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INTRoduCTIoN
Piles are a type of foundation capable 
of transmitting loads from the upper 
structure to the ground at depth. They 
are used when surface soil is unsuitable 
for shallow foundations (Das 1999). Pile 

foundations are frequently used in order 
to resist lateral loads (Weaver et al 1998). 
The lateral loads that can be produced by 
earthquakes, ground pressure, waves and/
or wind must be considered in the design of 
piles (Candogan 2009). The tests performed 
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The main purpose of this study was to model the response of piles during a lateral load 
test conducted at RPC in Concón in 2006 by using simplified theoretical methods and the 
software Plaxis 2D, Cype, and GGU-Latpile. The piles were the longest built in Chile at the 
time of the test. This article contains the test description, a geotechnical characterisation and 
the theoretical fundamentals that support the different methods used for modelling the test. 
The results of the different models are also presented here. It is concluded that results obtained 
by simplified methods may be efficient in the early stages of a project and that accurate 
approximations can be achieved by using design software for continuous elements in the 
design of isolated elements.

Figure 1  Stratigraphy on Pile No 1 location (Loadtest International 2006)
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in previous studies have validated that 
foundation piles can withstand lateral loads 
through shear loads, bending moments, 
and lateral resistance of the ground (Bowles 
1996). The failure mode in free-head 
piles, as the tested piles, depends on the 
pile length, rigidity of the section and 
the load-deformation relationship of the 
ground (Broms 1964). A soil-pile system 
can be modelled to find the deformations 
and internal stresses considering external 
forces acting on the piles, their geometrical 
and physical characteristics, and the 
soil properties. Two simplified soil-pile 
interaction methods are described in this 
article – the Semi-Infinite Beam method 
and the Kocsis method. The software 
calculation method of Plaxis 2D, Cype and 
GGU-Latpile are explained here. These 
simplified methods and software were used 
to model a lateral load test conducted at 
Refinería de Petróleo de Concón (Concón 
Oil Refinery) on the longest piles built in 
Chile at that time.

GEoTECHNICAL CHARACTERISATIoN
The soil mechanics report of the project 
(Petersen 2002) contains the stratigraphy 
and soil properties where a Coker plant is 
located in the Concón Refinery. In addition, 
the considerations for foundation design 
and the characteristics that the compacted 
structural fill must have are indicated. 
Also, a drilling stratigraphic record was 
performed for each of the test piles (Loadtest 
International 2006). From the geotechnical 
report (Petersen 2002), the average natural 
ground level is at elevation +4.00. In the first 
35 m, there is a soft, organic and normally 
consolidated clay, with medium to high 
plasticity, a dark-grey to black colour, and an 
SPT value of 4 to 6. Secondly, a soil horizon 
of about 7 m of soft, organic, high plastic 
black clay is present, with an SPT value of 
9 to 12. At a depth of 42 m below surface, a 
hard soil strata of plastic and sedimentary 
clay with high consistency and gravel is 
present, with an SPT value of 21 to 42. 
Finally, from a depth of 46 m basement rock 
is encountered. The geotechnical report also 
provides a constant value for the modulus of 
sub-grade reaction of Khstatic = 4 000 KN/
m3, which value corresponds with the soft 
layer of clay. The same document states that 
a compacted structural fill will be used on 
the first 4.2 m from the surface. The filler 
material to be used must be gravelly sand 
and/or sandy gravel. The water table position 
is 4.7 m below the surface. Figures 1 and 
2 show the geotechnical characterisation 
obtained during the drilling of piles No 1 
and No 2 respectively.Figure 3  Lateral load test schematic (Pilotes Terratest 2006b)
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Figure 2  Stratigraphy on Pile No 2 location (Loadtest International 2006)
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dESCRIPTIoN of THE 
PERfoRMEd TEST
During February 2006 integrity and per-
formance tests were conducted. These tests 
were carried out by the company Pilotes 
Terratest S A and Loadtest International Inc 
in two piles built for this purpose. The tests 
have been performed on piles of 1 200 mm 
diameter and 50 m long. A lateral load test 
was included.

The main objective of the lateral 
load test, for which these two piles were 
used, was to obtain the real displacement 
recorded over the top of the piles when 
being subjected to a horizontal load, and to 
find a lateral displacement-depth curve by 
using installed inclinometers, in order to 
verify the design (Pilotes Terrastest 2006a). 
The maximum test load was 1 040 KN, 
which was reached through load steps. 
The schematic representation of the test is 
shown in Figure 3.

Instrumentation measured deformation 
at the pile head and displacement with depth 
(Pilotes Terratest 2006b). This instrumenta-
tion can be described as follows:

 ■ Two dial gauges, which were located on 
each pile, registered the deformation at 
the pile head for each level of applied 
load. These dials were placed in an 
installed beam.

 ■ An inclinometer with strain gauges was 
located inside the piles. The sensors 
digitally collect the displacement for 
each load level based on the differences 
of inclination angles (Sanhueza & Oteo 
2009). The inclinometer pipes were 
installed along with the piles. Lateral 
displacement readings were performed in 
the first 20.0 m on both piles.

Two piles, separated by a distance of 54 m, 
were used in the test – one as a reaction of 
the other. Loading on pile No 1 was per-
formed by an ultralight hydraulic jack, and 
a 12-wire anchor was used as load transfer 
mechanism on pile No 2 (see Figure 4).

SoIL-PILE INTERACTIoN METHodS
The theory of soil-pile interaction methods 
is explained in this section – firstly the 
semi-infinite beam method, and secondly 
the Kocsis method. In both these methods 
the behaviour of the pile under lateral load 
and/or moment can be modelled (Orostiga 
1991). Unlike other soil-pile interaction 
methods – which allow using different 
moduli of subgrade reaction values along 
the pile, such as the Gleser method (Gleser 
1984) – the two chosen methods only 
require using one constant modulus of 
subgrade reaction along the complete pile 
length. It was decided to use simplified 

theoretical methods with a constant modu-
lus, so that modelling of the test features a 
wider range in the complexity, which means 
simple theoretical models on the one hand 
and more complex analysis software on 
the other. This allows having tools for the 
different stages of a project, depending on 
the complexity of the required analysis. 
For instance, for complex methods high 
quality and quantity of data is required 
(Siddharthan & El-Gamal 1996). This data is 
difficult to obtain in preliminary design.

Semi-infinite beam method
The displacement (y), slope (θ) or internal 
stresses in the pile can be evaluated with 
this method (Ortigosa 1991), in which a 
semi-infinite beam is considered simulat-
ing the pile interacting with the soil. 
This analysis requires solution of the 
differential Equation 1 relating moment 
to displacement.

d2M

dX2
 = –EI 

d4Y

dX4
 = K * Y – q (1)

where E is modulus of elasticity, I is moment 
of inertia and K is product between Kh and 
D, where Kh corresponds to the horizontal 
modulus of subgrade and D to the beam 
width. The hypotheses used in this method 
are constant Kh and constant section with no 
axial forces being considered. Equations 2 and 
3 are obtained for a pile with a point load P 
and a moment M in the pile head (X > 0):

Y(x) =  
2 * P * α

K
 e–αX cos αX 

– 
2 * M * α2

K
 e–αX (cos αX – sin αX) (2)

θ(x) =  
–2 * P * α2

K
 e–αX (cos αX + sin αX) 

+ 
4 * M * α3

K
 e–αX cos αX (3)

Figure 4  Load transmission system: (a) hydraulic jack located on pile No 1, (b) fixed wires on pile 
No 2 (Pilotes Terratest 2006c)
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Kocsis method
Equations along the pile for displacement, 
slope and internal stresses are derived from 
integration of the equation of the reaction 
pressure of the soil (Kocsis in Orostiga 
1991). This pressure is obtained using the 
equation of displacement of an idealised 
pile: PR = Kh * δ, where PR is pressure, Kh 
is modulus of subgrade reaction, and δ is 
horizontal deformation. The length of the 
idealised pile is obtained with the equation 
of the work produced by the load H moving 
a displacement Δ; this equation is derived 
with respect to L in order to find the length 
that minimises the deformation energy. X is 
measured from the ground surface to depth, 
and the displacement curve corresponding to 
a pile with a free head and a displacement Δ 
in the pile head is used as follows:

 y(x) = 
1

2
 * 

x

Lu

3
 – 

3

2
 * 

x

Lu
 + 1  * ∆ (4)

The length Lu corresponds to the depth 
where after deformations are negligible, and 
X is the depth. To calculate Lu, the resultant 
of the pressure exerted by the soil is found, 
which is separated in the reactions at the pile 
head (RTe) and at the pile base. The exter-
nally acting load (H) and two reactions are 
present in the pile head – the first reaction is 
produced as a result of the pressure exerted 
by the ground (RTe) and the second reaction 
is due to the shear force (V) which is gener-
ated by imposing a deformation Δ:

H = 
3 * E * I * ∆

Lu3
 + 

33 * D * Kh * ∆ * Lu

140
 (5)

If a beam is gradually loaded to value H, so 
that the end deformation is Δ, the expres-
sion for the work can be obtained, which is 
derived with respect to the length. For solv-
ing Lu, the following expression is obtained:

Lu  = 
4 420 * E * I

11 * Kh * D
 (6)

Knowing the expression for Lu, the applied 
load can be rewritten as:

H = 
11

35
 * Kh * D * ∆ * Lu = 

12 * E * I * ∆

Lu3
 (7)

The equation that describes the pressure 
exerted by the soil on the pile is:

PR(x) = 
W(X)

D
 = Kh * ∆ * y(X) (8)

Solving Δ from the Equation 7 and inserting 
it in Equation 8, the expression for the pres-
sure exerted by the soil is obtained. Using 

the theory of material strength, integrating 
and applying boundary conditions, the fol-
lowing expressions are obtained for both 
the slope θ (Equation 9) and displacement δ 
(Equation 10):

E * I * θ

H * Lu2
 =  

35

22
 * – 

41

420
 + 
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 * 

x
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1
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1
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6
 (9)

E * I * δ
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210
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In the case of a free head and moment, the 
analysis is analogous to the previous case. 
The following expressions are obtained for 
the slope (Equation 11) and deformation 
(Equation 12):

E * I * θ

Me * Lm
 =  

5

6
 * 

9

20
 * 

x

Lm
 + 

1

2
 * 

x

Lm

2
 

– 
1

20
 * 

x

Lm

5
 (11)

E * I * δ

Me * Lm2
 =  

5

6
 * 

9

40
 * 

x

Lm

2
 + 

1

6
 * 

x

Lm

3
 

– 
1

120
 * 

x
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6
 (12)

Method for extended pile
This section shows the analysis required 
to model the pile length located above 
ground level. This method is described 
in Orostiga (1991). At the point where 
the load is applied, deformation can be 
expressed as:

δ = b + c + d (13)

where b is deformation at ground level, c is 
deformation by the slope at ground level, 
and d is free deformation due to applied 
load H.

c = θbh * A (14)

d = 
H * A3

3 * E * I
 (15)

In addition, the following expression may be 
derived for the slope at the same point:

θah = θbh + ∆θabh (16)

Figure 5  Displacements for a load of 1 040 KN, considering a modulus of subgrade reaction 
Kh = 4 000 KN/m3 (prepared by the authors in 2013)
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Table 1  Soil parameters used for modelling (prepared by the authors in 2013)

Horizon Depth range (m) Friction angle (°) Reaction modulus (KN/m3)

Fill 0.0–4.7 36 30 000

Silty clay 4.7–41.0 30 4 000

Gravel 41.0–46.0 35 40 000

Rock > 46.00 38 80 000

where θbh is slope at the ground level, and 
∆θabh is slope after application of load H.

∆θabh = 
H * A2

2 * E * I
 (17)

Sensitivity to variation in Kh
The expressions described in the previous 
sections were evaluated in order to model 
the lateral load test. As shown in Figure 5, 
using the Kh = 4 000 KN/m3 value (modulus 
of subgrade reaction) indicated in the geo-
technical report (Petersen 2002) for the clay 
strata, the displacements obtained with the 
theoretical models are significantly higher 
than those measured in the field test for the 
maximum load.

In order to calibrate the theoretical 
model with the measurements taken on site, 
a sensitivity analysis was performed. Since 
the geometry and the physical properties of 
the pile do not have the level of uncertainty 
that the soil properties have in this case, the 
sensitivity analysis was conducted varying 
the value of modulus of subgrade reaction 
Kh. By trialing various values, the value of 
Kh = 18 000 KN/m3 was finally adopted as 
characteristic for the entire length of the pile. 
This value is higher than that indicated for 

the clay soil layer in the geotechnical report 
(Petersen 2002). It is believed it reflects the 
greater rigidity of the granular fill and the 
fixity in the rock at depth. As shown in 
Figure 6, similar values of displacements for 
the maximum test load of 1 040 KN were 
obtained if this value of Kh is used.

SofTwARE

Cype
To model the horizontally loaded pile, the 
software Muros Pantallas (Retaining Walls) 
from Cype was used. The analysis method 
and parameters needed for modelling using 
this software are discussed in this section. 
The calculation model used to obtain the 
stresses and displacements of the wall 
is based on the methods of ground-wall 

interaction, where the magnitude of the 
earth pressures on the wall depends on its 
displacement (Cype Ingenieros S A 2013a). 
For the calculation of the action and/or 
reaction produced by the soil on the wall, 
elastoplastic behaviour is considered. The 
linear range of behaviour is associated with 
the concept of the lateral modulus reaction 
of the soil, and the plastic range with the 
concept of active or passive earth pressure 
according to the displacement direction. The 
passive earth pressure is calculated by evalu-
ating the Jaky formula (Cype Ingenieros S A 
2013b). The active and passive pressures are 
calculated using the Coulomb theory.

A wall with an inertia equivalent to that 
of the pile was considered for modelling the 
pile. The wall was sized with a horizontal 
load and a moment applied to the top. With 
this, a load equivalent to the one of the 
test is achieved, since the load on the test 
was applied at a certain distance from the 
surface. Four soil horizons were defined to 
characterise the soil. Table 1 shows some 
parameters used to model the test. Ten 
different stages with the different test loads 
were defined. To obtain an equivalent load 
to the test load, it was necessary to input the 
actual test load divided by the width of the 
modelled wall, because the loads are entered 
into the program per linear metre.

GGu-Latpile
The method used in the software GGU-
Latpile is described in this section. The 
model used to obtain the stresses and 
displacements is based on an elastic analysis 
considering the soil stress, determined by the 
product of the reaction and the deformation 
along the pile length (Buß 2012). This elastic 
stress must not exceed the passive earth 
pressure that can develop at the front of the 
pile. The norm option DIN 4085 (DIN 1987) 
was chosen for the active earth pressure. For 
the passive earth pressure, the Streck option 
was chosen, in which the coefficient of pas-
sive earth pressure is found by interpolating 
from a table (Weissenbach et al 2003). The 
pile used in the test was the one chosen to 
model the pile. The same soil properties used 
in the modelling performed in the Cype soft-
ware were used for this model. Ten different 
stages with the test loads were defined by 

Figure 6  Displacement for a load of 1 040 KN, considering a modulus of subgrade reaction 
Kh = 18 000 KN/m3 (prepared by the authors in 2013)
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Table 2  Stiffness soil parameters (prepared by the authors in 2013)

Horizon Triaxial loading stiffness 
(E50) [KN/m2]

Oedometer load stiffness 
(Eoed) [KN/m2]

Triaxial unloading 
stiffness (Eur) [KN/m2]

Fill 360 000 360 000 1 080 000

Silty clay 64 000 64 000 192 000

Gravel 480 000 480 000 1 440 000

Rock 960 000 960 000 2 880 000

entering the real test load and a moment at 
the top of the pile, equal to the applied load 
multiplied by the application height, 0.3 m.

Plaxis 2d
The analysis performed using the finite 
element model Plaxis 2D is explained in 
this section. The operation of the program 
and the parameters needed for modelling 
are also indicated here. Plaxis 2D is a two-
dimensional software of finite elements, 
designed to solve geotechnical problems. It 
has two options to model two-dimensional 
problems – plane strain and axisymmetric. 
Triangular elements of 6 or 15 nodes may be 
selected to model soil and other materials. 
Interface elements are used to simulate the 
interaction between the soil and the struc-
ture (Brinkgreve 2004).

Different options can be used for model-
ling materials. The linear elastic model 
is linear and isotropic, and it relates the 
stress and the unitary deformation through 
Hooke’s law of isotropic linear elasticity. 
It is necessary to have two elastic stiffness 
parameters – the Young’s modulus (E) and 
Poisson’s ratio (ν) (Brinkgreve 2004). This 
model is mainly used for modelling rigid 
structural elements (Abbas et al 2008) as the 
piles in the ground of this case. To model 
the soil, the hardening soil model can be 
used, which is an advanced second-order 
model (Brinkgreve 2004). It corresponds to 
an elastoplastic variant of the hyperbolic 
model, formulated in the context of harden-
ing plasticity. The parameters required 
for modelling the soil behaviour with this 
model are (Plaxis 2004): cohesion (c), fric-
tion angle (φ), dilatancy angle (ψ), triaxial 
loading stiffness (E50), oedometer load stiff-
ness (Eoed), triaxial unload stiffness (Eur), the 
dependence of soil stiffness with the stress 
levels (m), Poisson’s ratio for unload/reload 
(vur), rigidity coefficient (pref), coefficient 
of lateral stress at rest (K0

nc) and the ratio 
between failure and ultimate stress (Rf).The 
following can be considered as approximate 
values (Plaxis 2004):

Eur = 3 * E50 (18)

Eoed = E50 (19)

A plane strain model was used to model the 
pile, using elements with 15 nodes to achieve 
a greater precision in the analysis. Although 
geometrically a pile is better represented by 
an axisymmetric shape, since in this case the 
load is applied in a single radial direction, it 
was not possible to use this model. A wall 
with an inertia equivalent to the pile, 1 m 
wide, was considered. This width was chosen 
in order to work in units per metre. The wall 
was sized at 0.3 m on the surface. The load 
was applied at the top, simulating the applica-
tion point in the performed test. Hence, the 
value of the horizontal force in the pattern 
corresponds to the same one of the test.

To characterise the ground on which the 
test was conducted, the four soil horizons 
previously described were modelled. Soil 
parameters were considered according to 
the properties described in the geotechni-
cal report of soil mechanics, and the soil 

stiffness parameters were varied until defor-
mation values similar to the ones measured 
in the test were attained (refer to Table 2). 
The stiffness values finally used have 
approximately the same magnitude as those 
used in other studies (Molina et al 2007).

RESuLTS
Three representative load steps were selected 
– 200 KN, 600 KN and 1 040 KN. Figures 7, 
8 and 9 detail the results.

The results obtained using Cype and 
GGU-Latpile are similar to the measured 
values in the first load steps. For the higher 
loads, both models show a similar shape, 
especially from a depth of 5 m. The results 
obtained through the model made   in Plaxis 
2D for the displacement curve versus depth, 
are the closest to those measured, except for 
the highest loads, where the results from the 
Kocsis model are closest to the field meas-
urements. Results obtained by the Plaxis 
2D and Kocsis methods do not represent 
negative displacements along the curve. This 
relates quite accurately to the information 
recorded in the test, in which the negative 
measurements are small and insignificant. 
From the analysis using Plaxis 2D, the best 
deformation results are achieved at the head 
of the pile for all load steps.

Figure 7  Displacements for a load of 200 KN (prepared by the authors in 2013)
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CoNCLuSIoNS
Pile behaviour testing is an important 
aspect to consider in the design of piles. It 
is clear that test results can help to reduce 
costs, decreasing oversizing by reducing 
the uncertainty of pile behaviour. It also 
allows adjustments to the design in order 
to reach the expected behaviour of the 
system. From this study, it is concluded 
that the Kocsis method, with a coefficient 
of Kh = 18 -000 KN/m3, results in displace-
ment similar to those measured in the tests 
for the highest loads. The value adopted is 
significantly higher than that indicated in 
the geotechnical report. This is mainly due 
to the fact that in reality there is a compact 
granular fill layer near the surface, which 
provides a high horizontal stiffness to 
the system.

In the analysis performed using the finite 
element software, Plaxis 2D, displacement 
versus depth results very similar to those 
tested were achieved, especially for the mid 
and low loads. The best results on the head 
were achieved with this software, for all load 
steps. The Plaxis 2D software allows the use 
of more parameters, as well as providing a 
more complex method to study the deforma-
tion of the soil surrounding the pile. This 
result was as expected.

During high load stages, the Kocsis 
model presents results that are closer to 
those measured, especially when no negative 
deformation resulted. The results obtained 
by the beam-on-elastic-foundation method 
were similar to those recorded in the tests. 
While both methods sufficiently simplify the 
problem, good results can be achieved after 
a review of the soil characteristics defined in 
the investigation.

Notwithstanding that the piles are iso-
lated elements, fair approximations to the 
test results are obtained through the use of 
software with models for continuous ele-
ments, such as Cype and Plaxis 2D.

From the analysis conducted with the 
different models, a high sensitivity of the 
lateral displacements to the input values of 
horizontal stiffness of the soil is deduced, 
using Kh in the simplified methods and 
in the software Cype and GGU-Latpile, or 
through the stiffness parameters required 
for soil modelling in Plaxis 2D. This is the 
most important parameter to obtain correct 
characterisation of the behaviour of an ele-
ment in contact with the ground when it is 
loaded laterally. It is essential to conduct a 
thorough review of the available geotechni-
cal data to adequately represent the ground 
in which modelling is intended. It is recom-
mended that more than one tool be used to 
compare the results when modelling these 
types of problems.

Figure 8  Displacements for a load of 600 KN (prepared by the authors in 2013)
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Figure 9  Displacements for a load of 1 040 KN (prepared by the authors in 2013)
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