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Abstract.During the offshore pile driving, the soils around the pile surface, par-
ticularly cohesive soils, lose strength because of an increase in pore water pres-
sure and remolding. Following the installation of a driven pile, the excess pore
pressure starts to dissipate, and thereby, the soils begin to regain the lost
strength, which increases pile shaft capacity, a process known as pile setup. The
time rate of increase in pile shaft capacity depends primarily on the coefficient
of horizontal consolidation (Cs) besides pile diameter and pile wall thickness.
This paper presents the results of a case study done on offshore driven open-
ended steel pilesto a) predict the pile setup following the installation b) compare
the predicted setup with the measured pile setup using pile driving monitoring
data. A correlation between vertical and horizontal coefficients of consolidation
(Cv and C) is suggested which may be consideredfor pile setup predictions in
similar soils.

Keywords:Soil setup; Coefficient of horizontal consolidation (Cr); Coefficient
of vertical consolidation (Cy); Offshore driven pile; Pile driving monitoring

1 Introduction

Offshore piles, in south Asia and southeast Asia, installed for supporting jacket struc-
tures are generally open-ended driven steel piles with deeper pile penetrations up to
about 110m below the sea bed. For a given pile diameter, soil conditions and load-
ings, the geotechnical aspect of offshore pile design such as pile penetration, depends
on static pile capacity estimated as per API RP-2A guidelines. During the pile driving,
the soils around the pile surface, particularly cohesive soils, lose strength because of
an increase in pore water pressure and remolding. Following the installation, the ex-
cess pore pressure starts to dissipate due to horizontal consolidation, and thereby, the
soils begin to regain the lost strength, which increases pile shaft capacity, a process
known as pile setup. It is often required to estimate the increase in pile shaft capacity
with the time to be able to plan for the subsequent loading of the jacket structure.Also,
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it will help in optimizing the pile penetration in similar soils. This case study deals
with the prediction of pile setup based on the models proposed by Ng et al. (2013),
Randolph (2013), Dutt et al. (2009), and compare the same with the pile setup esti-
mated using dynamic pile load testing data.

2 Pile Setup Phenomenon and Existing Methods of Estimation

The pile setup is expected to occur in three phases (Komurka et al., 2003), as shown
in Fig. 1, with a pile capacity ratio defined as the ratio of pile capacity at any time to
that at the end of driving.
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Fig. 1. Different phases of setup phenomenon (adapted from Komurka et al., 2003)
The three phases are described as below

(1) Phase 1: Logarithmically non-linear rate of excess pore pressure dissipation
-difficult to model or predict

(i) Phase 2: Logarithmically linear rate of excess pore pressure dissipation -can
be modeled using soil and pile properties and pile testing

(iii) Phase 3: Aging, which is independent of effective stress - occurs at constant
effective stress with no further dissipation of excess pore pressure (thixotro-

py)

Number of empirical/semi empirical models are available to predict phase-2 of pile
setup, using
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a) The pile capacity at end of driving and maximum static pile capacity (Pei

and Wang (1986)

b) The pile capacity at reference time(z,) after the end of driving at which pile
setup becomes logarithmically linear with the time and setup factor (A),
which describes the rate of increase in capacity with the time (Skov and

Denver, 1988)
¢) Soil sensitivity, S; (Zhu, 1988), and
d) PIand OCR (Karlsrud et al., 2005)

e) Coefficient of horizontal consolidation (Cy), weighted average of SPT N val-

ues (Ngetal., 2013)

Table 1. Summary of Existing Pile Setup Predictive Models (adapted from Ng et al., 2013)

Reference Setup Model Limitations
Purely empirical

i Sit ific N
Pei and Wang ite specific No

(1986) Re/Rsop = 0.236[10g(6) + 11[(Rmax/Reop)-11+1

Zhu (1988)  Rya/Rzop = 0.375S;

Skov and Denver

(1988) R:/Ry = Alog(t/ty) +1

Svinkin and

Skov 2000  Xe/Reop = Bllog(®) + 11 +1

Karslrudetal.  R;/Rqo = Alog(t/ty) +1
(2005) A =0.1+0.4[1 — (PI/50)]0CR=8

R:/Rgop = [C x log(t/ty) + 1]1(L¢/Lgop)

Soil property Un-
known or difficult
to determineR ;4

Only predicts pile
resistance at 14t
day

Require restrikes,
Wide range and
generic A value

Requires restrikes,
B value has not
been extensively
quantified, No
clear relationship
between B value
and soil properties

Assumed complete
dissipation after
100 days is not

accurate, Not prac-
tical to use Rygg

Dependency on

Ngetal 2013 C=f, [Cha/(Narpz)] + f correlations if SPT
N is not available
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Note: R, = pile resistance at any time t considered after EOD; Rgop = pile resistance at EOD; Ry, = maxi-
mum soil resistance assumed after complete soil consolidation; R, = reference pile resistance; R4 = pile
resistance at 14 days after EOD; R,y = pile resistance at 100 days after EOD; S, = soil sensitivity; Cp, =
Weighted average of co-efficient of horizontal consolidation; N, = weighted average of SPT N values;
1, =  equivalent pile radius for given pile cross-sectional area ; A= pile setup factor defined by Skov and
Denver (1988); B = pile setup factor defined by Svinkin and Skov (2000); C = pile setup factor defined by
Ng et al (2013)

Ng et al. (2013), observed that (AR) is proportional to Cj, and inversely related to un-
drained shear strength (S,) and SPT N value. The equations for Cx, pile setup factor,
C, and pile setup, based upon the dynamic pile tests conducted on five H piles driven
into glacial clays, have been proposed

. 264.76
Cp(cm?/min) = G (1)
0 3.18
Ch(cm /mm) = (IV)W (2)
Cha
C = + 3
fC [NaT}JZ fr ( )
o= [extoa () +1] (72) @
=|(C x log|—
Rgop to Lgop
Where f, and f, are taken from the Figure-2
0.22
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Fig. 2. Correlations between pile setup factor (C) for different ISU field tests and soils parame-
ters, as well as equivalent pile radius (adapted from Ng et al., 2013)

3 Case Study

A case study was done on pile setup estimation based on the pile driving data ob-
tained during 5nos of offshore jacket structures installation in an offshore field in the
west coast of India. All jackets have been founded on open-ended piles driven under-
water through skirt sleeves. The piles, 2.13m in diameter with wall thickness varying
from 85mm (pile shoe) to S5mm, have been driven to their respective final penetra-
tions ranging from 109m to 120m below the seabed.

The soils in this field are predominantly stiff to very stiff silty clays of high compress-
ibility (CH) up to the final penetration depths with intermittent medium dense sili-
ceous carbonate sand layers of thicknesses not exceeding 3m. The clays are generally
highly plastic and normally to slightly over consolidated with maximum OCR values
not exceeding 1.5. The CPT tip resistance ranged from 0.1MPa near seabed to about
0.5MPa at about 30m depth, and 1.2MPa to 3.8MPa near the final pile penetration
depths. The PI of soils ranged from 32% to 63%.The sensitivity, which was measured
for soils only up to 30m, ranged from 2 to 4. A generic shear strength profile, based
on S, values at all the five locations is shown in Figure-3.
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Undrained Shear Strength, kPa
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Fig. 3. Undrained shear strength vs Depth

3.1 Dynamic pile load testing

Dynamic pile monitoring was done during the driving of four piles at each of the five
locations. The force and velocity signatures were captured and processed by Pile
Driving Analyzer (PDA) for every hammer blow. The data was then analyzed using
CAPWAP (Case Pile Wave Analysis for Piles) for estimating the available pile shaft
resistance at the time of end of driving (EOD), Rgp, for each pile and at an elapsed
time after the end of driving during restrike, R;. Analyses were also done on the data
at penetrations shallower than final penetrations, where driving was stopped and re-
sumed after a time delay. The summary of CAPWAP analyses at final penetrations
where restrike test was performed is provided in Table —2

Table 2.Summary of Pile Setup estimated from Dynamic pile load test (CAPWAP)

Platform Pile Penetration. m Pile Shaft Capacity, MN tﬁzt;ﬁ:r Pile Setup
location Name ’ (CAPWAP) EOD (CAPWAP)
REop R, t,days  Re/Reop
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A B1 116 9.66 25.53 2.4 2.64
A2 112 7.72 24.61 49 3.19
B A2 108 11.28 32.24 3.5 2.81
C Al 120 7.95 24.60 1.7 3.09
A2 115 10.81 29.06 32 2.69
B2 115 12.25 29.87 2.8 2.44
D Al 109 11.29 27.29 2.3 2.42
B2 103 7.15 24.17 3.9 3.38
E Al 118 11.31 32.34 1.7 2.86
B2 120 11.21 34.34 3.6 3.11

3.2  Pile setup prediction

Three predictive pile setup models- Ng et at (2013), Randolph (2013) and Dutt et al
(2009)- which have been developed based on soil properties Cy,, S,,, SPT N value and
hindcast wave equation analysis- were used to predict the pile setup. The predicted
pile setup was compared against the estimated pile setup from CAPWAP pile capaci-

ty.

Consolidation tests:The laboratory testing programme included one-dimensional
consolidation tests as required by Randolph (2013) predictive pile setup model.

The vertical consolidation tests were performedas per ASTM D 2435, on the undis-
trubed samples available at penetrations 11m, 27.6m, 45m and 70.6m at their corre-
sponding effective overburden pressure values of 100kPa, 200kPa, 400kPa and
600kPa respectively and Cy,values were determined. Deformation vs Time plots are
provided in Figures — 4 to 7.
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Fig. 4. Deformation vs Time, 11m, 50kPa
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Fig. 5. Deformation vs Time, 27.6m, 100kPa
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Ng et al. (2013). The weighted average of SPT ‘N’ values, N,, was calculated from
CPT tip resistance values using the correlation between normalized tip resistance vs
mean particle size, D50 (Robertson and Campanella, 1988). The Ds of the soils at the
subject field was generally found to be less than 0.001; therefore, the ratio of normal-
ized CPT tip resistance, (q./P,) , and the SPT ‘N’ value was considered to be equal
to 1.0. The Cj, and C values were calculated using Equations-2 and 3. The pile setup
was then calculated using Equation-4.

The weighted average of Su, interpreted N, values and the predicted setup factors are
summarized in the Table-3

Table 3. Weighted average soil properties and estimated setup factor

. Pile Setup
Platfi Pil
atiorm e Su SPT Value Cha Setup factor, C  (Ngetal,
location Name
2013)
) Cha
(kPa) N, (cm¥min) [, —|t fr  Re/Rgop
N,
A B1 108.2 16 0.0099 0.088 1.31
A2 0.088 1.34
A2 104.3 17 0.0087 0.088 1.33
Al 103.0 18 0.0077 0.088 1.30
A2 0.088 1.32
B2 0.088 1.32
D Al 106.8 22 0.0051 0.088 1.31
B2 0.088 1.33
E Al 132.5 31 0.0025 0.088 1.30
B2 0.088 1.31

The pile setup predicted did not match the setup estimated by CAPWAP. The maxi-
mum setup factor proposed for relatively stiff clays (i.e., N, of 12) is 0.088. There-
fore, for any N, value of more than 12, the setup factor to be considered is 0.088. At
the subject field with N, range of 16-31, the pile setup estimated never exceeded 1.3.
The maximum setup that can be expected is only about 1.5 in one year after EOD.
The reason for such low prediction of setup, comparing to measured setup, could be
mainly due to the difference in pile size, the depth of pile embedment, and the sensi-
tivity of soil. The maximum pile dimension (width or diameter) of the external data
used by Ng et al. (2013) for validation ranged from 244 to 750mm with area ratio, AR
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(i.e., the ratio between pile embedded surface area and pile tip area) ranged from 115
to 278. In contrast, the pile diameter and AR of the piles at the subject field were
2130mm and 1226, respectively.

Randolph (2013). Analytical solutions for radial consolidation, following insertion of
a solid object such as pile or piezocone, give the normalized excess pore pressure,
U = Au/Muypieiq0, as a function of a non-dimensional time T = Cpt/D?, where Cj is
the consolidation coefficient (Randolph and Wroth, 1979). For rigidity index (/) (the
ratio between shear modulus and undrained shear strength) of 100, the relationship
between U and T may be approximated by

1

Tso
Where Ts, is the time for 50% dissipation and is about 0.6. The corresponding value
of Ty, is about 12. For an open-ended pile, the outer diameter, D, should be replaced

by the equivalent diameter, D, so that Tsg is defined as

ot (©)

The average Ryop at final pile penetration was about 20% of the long-term static ca-
pacity as per API RP-2A. Therefore, the equation for predicting the percentage of the
ultimate pile capacity at any time after EOD, R, and pile setup can be written as

R
Rult

=02+ 0.8(1 = U) x 100 7

The C, values from consolidation tests for the subject field varied from 0.0009cm?/sec
to 0.0019cm?/sec. No pore pressure dissipation tests were available for estimating Cj.
The value of C}, is generally higher than C,,. The ratio between C;, and C, at which the
predicted setup was found to be matching the estimated setup from CAPWAP was
3.0, with an average C, of 0.001cm?/sec. The degree of consolidation with the time
was predicted from equation-5, as shown in Figure-8. The predicted setup using equa-
tion-7 was compared with CAPWAP estimated setup as shown in Figure-9

Theme 14 108



Ramesh Gangisetti, Parthasarathy CR and SireeshSaride

100

90

80

70

60

50

40

30

Degree of consolidation, %

20

10

0.01 0.1 1 10 100 1000 10000
Time after EOD, Days

s <
>
=
s

Fig. 8. Degree of consolidation vs Time

5
4.5
4
Q
=]
g 35
~
-
! 3
=
=
-
D
3 . CAPWAP
2 O JacketA
& ) X Jacket B
Randolph (2013 A Jacket C
——  Lower Bound, T;~0.6
s O  JacketD
. —— Upper Bound, 7,,=0.3 4 JacketE
' I [ R
0 10 20 30
Time after EOD, Days

Fig. 9. Predicted vs CAPWAP Estimated setup

The C;, value of 0.003 cm?/sec used in the above setup prediction was less than the
range of 0.006-0.03 cm?/sec used by Randolph (2013) to match the setup data meas-
ured on bigger diameter piles of 2.1 to 2.7m driven into high plasticity clays (Dutt et
al., 2009) in the Gulf of Mexico and offshore West Africa. The Ty value of 0.6, pro-
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posed by Randolph (2009) for /. of 100 is more than the range of 0.2 to 0.3 suggested
by Teh and Houlsby (1991) for /. range 25 to 500. The CAPWAP estimated setup
values for the subject field were found to be falling within the predicted setup curves
with Tsp = 0.6 (Lower bound) and 7’59 = 0.3 (Upper bound)

Dutt et al. (2009). Based on hindcast wave equation analyses of the pile driving data
of large diameter offshore piles driven into high plasticity clays, Dutt et al. (2009)
proposed predictive setup curves and, concluded that the observed increased rates of
setup suggest that the radial extent of soil disturbance for large diameter piles is con-
fined to the soil very near the pile wall, so that the pile diameter does not influence
the geometry of excess pore pressure field and the rate of pore pressure dissipation.
Thus, the soil behavior approaches that observed to flat plates of equivalent thickness.
About 60 to 80% of ultimate capacity was reported in 7 days with 100% setup in
about 60days.

The CAPWAP estimated setupvalues for the subject field were found to be falling
within the predicted setup curves as presented in Figure-10

100

Percent of Ultimate Static Capacity, %

CAPWAP:
[0 Jacket A
Dutt et al (2009 X JacketB
20 — LowerBound A JacketC
= Upper Bound QO JacketD
#= JacketE
L1 Lol
0 10 20 "

Time after EOD, Days

Fig. 10. Predicted Setup vs CAPWAP Estimated Setup
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4 Conclusions

The maximum pile setup that can be predicted for stiff to very stiff clays using Ng et
al. (2013) is 1.5 in one year after EOD. The proposed method is not valid for large
diameter piles driven into stiff to very stiff high plasticity clays with sensitivity more
than 1.5.

The predicted setup using Randolph (2013) matched the estimated setup from
CAPWAP with the back-calculated Cp,/C,, value of 3 and Tsgrange of 0.3 to 0.6.

The predicted setup using Dutt et al. (2009) matched the estimated setup from
CAPWAP.

Authors would believe that either predictive setup models, Randolph (2013), Dutt et
al (2009,) may be considered for predicting pile setup for large offshore pipe piles
installed in soils similar to the field studied. More comparative studies, by using C;
and C, determined either from pore-pressure dissipation tests in the field or consolida-
tion tests in the laboratory, will improve confidence in using these predictive setup
models
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