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9
burden pressure, 60% of the total deformation when applying P0 = 50 kPa, and
55% of the total deformation when applying P0 = 100 kPa. However, it should be
emphasised that the applied lateral deection is larger for the tests without overburden pressure.
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After a displacement of 20 mm, cf. g.
14b, the load-displacement relationship for
test 3 (P0 = 50 kPa, D = 80 mm) is unrealistic as it recovers strength. This error
might be caused by deviations in the pressure in the pressure tank. Hence, only the
initial part of this test curve is valid. The
deviations have only been only observed
during test 3.
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The factors increases to approximately 31
and 20 for P0 = 100 kPa. These factors are determined in comparison with
the loads without overburden pressure.

(b) Normalised relationships between load (H/Hmax )
and displacement (y/D) measured at the height of the
hydraulic piston.

Figure 13: Load-displacement relationships for
the pile with an outer diameter of 60 mm.

Figure 14 presents the dependency of overburden pressure on the lateral load. The
required lateral loads in order to obtain a
given pile displacement are, as expected,
highly dependent of the magnitude of the
overburden pressure. The lateral load at
10 mm deection at the level of the hydraulic piston increases with a factor of
approximately 20 and 13 for D = 60 and
D = 80 mm, respectively at P0 = 50 kPa.
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Figure 14: Load-displacement relationships at
dierent overburden pressures measured at the
height of the hydraulic piston.

The vertical displacement versus time until the rst unloading is presented in g.
15 for the pile with an outer diameter of
60 mm without overburden pressure. The
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When interpreting the strain gauge measurements, zero curvature is assumed at
the pile-toe. Hereby, the curvature is
known in six levels of the piles. In order
to calculate the pile deection the discrete
curvature measurements, κ, are tted to a
5. order polynomial.
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The deection of the pile, y , and the soil
resistance, p, are calculated from (4) and
(5), respectively.
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Figure 15: Vertical pile displacement versus

time for D = 60 mm, and P0 = 0 kPa. A positive
vertical displacement indicate that the pile moves
upward.

vertical displacement are measured at the
back of the pile with a wire transducer, cf.
g. 5. Hereby, both the rotation of the
pile as a rigid object and the pile deformation contributes to the measured values of the vertical displacements. These
contributions are deducted with use of the
laws of trigonometry. From g. 15 an interpreted maximum vertical displacement
of 1.2 mm is observed. This corresponds
to 0.4 % of the embedded pile length and
the eect of this on the soil-pile interaction is negligible. When applying overburden pressures the upward displacement is
of the same magnitude as outlined in g.
15.

5.1 Interpretation of strain
gauge measurements
The strain gauge measurements are interpreted in order to derive py curves and
the moment distributions along the piles.
A mean value, ε, of the strains is calculated for each level, and the curvature, κ,
and bending moments, M , are calculated
by:

ε
r∗
M = Ep Ip κ
κ=

(2)
(3)

Z Z
y(x) =
p(x) =

d2 M
dx2

M
dxdx
Ep Ip

(4)
(5)

The double integration of moments with
respect to depth, cf. (4), does not implement signicant errors. However, double
dierentiation of the discrete moments results in an amplication of measurement
errors. In order to minimise these errors the piecewise polynomial curve tting method described by Yang and Liang
(2006) is employed. The boundary conditions, cf. (4), for the pile deection and rotation at the mudline are calculated based
on displacements measured at the level of
the hydraulic piston and 110 mm above,
cf. g. 5.
Figure 16 presents the bending moment
distributions along the piles corresponding
to the prescribed horizontal displacements
listed in tab. 4. The maximum bending
moment occurs at dierent locations depending on the magnitude of the overburden pressure. Without overburden pressure the depth of maximum bending moment is located at around 1/4 of the embedded pile length determined from the
soil surface. The maximum moment is
situated between 1/8 of the embedment
length and the soil surface when applying
overburden pressures. Therefore, it is concluded that the relative increase in soil resistance with overburden pressure is most
signicant at the soil surface.
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Table 4: Applied displacements at the level of the hydraulic piston, and equivalent loads.

Test
Test
Test
Test
Test
Test

1
2
3
4
5
6

D
[mm]
80
80
80
60
60
60

P0
[kPa]
0
100
50
0
50
100

Displacement
[mm]
30.7
16.2
17.6
25.0
19.6
18.9

Load
[N]
311
6071
4457
115
2421
3856

 Deformation of the pile due to bending moments.

0
0.05

 Rotation of the pile as a rigid body.
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(b) D = 80 mm.
Figure 16: Bending moment distributions at different overburden pressures. The horizontal lines
indicates the depth of maximum moment.

Figure 17 presents the pile lateral displacements with depth at the three overburden
pressures for the two pile diameters. A
prescribed displacement at the hydraulic
piston of 10 mm has been applied. The
lateral displacement can be separated into
two components:

The pile deformation due to bending is determined in accordance to (4). The pile
rotation above the hydraulic piston is obtained by the top two displacement transducers, cf. g. 5. As shown in g. 17,
the pile exhibit an almost rigid body motion in the tests without overburden pressure. When applying overburden pressure
the pile deformation caused by bending is
more signicant, but still with a pile deection primarily depending on the rotation. Poulus and Hull (1989) proposed
a criterion for the soil-pile interaction in
which a high Young's modulus of elasticity for the soil in comparison with the stiness of the pile material, leads to a exible
pile behaviour. When applying overburden pressure the eective stress level increases leading to an increase in Young's
modulus of elasticity of the soil. Hereby,
the more exible pile behaviour for the
tests with overburden pressure is as expected. Due to the rigid pile behaviour the
deection at the pile-toe must be negative
which is not the case for most of the tests.
This might be due to the relatively small
vertical distance between the displacement
transducers, cf. g. 5, which leads to
large uncertainties when determining the
pile rotation.
Figure 18 presents normalised relationships between load, H/L2 Dγ 0 , and displacement, y/D, determined at the height
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of the hydraulic piston for the three stress
levels. When overburden pressure is applied the initial part of the curves are
very similar. This indicate that the lateral load is proportional to the embedded
length squared and the pile diameter. Figure 18a indicate that the lateral load might
be proportional to the pile diameter with
a factor larger than one. It should be emphasised that the slenderness ratio is constant during the tests implying that the
lateral load might as well be proportional
to the embedded length and the pile diameter squared.
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Figure 17: Lateral pile deection at dierent
overburden pressures.

A traditional Winkler model has been constructed in order to compare the test results to the recommendations in the design regulations, e.g. API (1993) and DNV
(1992). The Winkler model is made in
MATLAB with use of the nite element
toolbox CALFEM.
Figure 19 presents the load-displacement
relationships for the tests without overburden pressure. Further, the relationships determined by means of the Winkler model are outlined in the gure. As
expected the load increases with increasing pile diameter. The ultimate horizontal load given as the asymptotic horizontal
value is overestimated, most signicantly
for D = 80 mm, when employing the recommendations in API (1993). However,
for the initial part of the curves a good
agreement between the Winkler model and
the test results is observed until reaching
a displacement of approximately 3 mm.
In order to evaluate the ultimate soil resistance presented in API (1993), loaddisplacement relationships are calculated
using an upper bound solution for the ultimate soil resistance, cf. Jacobsen and
Gwizdala (1992), and the formulation pro-
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Figure 19:

Comparison of measured loaddisplacement relationships at the height of the hydraulic piston with results obtained by means of a
Winkler model approach. P0 = 0 kPa. The initial
modulus of subgrade reaction, k, is set to 40.000
kN/m3 while the angles of internal friction are as
listed in tab. 2.
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Figure 18: Normalised relationships between

load (H/L2 Dγ 0 ) and displacement (y/D) determined at the height of the hydraulic piston.

posed by Hansen (1961). The distinction between the three methods is the
spreading of the wedge forming in front
of the pile. Load-displacement relationships for the three methods incorporated
in the Winkler model, and the test results
are presented in g. 20 for the pile with an
outer diameter of 80 mm and P0 = 0 kPa.
From the gure it is observed that the upper bound solution overestimates the ultimate resistance and that the formulation
by Hansen (1961) underestimates the ultimate resistance. The best agreement to
the current study is the method proposed
in the design regulations. Similar results
have been observed for the pile with an
outer diameter of 60 mm. This is in contradiction to the investigation performed
by Fan and Long (2005) in which Hansen's
method was found to produce the most
reliable results when predicting the ultimate soil resistance. However, the investigation by Fan and Long (2005) considered only slender piles with diameters between 0.3-1.2 m modelled in a nite element program. Furthermore, the investigation considered the ultimate soil resistance of the py curves until a depth of 2.5
m while the analysis above considers the
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load-displacement relationship at the pilehead. On basis of the laboratory tests it is
concluded that the determination of ultimate soil resistance in accordance to API
(1993) is workable but non-conservative.
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Figure 20: Load-displacement relationships determined at the height of the hydraulic piston versus three criterions, cf. API (1993), upper-bound,
and Hansen (1961). P0 = 0 kPa, D = 80 mm.
The initial modulus of subgrade reaction, k, is set
to 40.000 kN/m3 while the angle of internal friction is as listed in tab. 2.

Figure 21 presents the derived py curves
based on the tests and the py curves obtained by means of API (1993) at two
strain gauge levels for each pile. The selected levels are located near the depth
of the maximum moment and with strain
gauge devices above and below. Hereby,
the soil resistance is determined with good
reliability for the chosen levels. In order
to take the eect of overburden pressure,
P0 , into account the approach described
by Georgiadis (1983) is employed. In accordance to this an equivalent system with
a ctive depth, x0 , is employed to describe
the eect of the overburden pressure. The
ctive depth varies between 0.410.71 m
for the tests with overburden pressure. As
shown in g. 21c this method provides
smaller variations of soil resistance than
obtained by the tests. This is caused by
the fact that x0 is high compared to the
distance between the single strain gauge
levels. It should be emphasised that the
employed method proposed by Georgiadis

(1983) is for physically soil layers where
friction between layers are taken into account. This is not the case when the overburden pressure is separated from the soil
by the elastic membrane. Without overburden pressure the results obtained from
the Winkler model approach, cf. g. 21a,
is closer to the test results, though with
signicant deviations.
Figure 22 presents normalised relationships between soil resistance, p/Dσ 0 , and
deection, y/D, at two depths. The observations leads to the conclusion that the
initial stiness of the py curve is highly
dependent on the pile diameter; the larger
pile diameter the higher initial stiness. In
the case without overburden pressure the
initial stiness for the pile with an outer
diameter of 80 mm is in the range of 34
times higher than the stiness for the pile
with an outer diameter of 60 mm. However, it should be emphasised that the py
curves are obtained in dierent depths and
at dierent embedded pile lengths. According to API (1993) the initial stiness
is independent on the pile diameter. This
seems questionable based on this analyses.
In the normalised gures the initial slope
decreases when overburden pressures is applied. The factor is in the range of 730%
of the slope without overburden pressures.
However, it should be emphasised that the
vertical stress distribution, cf. g. 4, is abnormal for the tests with overburden pressures.

6 Conclusion
The paper presents the results of six quasistatic tests on laterally loaded monopiles.
The tests are carried out in a pressure tank
at varying eective stress levels from 0
100 kPa. When increasing the eective
stresses in the soil, problems with a nonlinear yield surface, as for small stress levels, are overcome. The tests are conducted
on two aluminium pipe piles with outer di-
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Figure 21: Derived py curves compared to the

py curves recommended in API (1993). The
solid lines denotes the py curves determined by
the recommendations in API (1993). The initial
modulus of subgrade reaction, k, is set to 40.000
kN/m3 while the angles of internal friction are as
listed in tab. 2

0
0

0.02

0.04
y/D [−]

0.06

0.08

(c) P0 = 100 kPa.
Figure 22: Normalised relationships between soil

resistance (p/Dσ 0 ) and deection (y/D) at dierent overburden pressures. σ 0 denote the eective
vertical stress.
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ameters of 80 mm and 60 mm. Both prototypes have a slenderness ratio, L/D, on
5. The piles are instrumented with a total
of 10 strain gauges located at ve levels
along each pile.
The increase in eective stress level have
been created by separating the lower part
of the tank, containing saturated sand and
pile, from the upper part by use of an elastic membrane. The test setup are working without any complications and the obtained results seems very reliable.
Based on the results obtained from the
laboratory tests some conclusions may be
drawn:
 The deection of the piles consists primarily of a rigid body motion, i.e. the
piles merely rotates around one point
of zero deection. This behaviour deviates from the behaviour of the slender piles tested at Mustang Island,
which are the basis of the py relations employed in the design regulations, e.g. API (1993) and DNV
(1992).
 When applying overburden pressures
the soil resistance increases and as a
consequence to this the piles exhibits
a more exible pile behaviour. Furthermore, the depth of the maximum
moment moves closer to the soil surface when overburden pressure is applied.
 The tests indicate that the horizontal load acting at the pile-head is
proportional to the embedded length
squared and the pile diameter.
 The ultimate soil resistance determined by API (1993) provides a reasonable t with the test results. The
upper bound solution, cf. Jacobsen
and Gwizdala (1992), and the method
proposed by Hansen (1961) is not supported by the current study.

 The initial stiness of the py curve
is highly dependent on the pile diameter; the larger pile diameter the
larger initial stiness. This observation conicts with the recommendations in the design regulations.
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