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Abstract 

During the past decades, many wars were trigged in the world and in particularly in the Middle East region. 

Those wars destroyed structure and foundations of buildings and bridges due to dynamical loads generated by 

explosions. Those explosions generate lateral dynamic loads which are not generally considered in pile 

foundation design and which can damage them. To assess the behavior of a pile under lateral load, the foundation 

French code “Fasicule 62 titre V”, define three types of pile according to their flexibility: rigid, semi rigid and 

flexible. In order to statue the behavior of each type of pile under lateral cyclic load we have performed a finite 

element analysis model using the finite element software package PLAXIS 2D Dynamics, in conjunction with 

Hardening Soil model with small-strain stiffness. The constitutive model was first calibrated and validated using 

measured data from centrifuge tests on a monopile in Fontainebleau sand that have been conducted in 

“Laboratoire Centrale des Ponts et Chaussees” by Rosquoët F (2004). A series of analyses were then carried out 

where cyclic lateral loads were applied to the pile for investigating pile slenderness effects on a monopile. 

Results from the study show that the head displacement of flexible and semi rigid pile increases according to the 

number of cycle following a logarithmic function. However, for the rigid pile, the head displacements increase in 

a linear function. 
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1. Introduction 

Pile foundations are frequently used to support structures, such as electrical transmission towers, bridge 

abutments and offshore wind turbines. These structures usually experience lateral static and cyclic loading 

generated by blast, earthquake, wind, wave, and current. A number of approaches have been developed to 

investigate the behavior of piles subjected to lateral loading (Broms, 1964) and (Guo, 2008). Recent study 

reveals that response of a laterally loaded pile is dominated by the profile of limiting lateral resistance force per 

unit length mobilized along the pile and depends on the pile-soil relative rigidity (Guo, 2013). According to that, 

the foundation French code “Fasicule 62 titre V” define three types of pile: flexible, semi rigid and rigid.  To 

classify the pile weather, it is flexible, semi rigid or rigid. The “F62 titre V” suggest to compare the embedment 

of the pile with the transfer length (equation 1). If the pile embedment is three times greater than l0 or more. The 

pile is considered flexible. If its embedment is less than l0. The pile is rigid and between the two values, the pile 

is semi rigid. 

   √ 
    

  
     

where Es is the deformation modulus of the soil, Ep is the modulus of elasticity of the pile material and Ip is the 

moment of inertia of pile cross-section. 

In this paper a simplified constitutive soil model for the cyclic lateral response of a monopile in cohesionless soil 

is developed. Implemented in a two dimensional finite element code, the model is applied to a centrifuge 

experiments on a monopile in dry sand. The load test is used as benchmark for the calibration of model 

parameters. The model is further utilized to the analysis of the effect of pile slenderness on the behavior of a 

monopile under lateral cyclic load. 

2. Numerical simulation of centrifuge tests in Fontainebleau sand 
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2.1. Description of the load test 

Three centrifuge tests on a single pile subjected to cyclic horizontal loading were performed by Rosquoёt et al 

(Rosquoёt et al, 2004) at Laboratoire Central des Ponts et Chaussées (LCPC). The centrifuge models were 1/40 

in scale and involved pile head loading with three different force time histories. The loading time histories were: 

i) 12 cycles from 960 kN to 480 kN (test P32) ii) 12 cycles from 960 kN to 0 kN (test P344) iii) 6 cycles from 

960 kN to -960 kN (test P330). The experimental set up and the loading time histories (in prototype scale) are 

portrayed in Figure1. 

The cyclic lateral load tests were conducted on vertical friction pile placed in a sand mass of uniform density. 

The Fontainebleau sand centrifuge “specimens” were prepared by the air sand-raining process into a rectangular 

container (80 cm wide by 120 cm long by 36 cm deep), with the use of a special automatic hopper developed at 

LCPC. The desired density of the dry sand was obtained by varying three parameters: a) the flow of sand 

(opening of the hopper), b) the automatically maintained drop height, and c) the scanning rate. The unit weight 

and the relative density of the specimen were measured to be γd = 16.5 ± 0.04 kN/m3 and Dr=86%, respectively. 

Laboratory results from drained and undrained torsional and direct shear tests on Fontainebleau sand 

reconstituted specimens indicated mean values of peak and critical-state angles of φp = 41.8° and φcv = 33°, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Experimental setup of the centrifuge tests conducted in LCPC. (b) Load time histories of the three 

tests (P32, P344 andP330). All dimensions refer to the modeled prototype. 

Evidently, in this dense sand the pile used may be considered as flexible. The model pile at scale 1/40 is a hollow 

aluminum cylinder of 18 mm external diameter, 3 mm wall thickness, and 365 mm length. The flexural stiffness 

of the pile is 0.197 kN.m² and the elastic limit stress of the aluminum is 245 MPa. The centrifuge tests were 

carried out at 40 g. 

2.2. Finite element model with PLAXIS 2D 

The above mentioned centrifuge tests were modeled numerically in 2D as Plane Strain model using the finite 

element code PLAXIS 2D. The pile is assumed to be linear elastic while the soil behavior is described via the 

Hardening Soil model with small-strain stiffness (HS small). The HS small model implemented in PLAXIS is an 

advancement on the HS model in that it accounts for small-strain stiffness nonlinearity and therefore this model 

is capable of capturing hysteresis in cyclic loading. The HS small model employs a form of the well-known 

Hardin and Drnevich (Hardin, 1972) relationship to describe the stress strain behavior of soils at small strains 

defined as in equation 1.    

 

 

where G0 is the initial (small-strain) shear modulus, Gs is the secant shear modulus, γ is the shear strain and γ0.7 is 

the shear strain at which Gs reduces to approximately 0.7G0. The degradation in small-strain stiffness is cut-off at 

the unloading-reloading shear modulus, Gur, which is defined by the unloading-reloading Young‟s modulus, Eur, 

and Poisson‟s ratio, νur, material parameters (Brinkgreve, 2008). 

Figure 2 depicts the finite element discretization for the centrifuge tests. The pile was modeled by a linear 



TABLE 1. HS-small parameters for Fontainebleau sand 

Symbol Soil parameters Value 

γunsat Unsaturated weight density 16.50 kN/m
3
 

γsat Sat weight density 18.50 kN/m
3
 

E50
ref

 Secant stiffness in drained triaxial test, 18.00 MPa 

Eoed
ref

 Tangent oedometric stiffness
 

18.00 Mpa 

Eur
ref

 Unloading/reloading stiffness 45.00 Mpa 

G0 Initial (small-strain) shear modulus 85.00 Mpa 

γ0.7 Shear strain corresponding to 0.7G0 4x10
-3

 

νur Unloading/reloading Poisson’s ratio 0.20 

C Cohesion 1.00 

φ Friction angle 33° 

ψ Dilatancy angle 8° 

Pref Reference pressure for stiffness, 100 kPa 

m Power for stress-level dependency of 

stiffness 

0.50 

Rinter Interface strength reduction factor 0.90 

   

 

element with a Young‟s Modulus of 16.2GPa and an inertia of 0.0311m
4
; this was chosen to give an equivalent 

flexural rigidity, EI, of 505MN.m² to coincide with the properties of the pile used in those load tests. However, 

the soil was modeled by a triangular element with 15 nodes. The boundary conditions were rigid in the bottom, 

i.e., both horizontal (u) and vertical displacement (v) are zero. Standard fixities are used at the left and right 

boundaries of the model. These side boundaries act like rollers such that u = 0 but v ≠ 0. An Interface element 

was added to model the interaction between the soil and the pile. It is described with an elastic-plastic model, 

where the Coulomb criterion is used. The properties of the element are based on the corresponding soil and the 

user can reduce (or increase) the strength of the interface with the strength reduction factor Rinter, according to 

Cinter = Rinter Csoil;               φinter = Rinter φsoil. 

The soil parameters (table 1) for the calculation were taken from B.Sheil‟s PLAXIS 3D model (Sheil, 2014).  

In 2D plane-strain FE analysis, it is not possible to model the 3D nature of a pile. As such, the actual properties 

of a 3D pile are “smeared” in the plane-strain direction to obtain the “equivalent” pile properties per meter width. 

To model effectively a 3D pile in 2D plane strain, D.Ong (Ong et, 2008) suggests to divide the axial (EA) and 

flexural (EI) stiffness of the pile by three times the diameter of the pile (d). 

Axial stiffness: (EpAp)/(3d) … [2]; 

Flexural 

stiffness: 

(EpIp)/(3d) … [3]. 

Figure 2. Finite element model 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

For the interpretation of the numerical analysis results. The resulted deflections and rotations remain similar. 

However, in order to obtain the “actual” pile bending moment and forces, multiplication of smeared dimensions 

is necessary. 

2.3. Validation of the model 

For the purpose of validating the present constitutive model and adopted parameters, Finit element predictions 

have been compared to measured data from test P344 (one-way loading). PLAXIS predictions have been 

compared to the measured load-displacement response (figure 3.a) and evolution of relative head displacement 

according to the number of cycles (figure 3.b).  From figure 4a, PLAXIS 2D appears to predict the initial load-

displacement stiffness very well although the total accumulated displacements at the end of the test are slightly 

under-predicted. Form figure 3b, the evolution of the relative head displacement according to the number of 

cycles obtained by PLXIS 2D fallow a logarithmic function which is in good agreement with the measured data. 

However, the numerical model under-estimate the final displacement with a ratio of 8%.      

 

(a)                                                                      (b) 

Figure 3: Comparison between measured and PLAXIS results; a) load displacement response; b) relative head 

displacement according to the number of cycles. 

 

3. Effect of pile slenderness 

To study the effect of pile slenderness on the behavior of a monopile under lateral cyclic load, we have 

considered the previous model with a loading program from test P344 and reduced the length of the pile. Three 

types of pile have been considered, rigid, semi-rigid and flexible. The length of those pile was 3m, 8m and 12m 

respectively.  
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(a)                                                                       (b) 

Figure 4: Comparison between the behavior of a flexible, semi rigid and rigid pile; a) load displacement 

response; b) relative head displacement according to the number of cycles. 

As the pile capacity under lateral load depends on its length, the flexible pile shows the great capacity than the 

two others. So, in order to compare between the behavior of the three piles, we have plotted the load-

displacement curve (figure 4.a) in terms of the ratio of a load applied to a maximal load against ratio of 

displacement to maximal displacement. Figure 4.a shows that the semi rigid pile behaves exactly as the flexible 

pile under monotonic and cyclic loads. However, the rigid pile shows a stiffer response than the flexible pile 

under a monotonic and cyclic load. Figure 5.b shows that the evolution of relative displacements according the 

number of cycles for the semi rigid pile follows a logarithmic function as the flexible pile. Unlike the semi rigid 

pile, the rigid pile follows a linear function. Also, figure 4.b shows that the final relative displacement of the 

rigid pile was 1.2 which was 8% greater than the final relative displacement of the flexible pile.  

4. Conclusion  

In this paper, a 2D finite element study of slenderness effect of a single pile in Fontainebleau sand under lateral 

cyclic load has been presented. The authors have arrived at the following conclusions arising from the study: 

 A PLAXIS 2D with Plane Strain model showed good agreement to measured data of dynamic lateral 

loading of a single pile. 

 The semi rigid pile behaves exactly as the flexible pile under monotonic and cyclic load. However, the 

rigid pile showed a stiffer behavior. 

 The evolution of the relative displacement of the rigid pile follow a linear function and was greater than 

the relative displacement of the flexible pile. This result shows that rigid piles are more vulnerable to 

lateral cyclic loads than flexible and semi rigid piles  
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