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Abstract— Reviewing the development of offshore wind 

farms, large-diameter monopiles have been widely used as 

foundations for offshore wind structures. Unlike onshore 

foundations which are mainly used to transmit vertical load 

into the ground. Offshore foundations are usually subjected to 

large environmental loads from wind, wave and current which 

could exceed 30% of their gravity load. In order to improve the 

lateral resistance of monopiles, a finned pile has been 

proposed. In the present study, an attempt is made to evaluate 

the improvement in lateral capacity of a pile with fins mounted 

close to the pile head. Small-scale model tests and a numerical 

study using finite element analysis were performed on regular 

piles without (fins) and piles with fins. These piles were 

installed in sand soil. The investigations were carried out by 

varying the length and width, of fins. Results reveal that there 

is a significant increase in lateral resistance of the piles after 

mounting the fins close to the pile head. The lateral resistance 

increases with the increase in length of the fins until the fin’s 

length is equal to 0.4 of the pile length. Based on the results of 

the laboratory model and numerical analysis, critical values of 

fin parameters for maximum improvement are suggested. The 

agreement between observed and computed results is found to 

be reasonably good in terms of ultimate lateral load and fin 

efficiency. A comparison between the model results and the 

prototype-scale results is also studied. 

Keywords—finned piles, lateral load, sand soil, fin length, fin 

width. 

I. INTRODUCTION  

Many times, the type and design of a structure becomes a 
paramount importance in further enhancing the safety of the 
public and community. Commonly selected as a cost 
effective option for the support of raised structures and 
highway infrastructure, piles are often subjected to 
considerable lateral forces such as wind loads in hurricane 
prone areas, earthquake loads in areas of seismic activity, 
and wave loads in offshore environments. Designing laterally 
loaded piles thus requires the load-deformation analysis of 
the lateral resistance from the soil, have there been model 
tests on single piles, to investigate the lateral resistance, and 
innovative pile foundations such as tapered piles and fin 
piles. While the analysis of a single pile under lateral load 
has been investigated by many researchers, the methods 
available for improvement in lateral pile resistance are 
increasing and need to be more applicable. Stated that the 

lateral load resistance of model tests on a single pile 
increased significantly if fins were introduced. The Ultimate 
lateral resistance of rigid piles based on earth pressure theory 
was developed by Hansen (1961) and is applicable for short 
piles. Matlock and Reese (1960) presented a generalized 
iterative solution method for rigid and flexible laterally 
loaded piles embedded in soils with two forms of varying 
modulus with depth. Madhav et al. (1971) have employed an 
elasto-plastic model for obtaining the response of laterally 
loaded piles. Broms (1964 a and b) method is also based on 
earth pressure theory with simplifying assumption for 
distribution of ultimate soil resistance along the pile length 
and this method is applicable for both short piles and long 
piles. The review of existing methods for predicting the 
ultimate lateral resistance to pile in cohesionless soil was 
detailed by Zhang (2005). The upper part of pile is the most 
critical part of pile in case of laterally loaded pile (Poulos & 
Davis, 1980) because of its greater deflection and its ability 
to carry higher lateral loads than the lower parts. According 
to Zhang et al. (2005) the lateral soil resistance distributes 
uniformly between two pile sides in the opposite part of 
lateral load. The lateral soil distribution within the pile width 
was assessed three elevations. The first elevation was close 
to pile tip (and/or to soil surface). The other two elevations 
are 0.2D and 0.4D from the top of pile to show the 
distribution of lateral soil pressure with depth. Peng et al. 
(2011) studied the behavior of monopile and fin piles with 
different fin lengths under cyclic lateral loading. Variables 
including frequency, direction, and magnitude of load and 
the type of pile tip were studied. The results show that the 
fins reduce lateral displacement by at least 50% providing 
they are at least half the length of the pile. The concept of 
piles with wings attached close to the pile head to increase 
lateral stiffness and capacity was developed by Duhrkop and 
Grabe (2008). all piles with fins provided a considerably 
higher resistance and a stiffer behavior compared with those 
of the regular reference pile. At the same time this led to a 
reduction of lateral pile head displacement at a given lateral 
load. Consequently, it is obvious that the inclusion of fins at 
the top of the pile would improve the performance of the pile 
by increasing the ultimate lateral load. It is clear that for all 
piles with fins, increasing the length of fins (LF/LP) ratio 
increases the ultimate lateral load. A fin pile has the optimum 
fin efficiency when the fin length equals half the pile length. 
the fin efficiency increases with increasing WF/DP ratios (at 
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Fig. 1. Schematic diagram of test setup 
Fig. 2. Model piles 

Table 2. Details of model piles 

Table 1. Soil properties 

constant fin length). Nasr, A. M.(2013) It is evident that at 
WF/DP = 1.0, the fin efficiency increased by about 75% 
and90 %for short and long piles, respectively. This can be 
explained as follows:  increasing the fin width will provide a 
considerably higher soil resistance and a stiffer behavior due 
to an increase of the passive area of earth pressure in front of 
the pile compared with regular piles (reference piles). This 
leads to an increase in the ultimate lateral load for finned 
piles, which increases the fin efficiency. Furthermore, by 
increasing the fin width, the effect of the fins can be 
observed directly at the ground surface. While the soil 
flowed around the regular pile, the fins caused the 
appearance of a passive wedge in front of the pile. Further 
increase in the width of the fins in excess of DP will improve 
the fin efficiency with a reduced rate. This can be attributed 
to the range of influence of the horizontal resistance of the 
pile. 

II. EXPERIMENTAL PROGRAMME: 

A. Loading frame and test tank  

A series of laboratory model tests were conducted in a 
test tank made of mild steel with inside dimensions of 800 
mm long × 300 mm wide × 600 mm height as shown in 
Figure 1. The tank dimensions were chosen to ensure that, 
the failure wedge around the models does not extend up to 
the tank boundaries. The longer front side of the tank was 
provided with a removable glass plate of 10 mm thickness. 
The significance of this glass plate is because of its relatively 
high deformation modulus, its low friction co-efficiency and 
to allow the soil to be seen during the preparation process. 
The vertical edges of the tank were strengthened by using 
steel angles in the middle and the top of the sides.  

The inner faces of the tank were graduated at 100 mm 
intervals to facilitate an accurate preparation of the sand bed 
in layers. Balachandran (1996) stated that the peak friction 
angle between sand and treated surfaces decreased by about 
65% than the case of untreated surfaces. Therefore, the test 
tank was smoothly polished to minimize the potential friction 
between the boundaries and the soil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Soil preparation and characterization 

The tests were conducted in dry sand obtained from the 
city of Sirte in Libya. The sand was formed in layers up to 
the required level, thickness of each layer is 100 mm to 
achieve the required relative density, with (Dr=70%). The 
dry unit weight corresponding to the shown relative density 
is 17.9kN/m3. The soil physical properties according to 
ASTM are summarized in Table 1. 

 

Property value 

Effective particle size, D10 (mm) 0.11 

Average particle size, D50 (mm) 0.40 

Uniformity coefficient, Cu 1.7 

Curvature coefficient Cc 1.22 

Specific gravity, Gs 2.5 

Soil classification SP 

Unit weight for dense sand (g/cm3) 17.9 

Friction angle Ø 41.27 

Cohesion of soil C 0 

C. Model pile and pile cap characterization 

The piles were modeled with round mild steel pipes, 42.6 

mm in diameter, 480 mm in length, and 3.9 mm in 

thickness. A steel plate of 2.5 mm thickness was taken as a 
pile cap. The same plate was also used as pile fins connected 

longitudinally to the pile as shown in figs.2and 3. The pile 

cap and fins were connected to the pile by welding. Details 

of the tested model piles, with different fins length, are 

shown in Fig. 2. Also Fig. 3 shows the definition of pile 

components mentioned in table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pile 

Length 

(Lp) 

(mm) 

Outer 

diameter 

Dpout(mm) 

Inner 

diameter 

Dpin(mm) 

Width 

fin Wf 

(mm) 

e 

(mm) 
Fin length 

Lf (mm) 

480 42.6 34.8 42.6 25 

Without 

fins 

0.2Lp 

0.4Lp 

0.6Lp 

0.8Lp 

1Lp 
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Fig. 3. Model pile components definition 

Fig. 4. Pile and soil modeling in Plaxis 3D 

Table 4. Finite element model piles geometry 

Table 3: properties of steel piles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. FINITE ELEMENT ANALYSIS 

Recently, Chik et al. (2009), Taha et al. (2009), and Kim 
and Jeong (2011) presented a three-dimensional (3D) finite 
element analysis to simulate a lateral load test using the 
PLAXIS program. The numerical modeling techniques based 
on the finite element (FE) provide versatile tools that are 
capable of modeling soil continuity, soil nonlinearity, soil–
pile interface behavior, and 3D boundary conditions. 
Therefore, a series of FE analyses on model-scale and 
prototype-scale piles subjected to lateral loading and soil 
conditions as in the model tests were carried out using the 3D 
nonlinear computer program PLAXIS 3D Foundation 
(PLAXIS Inc. 2008). 

A non-associated Mohr–Coulomb constitutive model was 
assumed to govern the soil behaviour for which the material 
parameters are well established in geotechnical engineering 
practice. The pile was modeled as a full-scale pile and small 
scale pile taking into account the boundary conditions. 
According to Karthigeyan et al. (2006, 2007), the soil mass 
dimensions depend on the pile diameter and length. Hence, 
the size of the modeled soil mass was 20 times the pile 
diameter in the (x and z) directions to provide enough space 
for the lateral movement of the pile and 2 times the pile 
length in the (y) direction as shown in fig. 4. The model pile 
with full and small scale was positioned in the center of the 
soil mass to not be effected by its boundaries.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Model piles 

For comparison and consideration of the scale effect, two 
model piles (full-scale pile and small-scale pile) were 
modeled. Geometry of the piles were shown in Tables 3. Fins 
with variable lengths of  (0.2, 0.4, 0.6, 0.8 and 1Lp)and 
widths of (0.5, 1, 1.5 and 2 Dp) were welded longitudinally 
to the model piles to study the lateral resistance of the pile. 
The piles and fins were assumed to be linear elastic mild 
steel materials, which have typical properties of Young’s 
modulus EP and Poisson’s ratio  see Table 3. 

 

 

Parameter 
Small-Scale Full-Scale 

Unit Value Unit Value 

Type  - Circular tube - Circular tube 

Material - Steel - Steel 

Length of pile 

below soil 

surface ,  
mm 475 mm 9500 

Length of pile 

above soil 

surface,  

mm 25 mm 500 

Outer diameter 

,  
mm 42 mm 884 

Fin Length%,  m 

0Lp 

20%Lp 

40%Lp 

60%Lp 

80%Lp 

100%Lp 

m 

0%Lp 

20%Lp 

40%Lp 

60%Lp 

80%Lp 

100%Lp 

Fin width,  

 
m 

0.5Dp 

1Dp 

1.5Dp 

2Dp 

m 

0.5Dp 

1Dp 

1.5Dp 

2Dp 

B. Soil properties and interface modeling  

The Mohr-Coulomb model (MC) is used as a first 
approximation of soil behavior.  The model involves five 

parameters, namely Young's modulus, E, Poisson's ratio,,  
the cohesion, c, the friction angle, Ø, and the dilatancy 
angle,. The friction angle, cohesion and modulus of 
elasticity were calculated based on the results obtained from 
Triaxial compression test. The value of dilatancy angle, was 
calculated according to an equation proposed by Plaxis for 
the sandy soil ( = Ø – 30) see Table 6. 

Parameter 
Model Full 

Unit Value Unit Value 

Unit 

Weight, γ 
kN/m3 78.5 kN/m3 78.5 

Young’s 

modulus, E 
kN/m2 2.1 108 kN/m2 2.1 108 

Poisson’s 

ratio,v 
- 0.2 - 0.2 

Z 

X 

Y 

Sand  

Model pile  
 

Fixed 

boundary 

 

Node

s 

 



ICTS24632019-AC1064 

716 

 

Table 5. Testing program for experimental and F.E 

Table 6. Soil properties used in F.E. analysis 

Figure (5) lateral load vs lateral displacement for small model pile 

using F.E method 

Figure (6) lateral load vs lateral displacement for full scale pile using 
F.E method 

 

 

 

Parameter Sand 

Material model 
Mohr-coulomb 

Type of material behavior Drained 

Unsaturated unit weight,  kN/m3 17.9 

Saturated unit weight,  kN/m3 17.9 

Modulus of elasticity,  kN/m2 30,000 

Poisson’s ratio,  0.3 

Cohesion, c kN/m2 0.1 

Angle of internal friction,  () 41.27 

Angle of dilatancy,  () 11.27 

Interface reduction factor, Rinter 0.65 

 

IV. RESULTS AND ANALYSIS 

A series of an experimental and finite element analysis have 

been made on a number of finned piles to investigate the 

lateral resistance under different variables see Table 5. A 

comparison between the results has been made to study the 

scale effect on the obtained results using full scale and 
model scale piles. 

A. Effect of fin length 

To investigate the effect of fin length on the behavior of 
laterally loaded finned piles, a series of tests were performed 
experimentally and numerically for various fin length to pile 
length ratios (LF/LP) of 0.2, 0.4, 0.6, 0.8, and 1.0. The fin 
width and pile length were constant during all analysis and 
taken as (WF/DP = 1.0) and pile length (Lp = 500 mm) for 
model scale pile and (Lp = 10 m) for full-scale pile. Figures 
(5) and (6) show the pile head load and displacementthe (P-
y) curves obtained from F.E analysis using Plaxis 3D 
software for laterally loaded model pile and full-scale pile 
respectively. In addition, figure (7) shows the results of the 
same curves obtained from Experimental works. The three 
figures demonstrates that, the influence of fin length on the 
lateral load of piles is not effected by the scale of the pile,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test No. Pile 
Analysis 
Method 

Fins Length Fin Width 

01 

Small 
model 

scale 

Exp. 

without fins  - 1.0 Dp  -  - 

02 20% Lp  - 1.0 Dp  -  - 

03 40% Lp - 1.0 Dp - - 

04 60% Lp  - 1.0 Dp  -  - 

05 80% Lp  - 1.0 Dp  -  - 

06 100% Lp  - 1.0 Dp  -  - 

07 

Full 

scale 
F.E  

without fins  - 1.0 Dp  -  - 

08 20% Lp  - 1.0 Dp  -  - 

09 40% Lp 0.5 Dp 1.0 Dp 1.5 Dp 2.0 Dp 

10 60% Lp  - 1.0 Dp  -  - 

11 80% Lp  - 1.0 Dp  -  - 

12 100% Lp  - 1.0 Dp  -  - 

07 

Small 
model 

scale 

F.E  

without fins  - 1.0 Dp  -  - 

08 20% Lp  - 1.0 Dp  -  - 

09 40% Lp 0.5 Dp 1.0 Dp 1.5 Dp 2.0 Dp 

10 60% Lp  - 1.0 Dp  -  - 

11 80% Lp  - 1.0 Dp  -  - 

12 100% Lp  - 1.0 Dp  -  - 
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Figure (7) lateral load vs lateral displacement for small model pile using 

laboratory analysis 

Figure (8) comparison between experimental and F..E. analysis for 

(Lf/Lp=40%) small model pile 

Figure (9) Ultimate Lateral Load (Hu) at 10%of pile diameter vs Fin 

Length 

Figure (10) lateral load vs lateral displacement for small model pile using 

F.E method with different fins width 

where the appropriate length of the pile fins, to increase 
the ultimate lateral load of a pile, is about 40 % of the pile 
length in all curves. A model scale pile is laterally loaded 
until failure takes place using numerical and experimental 
analysis. Based on the (p-y) curves shown in figure (8), it is 
evident that the numerical analyses using the FE method 
when carried out on laboratory-scale regular piles to compare 
the results with those from laboratory tests demonstrates that, 
the FE analysis gives acceptable results. Figure (9) shows a 
comparison between the results of ultimate lateral load at 
different fins length using F.E. analysis and laboratory 
analysis. The pile failure load was taken as a displacement of 
10% of the pile diameter. Movements of this magnitude 
could damage the structure; hence this displacement was 
used to define failure. The values of ultimate lateral load are 
gradually increasing as the fin length increases in both 
analysis. However, the values of ultimate lateral load when 
F.E. analysis is adopted were mostly higher than those are 
obtained from laboratory analysis. 











































B. Effect of fin width 

To investigate the influence of fins width on the behavior of 
laterally loaded pile, F.E analysis using Plaxis 3D software 
were carried out on a model scale and full-scale piles. Fins 
width of (0, 0.5, 1.0, 1.5 and 2) to the pile diameter (Wf/Dp) 
were used along with a constant fin length of (Lf /Lp=0.4). 
The variations of lateral load with various fins width are 
shown in Figures (10) and (12).  The results clearly indicate 
that for both model and full-scale piles, the ultimate lateral 
load increases with increasing (Wf/Dp) ratios (at constant fin 
length). However, it is evident from figures (11) and (13) at 
(Wf/Dp=1.0), the ultimate lateral load increases by about 
50% and 42 % for both model and full scale piles, 
respectively. Subsequently, the influence of fins width on the 
ultimate lateral load is more pronounced when a model scale 
pile is used. The improvement of ultimate lateral load with 
fin width can be explained as follows, increasing the fin  
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Figure (11) Ultimate Lateral Load (Hu) at 10%of pile diameter vs Fin 

width for a small model pile 

Figure (12) lateral load vs lateral displacement for full-scale pile using F.E 

method with different fins width 

Figure (13) Ultimate Lateral Load (Hu) at 10%of pile diameter vs 

Fin width for a full-scale pile 

 

 

 

 

 

 

 

 

 

 

 

 

 

width will provide a considerably higher soil resistance and a 
stiffer behavior due to an increase of the passive area of earth 
pressure in front of the pile compared with regular piles 
(reference piles) Nasr (2014). Furthermore, by increasing the 
fin width, the effect of the fins can be observed directly at the 
ground surface, whereas, the soil flowed around the regular 
pile. Further increase in the width of the fins (Wf/Dp=1.0>1) 
will not enhance the ultimate lateral load. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V. CONCLUSION 

   Piles with fins provide considerably higher ultimate 
lateral loads and lateral resistance behavior compared 
with a regular reference pile. 

 The comparison between the results, obtained from 
numerical analyses using Plaxis 3D software on 
laboratory scale piles, shows acceptable results. 

 The appropriate length of the pile fins, to increase the 
ultimate lateral load of a pile, is about 40 % of the pile 
length in all analysis. 

 The values of ultimate lateral load are gradually 
increasing as the fin length increases in both analysis. 
However, the values of ultimate lateral load when F.E. 
analysis is adopted were mostly higher than those 
obtained from laboratory analysis. 

 For both model and full-scale piles, the ultimate 
lateral load increases with increasing (Wf/Dp) ratios 
(at constant fin length). However, the ultimate lateral 
load increases by about 50% and 42 % for both model 
and full-scale piles, respectively. Subsequently, the 
influence of fins width on the ultimate lateral load is 
more pronounced when a small model scale pile is 
used. 

 The optimum fins width to provide the best results for 
ultimate lateral load is about (Wf/Dp= 1.0). 
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