in Vietnam was used in this study. Soil particles 

having a particle diameter, d, larger than 4.75 mm (the mass percentage of about 30% of the 

original coral sand) were removed through sieving. Only soil particles having a particle 

diameter, d, smaller than 4.75 mm (70% of the original coral sand) were used in the experiments 

as shown in Figure 6.1. The physical properties of the sieved coral sand (hereafter coral sand) 

are summarised in Table 1. 

Table 6.1. Physical properties of the coral sand 

Physical properties Value 
Particle density, ρs  (g/cm3) 2.820 
Maximum dry density, ρdmax (g/cm3) 1.594 

Minimum dry density, ρdmin (g/cm3) 1.244 

Maximum void ratio, emax 1.268 

Minimum void ratio, emin 0.769 
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Figure 6.1. Picture of the coral sand  

 

In order to obtain the grain size distributions and investigate crushability of the coral sand, 

sieving tests were carried out before and after the triaxial tests which will be described later. 

The sieves set having the sizes of 2000 µm, 850 µm, 425 µm, 250 µm, 106 µm and 75 µm was 

used.  

The grain size distributions of the sieve tests are shown in Figure 6.2. It is seen from the 

results that the percentage of small-size particles after triaxial tests (cyclic and monotonic) is 

higher than that before the triaxial tests. It is explained that the soil particles was crushed during 

the shearing tests, leading to the higher percentage of small-size particles.  

 

Figure 6.2. Grain size distributions of the coral sand 
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Table 6.2. Grain size characteristics of the coral sand 

Sieve size Initial 
After triaxial test 
Mono Cyclic 

D10 (mm) 0.152 0.110 0.111 

D30 (mm) 0.295 0.210 0.213 

D50 (mm) 0.397 0.348 0.354 

D60 (mm) 0.522 0.426 0.453 

    

Cu 3.434 3.873 4.077 

Cc 1.097 0.941 0.901 

 
 

Table 2 shows the grain size characteristics of the coral sand in cases of initial sample 

(before triaxial) and triaxial samples (after triaxial monotonic or cyclic). The values of D10, D30, 

D50 and D60 are decreased after the triaxial tests as the result of soil particle crushing. The values 

of coefficient of uniformity, Cu, and coefficient of curvature, Cc, indicate that the coral sand is 

classified as poor-graded.  

 

Triaxial Tests and The Results 

Triaxial monotonic and cyclic CD tests of the coral sand having a relative density, Dr, of 

70% were conducted under a confining pressure, p0, of 150 kPa. Cylindrical specimens having 

a height of 100 mm and a diameter of 50 mm were used in the tests (see Figure 6.3). The 

drainage from the specimen was permitted from only the top end. 

 

 

Figure 6.3. Dimensions of specimen 
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(a) Deviatoric stress q versus axial strain a 

 

 

(b) Volumetric strain vol versus axial strain a 

Figure 6.4. The experimental and simulation results of triaxial tests of the coral sand. 
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The test results, deviatoric stress, q, versus axial strain, εa, and volumetric strain, εvol, 

versus εa, are shown in Figure 6.4a and Figure 6.4b, respectively. It is seen from the 

experimental results that post-peak softening behaviour is observed and the dilatancy is not 

constant with the increase of axial strain. Focusing on the results in the case of cyclic loading, 

it is interesting to see that the deviatoric stress increases, indicating the stiffness increase after 

cyclic loading. Meanwhile, the volumetric strain increases, indicating the reduction of specimen 

volume during cyclic loading.  

In order to select an appropriate soil model and to estimate the soil parameters, 

simulations of the triaxial tests were carried out. In this research, the hypoplastic model 

(Wolffersdorff, 1996) having the parameters shown in Table 3 was employed. The FEM 

simulations of the experimental results of the triaxial tests are also shown in Figure 6.4. It is 

seen that the hypoplastic model generally simulated well the measured q vs. a of the coral sand 

in both quality and quantity, although there are differences in volumetric curves between the 

experiments and the simulations. 

 
Table 6.3. Parameters of the hypoplastic model 

c 

(deg.) 

hs 

(kN/m2) 

n ed0 ec0 ei0   mR mT Rmax r  pt 

(kN/m2) 

e 

40 1x105 0.08 0.769 1.267 1.450 0.25 1.8 5 7 4×10-4 0.8 4.5 1.0 0.920 

 

6.3 Numerical analysis of a single pile in coral sand 

A case considered in this study is a single close-ended pipe pile subjected to vertical load 

(monotonic or cyclic load) in a coral sand ground, as shown in Figure 6.5.  

It is assumed that the coral sand in this numerical study has the same properties with the 

coral sand collected from Vietnam as investigated in the previous section. Ground water which 

has an influence on initial effective stress condition of the ground was considered, but a fully-

drained condition was assumed during loading for simplicity. That is, uncoupled analyses were 

carried out. 
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Figure 6.5. Numerical pile model  

 

6.3.1 FEM modelling 

Numerical analyses were carried out using a three-dimensional FEM program, PLAXIS 3D. 

Only a half of the foundation and the ground was modelled due to symmetric conditions (see 

Figure 6.6).  

The side boundary is extended laterally 10 m (10D, D is the pile diameter) from the pile 

outer shaft and applied with restrained horizontal displacements. The base boundary is 20D 

from the pile tip and applied with restrained vertical and horizontal displacements. 

In order to model the pile, a hybrid model in which beam element surrounded by solid 

elements was used, according to Kimura and Zhang (2000), as presented in chapter 5. The 

properties of the numerical model pile, the beam pile and the solid pile elements are summarised 

in Table 6.4. 

Interface elements were assigned along the pile shaft to simulate the slippage between the 

pile and the ground. Interface cohesive was set 1 kN/m2 and the interface angle was set 40 

degrees. 

 






























































































