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ABSTRACT:

Offshore wind turbines are typically founded on driven steel pipe piles, using either a single large monopile
or multiple piles anchoring a tripod or jacket-type structure. Recent design methods for offshore driven piles
have been developed based on the results of field tests using instrumented closed-ended model piles that al-
lowed the measurement of the radial effective stress at a number of locations along the pile shaft. These
measured radial stresses were then directly related to in-situ soil properties such as CPT cone resistance. This
paper investigates the use of in-situ site investigation techniques, in particular the CPT, for the design of |
open-ended piles. A recent CPT-based design method, the UCD-11 (Igoe et al. 2011), which is based on field
tests using an instrumented open-ended model pile, is applied in the present study to predict the axial tension
capacity of two open-ended piles driven into a medium dense sand deposit. The accuracy of this recent meth-
od is compared with both traditional earth-pressure and other CPT based methods in order to assess its predic-

tive performance.
1 INTRODUCTION

In an offshore environment, open-ended steel tubular
(pipe) piles are widely used to support tripod and
jacket-type structures. Because of their relatively
low base resistance, open-ended piles can be driven
to deep penetrations in order to mobilize sufficient
resistance to tension loading. Due to the high cost of
performing static load tests on offshore piles, indus-
try remains reliant on static axial design methods
(Schneider, 2006) many of which have been cali-
brated using results from relatively small-scale on-
shore pile tests (See Gavin et al. 2011). This paper
investigates the use of in-situ site investigation tech-
niques such as the CPT for the design of offshore
piles.

2 BACKGROUND

Design methods for estimating the shaft friction
developed on pipe piles have been developed largely
by the offshore industry and are summarized in the
latest edition of the American Petroleum Institute
API-RP2A (2007) design guidelines. The API meth-
od has traditionally been based on the earth pressure

approach which relates the local unit shaft friction,
11, t0 the vertical effective stress, o', UsSing an em-
pirical factor £

T = B. OJvO (1)

where B ranges from 0.29 to 0.56 for medium-
dense and very dense sand deposits respectively.
Several studies (including Chow 1996, Lehane et al.
2005) have shown that the API method has poor re-
liability, typically underestimating the shaft re-
sistance of piles in dense sand while overestimating
the resistance in loose sand. In more recent API edi-
tions, the method is precluded from use in loose
sands since the pile lengths obtained from the calcu-
lations were noted to be unconservative (API-2007).

Simple design methods that relate the local unit
shaft friction to an in-situ test parameter such as the
Standard Penetration Test (SPT) N-value or the
Cone Penetration Test (CPT) end resistance ¢
through scalar coefficients, are also widely used in
practice:

Tr = a.q (2a)
= LN (2b)



where o and A are empirical factors. There are large
variations in recommended o values reported in lit-
erature depending on the pile type and soil condi-
tions. For example, Meyerhof (1956) suggested o =
0.005 and A = 2 for closed-ended piles with « =
0.0025 and A = 1 for low-displacement piles. Eslami
and Fellenius (1997) suggested « values of between
0.004 and 0.010, depending on the sand type, and
did not differentiate between pipe piles, concrete
piles and H-piles. Based on experience from off-
shore piling, De Ruiter and Beringen (1979) devel-
oped an approach where o = 0.003. More recently,
Foye et al. (2009) suggested that « increased from
0.002 for open-ended piles to 0.005 for closed-ended
piles.

Dennis and Olson (1983), Lehane et al. (1994)
and others have shown that the local radial effective
stress at failure, o'y, which controls z can be de-
scribed using the Coulomb failure criterion:

T = OJrf. tan8f (3)

where o is the interface friction angle at failure.

Tests performed in sand by Lehane (1992) and
Chow (1996) using the closed-ended Imperial Col-
lege Pile (ICP), which allowed continuous meas-
urement of radial effective stress, shear stress and
unit end-bearing resistance (qp) profiles during in-
stallation and load testing, resulted in significant in-
sights into the mechanisms governing the mobiliza-
tion of radial effective stress on closed-ended piles.
These tests showed that o' comprised of two dis-
crete components, namely the radial effective stress
after pile installation and equalization, o', and the
increase in stress due to dilation during loading,
Ac'rg:

OJrf = G,TC + AOJTd (4)

Jardine et al. (2005) proposed a direct correlation
between o'yc and g. known as the ICP—05 method.
The effects of friction fatigue are considered through
a geometric term, h/R (where h is the distance from
the pile toe to the point under consideration and R is
the pile radius):

, h —0.38 (o1 0.13
o', =0.029.q,. [max (5,8)] (Ifr_e:) (5)
where prs =100 kPa. Lehane et al. (2005) sug-
gested an alternative expression for o' that is
known as the UWA-05 method:

o', =0.03.q,.. [min (%, 2)]_0'5 (6)

where D is the outer pile diameter. Reduction fac-
tors are included in both the ICP and UWA methods
to account for radial stress reductions that occurred
during tension load tests performed using the ICP.
Both the ICP-05 and UWA-05 methods include ex-
pressions to predict the stress increase caused by di-
lation, Ac'yg, based on the work of Lehane et al.

(1994), with Ao’y inversely proportional to the pile
diameter:

4G

Ad'vq = (77) by ™

where G is the operational shear modulus of the soil
(which can be correlated with CPT q¢) and Ay is the
radial displacement occurring during pile loading (=
0.02 mm for lightly-rusted steel piles).

Whilst Equations 5 and 6 were derived from sta-
tistical analyses of radial effective stress data ob-
tained using the closed-ended ICP, no comparable
measurements of the radial effective stress mobi-
lized for open-ended piles were available. Any sci-
entific consideration of the behavior of pipe piles in
sand must consider the soil core development during
pile installation. During driving, internal shear
stresses develop as soil enters the pile bore. If these
stresses become large enough, they can restrict fur-
ther soil intrusion, thereby causing plugging. The
development of the soil f§B)g during installation can
be described by the incremental filling ratio (IFR) or
the effective area ratio (A ex):

IFR =~ (8a)
D;\?
Aresr =1—IFR(2) (8b)

where AL,y is the change in the plug length for a
given penetration increment AL and D; is the internal
pile diameter. Thus when a pile is fully coring IFR =
1 and when the pile is fully plugged IFR = 0. A iS
the ratio of the volume of soil displaced to the gross
pile volume and is equal to unity for a closed-ended
or fully plugged pile (IFR = 0), reducing to values of
typically 0.1-0.2 for fully coring piles.

Since most field-scale offshore piles are close to
fully coring during driving, Jardine et al. (2005)
suggested that the pile radius term in Equation 5
should be modified in order to account for the lower
degree of soil displacement caused by pipe-pile in-
stallation (assuming fully coring conditions) and was
adopted in ICP-05 design method as follows:

R*= [D? — D;? (9)

Gavin and Lehane (2003) reported experimental
data which showed that the shaft resistance devel-
oped by open-ended piles jacked into loose sand in-
creased as IFR reduced and they suggested an alter-
native form of Equation 5 in which the R term
remained unchanged. Furthermore, g, was replaced
by the unit end-bearing resistance developed by an
open-ended pile. White et al. (2005) presented cavity
expansion analyses which suggested a weaker de-
pendence on IFR from which an effective area cor-
rection factor (Aresr) Was subsequently adopted in the
UWA-05 method:



o'y =0.03.q,. [max (%, 2)]_0'5 Ar,effo'3 (10)

An alternative CPT based approach known as
NGI-05 was suggested by Clausen et al. (2005):

z
T = Z-pref-FDr-Fsig-Ftip-Fload-Fmat = Tmin (11a)

Fp, = 2.1 (D, — 0.1)17 (11b)
D, = 0.4 In (9e1V/,) (11c)
, 0.5
dein = (qc/pa)/ <G vo/pa> (11d)

where:

I:sig = (0' ol pref)-0'25

Fip = 1.0 and 1.6 for driven open- and closed-ended
piles respectively;

Floag= 1.0 and 1.3 for tension and compression load-
ing respectively;

Fmat = 1.0 and 1.2 for steel and concrete piles respec-
tively;

Tmin = 0.1 a0

In the NGI-05 method, the CPT g, value is incor-
porated through a correlation with nominal relative
density. Friction fatigue is considered using a sliding
triangle distribution of 7z against normalized pile
penetration (See Toolan et al. 1990) as opposed to
diameter dependant terms such as h/D or h/R". The
pile end condition is accounted for using a fixed re-
duction factor for open-ended piles. It is noted that
both the ICP-05 and UWA-05 methods allow the
designer to input the interface friction angle J; and
also provide guidelines on the choice of this parame-
ter value based on the mean particle size. However,
the o parameter is included implicitly in the formu-
lation for the NGI-05 method.

To illustrate the differences between the shear
stress profiles predicted using the ICP-05, UWA-05
and NGI-05 methods, the shear stress profiles pre-
dicted for a 1.0 m diameter pipe pile, driven to a
depth of 20 m into a saturated over-consolidated
sand are shown in Figure 1. For simplicity, the sand
of 18 kN/m® saturated unit weight was assumed to
have a uniform g value of 10 MPa over this depth,
be fully coring throughout installation and thus have
an effective area ratio Are = 0.2. The groundwater
table was assumed to be located at the ground sur-
face. The average shaft resistance (zay :?’Z'f [Area of
the pile shaft) predicted for a closed-ended pile were
55, 75 and 66 kPa using the ICP-05, NGI-05 and
UWA-05 methods respectively. For an open-ended
pile, the =, values were 35, 47 and 42 kPa using the

ICP-05, NGI-05 and UWA-05 methods respective-

ly.
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Figure 1:Shaft friction profile for a typical offshore pile using
(a) ICP-05 (b) UWA-05 and (c) NGI-05 methods.

The ICP-05, NGI-05 and UWA-05 methods for
open-ended pile design are fundamentally based on
the results of instrumented closed-ended model piles
and which have subsequently been adapted and cali-
brated against databases of field scale open-ended
piles. lgoe et al. (2011) presented field measure-
ments of radial effective stress mobilized during the
installation and load testing of instrumented open-
ended model piles. The instrumentation of the UCD
open-ended model pile, which allows independent
measurements of the mobilized shaft and base re-
sistance, has been described by Igoe et al. (2008,
2010). It was found that for driven and jacked instal-
lations, the equalized radial effective stress mobi-
lized near the pile toe was strongly dependent on the
degree of plugging that had occurred during installa-
tion (quantified in terms of the IFR or A, ¢x). Howev-
er, it was also found that further away from the pile
toe, little or no dependence existed between radial
effective stress and IFR. Cyclic loading was shown
to cause a reduction in the equalized radial effective
stress toward a minimum threshold value, beyond
which further cycling caused no further reduction to
occur. It was suggested that driven piles would typi-
cally experience a large number of blows (shearing
cycles) during installation and hence the end-of-
driving radial stresses would be at or close to this
minimum threshold value. From this research, Igoe
et al. (2011) proposed a new design method, referred
to as UCD-11, in order to predict o' for the end of
driving condition:

0're = q:[0.025 = 0.0025 (2)] Arers > 0'remin (122)

cy,7"c,min =Yqc (12b)

where y accounts for the minimum threshold value
which depends on the sand state. Tentative values of
y = 0.003 and 0.006 were proposed for loose and
dense sand, respectively, with higher values possible
in very dense over-consolidated deposits. Figure 2
shows a comparison of the equalized radial effective
stresses determined using the UCD-11 and UWA-
05 design methods for a pile in dense sand. For fully



coring open-ended piles (Arert < 0.2), the UCD-11
method suggests a constant shear stress profile rela-
tive to the CPT (, similar to the simple ‘alpha’ CPT
methods (Equation 2a). The UCD-11 tends to be
more conservative than the UWA-05 for short piles
(i.e. L/D < 15) but also predicts larger capacities for
slender piles (i.e. L/D > 40).
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Figure 2 Comparison of the UCD-11 and UWA-05 methods
for dense sand.

3 EXPERIMENTAL INVESTIGATION

3.1 Test Site

Details of the soil stratigraphy at the Mortarstown
test site (County Carlow, Ireland) were provided by
a 12-m deep cable percussion borehole that was
drilled approximately 2 m remote from the piling ar-
ea. Standard penetration tests (SPT) N-values and
grading analysis performed on the recovered bore-
hole samples indicated a gravelly clayey silt layer to
1.2-m depth overlying a layer of medium dense sand
(mean particle size, Dsp = 0.22 mm) extending to 12-
m below ground level (bgl). The sand layer was in-
ter-bedded by medium dense gravel from 6.2 to 7.2
mbgl and 11to 12mbgl. The ground water table is
located approximately 6 mbgl. A 300-mm thick
gravel hard standing was formed above ground level
in order to accommodate the operation of the piling
rig. Shearbox tests performed on undisturbed speci-
mens taken from depths of 2.0and 4.0 mbgl indicat-
ed peak friction angles, ¢, of 30° and 35° respec-
tively. A second borehole installed approximately 10
m remote from the piling location indicated a sandy
gravelly clay layer to 2.3 mbgl overlying gravel to
10 mbgl,illustrating the variability of the ground
conditions across the test site.

In-situ tests performed at the site included SPTs,
three CPT which provided cone end resistance ()
and sleeve friction (fs) profiles, and Multiple Analy-
sis of Surface Waves (MASW) which provided the
small-strain shear stiffness (Gp) profile with

depth(Figure 3). The CPTs 1, 2 and 3 were per-
formed about 4, 2 and 10 m remote from the piling
location respectively. The SPT N-values were typi-
cally between 15 and 20 (Figure 3d) with occasional
high N values indicative in Irish glacial deposits of
the presence of cobbles. The CPT q. and fs values
were highly variable in the gravelly clayey silt layer
to 1.2 mbgl, below which the CPT1 q. values re-
mained consistent at ~8 MPa, before increasing to
12-20 MPa at depths greater than 5 mbgl. The
MASW G values ) ranged from 120 to 190 MPa be-
tween 1.2 and 5.5 mbgl, below which Gy increased
sharply to greater than 300 MPa.
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Figure. 3 (@) CPT cone resistance (b) CPT sleeve friction (c)
MASW shear stiffness Gq and (d) SPT Blow Count at the Mor-
tarstown test site.

3.2 Test Programme

Two identical steel open-ended piles (4.0 m in over-
all length, 200-mm in external diameter and 10-mm
in wall thickness) were driven using a Junntan PM16
drop-hammer piling rig. The rig had a 3000 kg ram
weight, a 0.8m stroke and had a maximum driving
energy of 24 kNm. Driving was paused periodically
in order to allow measurements of the soil plug
length until the target penetration depth of 3.3 mbgl|
had been reached.
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Figure 4 (a) Blow count during driving;(b) IFR response.



The blow count measurements during pile driving
are shown in Figure 4a. The initial few blows pro-
duced large displacements of both piles (only two
blows to reach 1.0 m penetration depth) after which
the penetration per blow reduced, with a total of 18
blows imparted to reach the penetration depth of 3.3
mbgl. The IFR data were similar for both piles with
full coring (IFR = 100%) occurring to about 1.0
mbgl (onset of partial plugging) and partial plugging
occuring until the end of driving at 3.3 mbgl (Figure
4b).

3.3 Pile Load Testing

The two piles were subjected to maintained load
tests (MLTSs) in tension after 40 and 82 days follow-
ing installation (pile designations P—40 and P—82 re-
spectively). The piles were loaded using a frame
which spread the reaction onto ground beams that
were spaced at 1.5m from the piles (Figure 5). A
horizontal steel plate with a central hole was welded
onto the top of the pile. A nut was welded onto the
underside of this plate to accommodate a threaded
bar which was used to secure the pile head to the
loading hanger, thereby facilitating the application
of tension forces to the pile.
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* ¢
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Figure 5  Setup for tension load tests.

The load—displacement curves for the twopiles are
shown in Figure 6.Excessive bending of the tension
hanger during loading of pile P—40 resulted in the
tension load test being terminated after 2.4 mm pile-
head displacement without mobilizing the tension
capacity. Hence, it is possible that pile P-40 was in-
fluenced by some bending/uneven loading for ap-
plied loads greater than 70 KN. The tension hanger
was reinforced for the testing of pile P-82 which
was subjected to a maintained-load static tension test
until a displacement of 20mm (i.e. 10% of pile di-

ameter) was achieved. Pile P-82 had a slightly high-
er initial stiffness than P—40 but this was found to
reduce sharply after =1 mm of displacement (Figure
6). For pile P-82, the mobilized tension resistance
continued to increase, reaching a peak capacity of
110 kN at a displacement of 20 mm.
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Figure 6 Load-displacement curves for instrumented tension
piles at the Mortarstown site

4 DISCUSSION

Figure 7 shows the predictions of the tension capaci-
ty for P—82 determined using the different pile de-
sign methods presented earlier in this paper. For the
purpose of calculations, the soil was assumed to
have a bulk unit weight of 19 kN/m?® and the tubular
steel pile an interface friction angle of 32°. For the
API-2007 and UCD-11 methods, the relative densi-
ty, Dy, was calculated based on the correlation with
CPT qc proposed by Lunne and Christoffersen
(1983):

D = 1/2.91 In{q¢/[60 (c0)* T} (13)

For all methods considered, the shear stress was cal-
culated at intervals of 0.1 m along the pile shaft.
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Figure 7 Comparison of design methods for pile P-82.

From Figure 7, it is evident that all of the meth-
ods considered were found to under-predict the pile



capacity in tension. The recent CPT-based methods
were found to provide better estimates, with the
UWA-05 and UCD-11 methods performing best for
the Mortarstown tests. However, the AP1-07 method
and the SPT-based method (after Meyerhoff, 1956)
were found to grossly under-estimate the pile capaci-
ty. The simple ‘alpha’ CPT-based methods after Es-
lami and Fellenius (1997) and Foye et al. (2009)
were also found to be less accurate to different de-
grees compared with the more recent CPT methods
(Figure 7).

The shear stress profiles predicted by the ICP-05,
UWA-05 and UCD-11 methods are compared with
the traditional earth pressure based API-07 method
in Figure 8. The UCD-11 method predicts higher
shear stresses near the top of the pile. The UCD-11
and UWA-05 methods, both of which account for
the degree of plugging during installation, also pre-
dict higher shear stresses near the pile toe than the
ICP-05 method: the latter assumes that the pile is
fully coring. Overall, the three CPT-based methods
predicted significantly higher shear stresses along
the entire pile length compared with the API-07.
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Average
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Figure 8 Comparison of predicted shear stresses for pile P—
82 using earth pressure and CPT design methods.

5 CONCLUSIONS

The use of various in-situ site investigation tech-
niques, such as the CPT and SPT, for the axial de-
sign of offshore piles was discussed. A range of de-
sign methods, based on these techniques, were used
to predict the tension capacity of a driven open-
ended steel pile in a medium dense sand deposit.
Traditional earth pressure and SPT-based methods
were found to provide the worst predictions for the
particular ground conditions encountered at the Mor-
tarstown test site, with simple ‘alpha” CPT methods

providing marginally improved predictions. The best
predictions were provided by the recent CPT based
methods of NGI-05, ICP-05, UWA-05 and UCD-
11 which were derived from instrumented pile tests
and fundamentally capture the mechanisms control-
ling pile behavior. The UWA-05 and UCD-11
methods were found to provide the best predictions
for the test site, which may be due, at least in part, to
their ability to account for partial plugging during
pile installation.
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