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Abstract: When the horizontal load per pile exceeds what can be withstood by a vertical pile, battered piles are used in 
conjunction with vertical piles to improve the overall efficiency of the pile – soil system as they transmit the applied lateral loads 
partly in axial compression, rather than through shear and bending when only vertical piles are used. 
A numerical analysis is conducted on a 3D pile raft model with vertical piles and another with inclined piles to check the 
deformations and other forces for both types of piles.   
The analysis includes a soil model of loose sand material. The raft is 1m in depth having piles of 1m in diameter. The model is 
checked with vertical loading, horizontal loading, and, inclined loading. Different cases with vertical piles and batter piles were 
considered. It was observed that raft foundations with vertical piles had more deformation compared to that with batter piles. 
The future scope of work is to do a parametric study with parameters being pile length, spacing, and number of piles, pile 
diameter, and batter angle.  
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I. INTRODUCTION 
The increase in construction of tall buildings and skyscrapers has increased massively in the last two decades. There will be more 
high-rise buildings than ever in the coming decades due to the shortage of land and an increase in human population. Deep 
foundation, i.e., pile foundation is used for tall buildings. But, until now vertical piles have been the major method. Using batter 
piles in conjunction with or without vertical piles is a new concept. Tall buildings are subjected to high lateral loads along with axial 
loads. Only a raft is not sufficient when it is subjected to inclined loading. In this research, a series of analyses (numerical) using 
Plaxis 3D on a pile raft foundation model in dry sand was carried out to find the behaviour of combined pile raft foundation and 
changes in forces. Analysis was carried out in 13 cases first one being only a raft model subjected to vertical loading and the last 
case being a raft with batter piles subjected to inclined loading. Deformations and forces such as shear; axial and bending moments 
were compared for each case. A comparison between each case was made to check for the most efficient and economical solution. 
Deformations and forces were found to be less in a combined pile raft with batter piles than in a combined pile raft with vertical 
piles when subjected to an inclined load. 
 

II. LITERATURE REVIEW 
During the last few decades, several researchers have studied the behaviour of batter piles using both laboratory tests and theoretical 
studies. Initially, Matsuo (1938) studied the behaviour of batter piles and stated that batter piles were less resistant to lateral loads 
than to vertical piles. This was contradicted by Evans (1954) who stated that negative batter piles have higher resistance to lateral 
load compared to that if vertical piles. Murthy (1964) and Prakash and Subramanyam (1965) both independently performed model 
tests on batter piles in sand under a lateral load and reported that the lateral resistance of a negative batter pile is higher than a 
positive batter pile. 
The bearing capacity of batter piles embedded in sandy soil was found to be higher than vertical piles in an experimental analysis by 
Mohammed A. Al-Neami (2015). Difficulties and measures of driving super-long piles in Bohai Gulf have been studied  (Yan, Li, 
and Sun, 2015). It stated that pile refusal was higher in vertical piles than in batter piles. The lateral response of batter piles was 
analyzed (Lassaad Hazaar, 2017) in which batter piles had better lateral response compared to vertical piles. Hasan (2018) 
considered pile groups with batter piles to analyse pile-soil interaction. It was observed that there was an effect on the interaction 
factors with varying parameters like spacing, pile length and diameter.  
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Batter piles were also analysed with a combination of lateral and uplift loads (Bajaj & Yadu, 2019). It was observed that the 
maximum value of load-carrying capacity is obtained at 80% of combined loading.  
However, little work has been reported on numerical studies of batter piles, barring a few theoretical and laboratory test results. In 
this paper, a 3D FEM analysis using the software Plaxis 3D has been performed to study the behaviour of batter piles under inclined 
loading in comparison to vertical piles under the same loading.  
 

III. MATERIALS AND METHODS 
A. Materials 
1) Sand: Sand has been used as the soil material and modeled in Plaxis 3D. The properties of soil material are given in Table 1. 

Drained condition is used for the material with cohesion of 4 kN/m2. It is loose and according to the unified soil classification 
system (USCS), this type of soil is classified as poorly graded sand (SP). The properties of soil and the particle size distribution 
curve are given in Table 1 and Figure 1 respectively. 

2) Pile and Raft: To model the raft, a square metal plate with a width of 5m and a thickness of 1m has been used. To model the 
piles, bored concrete piles of a diameter of 1m and an elastic modulus of 21 GPa have been used. Raft and pile properties are 
given in Table 2 and Table 3. Load values are given in Table 4. 

 
Fig.1   Particle size distribution curve 

 
TABLE I 

PROPERTIES OF SOIL 
Parameter Unit Value 

Material Model  Mohr-Coulomb 
Drainage condition  Drained 

unsat kN/m3 15 
sat kN/m3 17 
E’ kN/m3 60000 
  0.3 
C’ kN/m2 4 

 
TABLE II 

PROPERTIES OF RAFT 
Parameter Unit Value 

Diameter m 1 
Unit weight kN/m3 5 

Stiffness kN/m2 21.00E6 
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TABLE III 
PROPERTIES OF PILE 

Parameter Unit Value 
Diameter m 1 

Unit weight kN/m3 24 
Stiffness kN/m2 21.00E6 

 
TABLE IV 

LOAD VALUES 
Parameter Unit Value 

Horizontal load value (FX) kN 2500 
Vertical load value (FY) kN -1500 
Resultant load value (|F|) kN 2915 

 
 

B. Methods 
The analysis consists of 13 cases, the first being only the raft on a soil model subjected to vertical loading and the last being a 
combined pile raft foundation having batter piles subjected to inclined loads. The analysis was performed on Plaxis 3D, which uses 
Finite element methods for its calculations. Initially, only a raft on loose sand was not sufficient to withstand the inclined loading. 
Piles were then modelled to withstand the inclined loads and a raft was used as a medium for the uniform distribution of loads from 
the columns to the piles. 
 
1) Case 1, 2, 3 - Only raft with no piles – The raft alone with no piles was modeled in a soil model and was subjected initially to 

vertical loading. Then the same raft model was subjected to inclined loading with a vertical load greater than a horizontal load 
and vice-versa. The raft model failed when the horizontal load exceeded the vertical load. With this result, further cases were 
modelled as combined pile rafts having vertical piles and then batter piles (Inclined piles) subjected to both vertical and inclined 
loading. 

 

 
Fig.2   Model of only raft subjected to vertical load 

  
a) Vertical Pile analysis: A raft along with two vertical piles at spacing of 3d was modelled to check the deformation and forces in 

the foundation system. The piles were subjected to inclined loading. Piles are fixed at the top. The raft is acting as a single pile 
cap for both piles. Deformation, stresses and bending moments were obtained for the same. 
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2) Case 4, 5, 6 - Raft with vertical piles 
As previous cases were not efficient in withstanding the inclined load, the raft was modelled along with 2 piles. Deformation and 
forces were observed and compared for the cases. 
Batter Pile analysis: A combined pile raft having batter piles was modelled to check the deformation and other forces on the 
foundation system. Three different batter angles, 15, 20 and 30 degrees were considered for the piles. The raft was subjected to 
inclined loading with one case being FX greater than FZ and the other case being FZ greater than FX. 
 
3) Case 7,8 – Raft with inclined piles having a positive batter angle 15°  
After obtaining the forces for a raft with vertical piles, the foundation system was modelled as a combined raft with            inclined 
piles having a batter angle of 15°. Deformation and forces were observed and compared to the previous cases.  
 
4) Case 9, 10 – Raft with inclined piles having a negative batter angle 15° 
Deformation and forces were observed for a combined pile raft having a negative batter angle as well. These forces               were 
compared to forces obtained on a positive batter angle pile and to a vertical pile.  
 
5) Case 11 – Raft with inclined piles having one positive 15° and one negative 15° batter pile   
Instead of both the piles modelled as negative inclination or positive inclination, the model was considered to have   one pile with a 
positive inclination and another to have a negative inclination. 
 
6) Case 12 – Raft with inclined piles having negative batter angle 30°  
Batter angle of pile is increased to 30° and checked for forces.  
 
7) Case 13 - Raft with inclined piles having one positive 30° and one negative 30° batter pile   
The model was considered to have two piles each with a positive and a negative inclination of     30° respectively. The deformation 
and forces were checked to compare batter piles to vertical piles and obtain the optimum or most efficient combination.  
 

 
 Fig.4   Model of combined pile raft having batter piles and subjected to inclined load 
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IV. RESULTS AND DISCUSSIONS 
1) Case 1, 2, and 3 - Only raft with no piles – Raft alone is modelled as a plate element on the soil and is subjected to vertical load. 

The deformation obtained is 9mm. When the same aft is subjected to an inclined load, with a vertical load greater than the 
horizontal load, deformation increases from 9mm to 16mm, which is a 56.25% increase. Other forces such as axial force, shear 
and, bending moment show an increase too. When the same raft is again subjected to an inclined load with a horizontal load 
greater than the vertical load, the model has failed stating that the raft alone is not sufficient to withstand the inclined load 
(higher horizontal loads). 

2) Case 4, 5, and 6 - Raft with vertical piles – The total deformation obtained for a raft with vertical piles subjected to vertical 
loading was 7mm. In the same model when subjected to incline loading the deformation was much higher to be 18mm. 

3) Cases 7 to 13  - Then, a raft combined with batter piles having a batter angle 15 degrees was modelled to give a deformation of 
8mm. The best case was a raft with batter piles having a batter angle of 30 degrees when subjected to inclined loading 
(horizontal + vertical loading) as the deformation and forces were lesser compared to previous cases. The deformation was the 
same as that obtained for a combined pile raft with vertical piles subjected to vertical load only.  

4) Thus, a combined pile raft foundation having batter piles was observed to give lesser deformation than vertical piles. In batter 
piles, piles with an inclination of 30 degrees were observed to give lesser deformation compared to the other two batter angles.  
Only a raft in loose sand was not able to withstand the inclined loading. Raft with vertical piles gave deformation larger than 
foundation having batter piles.  

5) The total deformation obtained for a combined raft with vertical piles subjected to vertical loading was the same as that of the 
combined raft with batter piles with inclined loading. The shear force and bending moment were also observed to be lesser for 
batter piles than for vertical piles. The results are tabulated below in Table 5. Each case is compared and tabulated below in 
Table 6. Graphs of comparison are also provided below. 

Table V. Comparison of a combined pile raft foundation having vertical piles to that of batter piles  
Model Loading Deformation (mm) SF (KN) BM 

(KN-m) 
Raft with vertical piles Vertical 7 118 (P) 162(P) 

262(R) 140(R) 
Raft with vertical piles Inclined 18 806(P) 1026(P) 

728(R) 482(R) 
Raft with inclined piles (15 degree 
angle) 

Inclined 8 245 (P) 290(P) 

352(R) 177(R) 

Raft with inclined piles (30 degree 
angle) 

Inclined 7 327 (P) 655(P) 
522(R) 300(R) 

 (P) – Pile; (R) - Raft 
TABLE VI.  PARAMETRIC STUDY  

Case Number Model Loading 
Case 1 Raft Vertical 
Case 2 Raft Inclined (Fz>Fx) 
Case 3 Raft Inclined (Fx>Fz) 
Case 4 Raft + vertical Piles Vertical 
Case 5 Raft + Vertical Piles Inclined (Fz>fx) 
Case 6 Raft+ Vertical Piles Inclined (Fz>Fx) 
Case 7 Raft + Inclined piles (+15) Inclined (Fz>Fx) 
Case 8 Raft + Inclined piles (+15) Inclined (Fx>Fz) 
Case 9 Raft + Inclined piles (-15) Inclined (Fz>Fx) 

Case 10 Raft + Inclined piles (-15) Inclined (Fx>Fz) 
Case 11 Raft + Inclined piles (+15 and -15) Inclined (Fz> Fx) 
Case 12 Raft + Inclined piles (-30) Inclined (Fx>Fz) 
Case 13 Raft + Inclined piles (+30 and -30) Inclined (Fx>Fz) 
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Fig.5   Deformation in each case  

 

 
Fig.6   Axial force in raft  

 

 
Fig.8   Shear force in raft 

 

 
Fig.9   Shear force in Pile 
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Fig.10   Bending Moment in Raft 

 

 
Fig.11   Bending Moment in Pile 

 
V. CONCLUSIONS 

1) When the horizontal load per pile exceeds what can be withstood by a vertical pile, battered piles are used in conjunction with 
vertical piles to improve the overall efficiency of the pile–soil system as they transmit the applied lateral loads partly in axial 
compression, rather than through shear and bending when only vertical piles are used. 

2) Due to heavy lateral loads, batter piles are used for high-rise structures, retaining walls, and offshore structures like oil drilling 
platforms, rigs, jetties, and bridges.  

3) A combined pile raft is efficient in withstanding inclined load rather than only a raft. 
4) When the raft alone was modelled with vertical load and then inclined load, the deformation showed a 56.25% increment.  
5) Piles were then taken into consideration to reduce deformation and other forces. 
6) Foundation having batter piles in comparison to that having vertical piles showed a reduction of 61.1% in deformation. 
7) Foundation having batter piles in comparison to that having vertical piles showed a reduction of 28.3% and 59.4% shear force 

in raft and piles respectively. 
8) Foundation having batter piles in comparison to that having vertical piles showed a reduction of 37.75% and 36.15% bending 

moment in raft and piles respectively. 
9) Thus, the optimum combination is a combined pile raft having batter piles at an angle of 30 degrees.  
10) Further scope of research is to perform a parametric study on batter piles with a combination of vertical piles. The parameters 

shall be pile length, spacing, and diameter, raft thickness.  
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