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Abstract. In the present study, a CPT-based p-y analysis method was proposed for offshore mono-piles
embedded in sands. Static and cyclic loading conditions were both taken into account for the proposed
method. The continuous soil profiling capability of CPT was an important consideration for the proposed
method, where detailed soil profile condition with depth can be readily incorporated into the analysis. The
hyperbolic function was adopted to describe the non-linear p-y curves. For the proposed hyperbolic p-y
relationship, the ultimate lateral soil resistance p, was given as a function of the cone resistance, which is
directly introduced into the analysis as an input data. For cyclic loading condition, two different cyclic
modification factors were considered and compared. Case examples were selected to check the validity of
the proposed CPT-based method. Calculated lateral displacements and bending moments from the proposed
method were in good agreement with measured results for lateral displacement and bending moment profiles.
It was observed the accuracy of calculated results for the conventional approach was largely dependent on
the selection of friction angle that is to be adopted into the analysis.

Keywords: p-y curve; cone penetration tests; laterally loaded piles; beam on elastic foundation; lateral
load transfer analysis

1. Introduction

Mono-piles are often used for offshore structures, such as offshore wind turbines and jetties,
with water depths shallower than around 30 to 40 m. The lateral load response is key design
consideration for offshore mono-piles as waves and winds are predominant load components (API
2010, DNV 2013). For offshore conditions, the identification of design soil parameters becomes
challenging as the conventional sampling- and testing-based procedure represents higher degree of
experimental uncertainties with limited reliability of estimated soil parameters. This has led that
the application of in-situ testing methods is preferred and regarded particularly effective for
offshore foundation design (Titi et al. 2000, Tumay and Kurup 2001, Lee and Randolph 2011).

For laterally loaded piles, it is important to ensure that induced lateral displacements upon
loading are within a certain tolerable limit for a given safety margin. For the displacement analysis
of laterally loaded piles, the continuum-based numerical analysis or simplified beam-on-elastic

xCorresponding author, Professor, E-mail: junlee@yonsei.ac.kr

Copyright © 2015 Techno-Press, Ltd.
http://www.techno-press.org/?journal=gae&subpage=7 ISSN: 2005-307X (Print), 2092-6219 (Online)



314 Garam Kim, Doohyun Kyung, Donggyu Park and Junhwan Lee

foundation (BEF) approach has been often used in practice (Winkler 1867, Matlock and Reese
1960, Reese et al. 1974). In the BEF approach, soils are assumed as a series of discrete linear or
non-linear elastic springs for which load responses are characterized by the p-y curve that defines
the shape and magnitude of load-displacement relationship. As the p-y curve changes with stress
state, it shows depth-dependent variation. Although the BEF approach using the p-y curve may be
less rigorous than the full numerical analysis, it has been widely adopted in practice due to the
simplicity and reasonableness of calculated results.

The application of CPT results has long been explored for characterizing various soil properties
including elastic modulus and strength (Robertson and Campanella 1983, Rix and Stokoe 1991,
Lee et al. 2008). There have also been several cases where in-situ testing methods, such as
pressuremeter test (PMT) and dilatometer test (DMT), were applied to define the p-y curves
(Briaud et al. 1985, Robertson et al. 1989, Gabr et al. 1994). Less attention has been given to the
cone penetration test (CPT), probably due to the different loading directions between the vertically
penetrating cone and laterally loaded piles. It has been well recognized that the cone resistance is
essentially governed by the horizontal effective stress rather than the vertical effective stress
(Schnaid and Houlsby 1991, Lee and Salgado 1999). It was however quite recently recognize that
the cone resistance can be directly correlated to the lateral load responses of piles (Dyson and
Randolph 2001, Suryasentana and Lehane 2014, Lee et al. 2010). This indicates that the
applicability of CPT can be further enhanced for cases of laterally loaded piles. As current design
practice for offshore foundation is still largely based on the “property-based” approach, an
improvement of design methodology with direct application of in-situ test results is desired for
more effective and feasible design process and sustainable construction of offshore energy
infrastructures.

In this study, a CPT-based p-y analysis method is proposed applicable for offshore piles
embedded in sands. Both static and cyclic loading conditions are addressed in the proposed
method. The continuous profiling capability of CPT is an important consideration for the proposed
method as well as the non-linear characteristics of p-y curve. In the proposed CPT-based p-y
analysis method, detailed depth variation of soil layer profiles can be readily incorporated into the
analysis by directly importing CPT results. The effects of soil layering and property variation on
the p-y analysis are examined in comparison to the conventional p-y analysis method.

2. p-y analysis for piles in sands
2.1 Methods of p-y curve

The beam-on-elastic foundation (BEF) model is a common approach that is used to estimate
and analyze the lateral load response of piles including lateral displacements and bending moments
induced upon loading. In this approach, soils are assumed as a series of elastic springs with
load-displacement characteristics defined by the p-y curves that are either linear or non-linear
(Matlock 1970, Reese et al. 1975, API 2010, Franke and Rollins 2013). For piles in sands, the
methods proposed by Reese et al. (1974) and API (2010) have been popular and adopted in
various design specifications for offshore structures (Pando et al. 2006, AP1 2010, DNV 2013).

Reese et al. (1974) proposed a p-y curve based on the results from the full-scale lateral pile load
tests. In this method, the p-y curve is sub-divided into different zones indicating the initial elastic,
intermediate and plastic states, as described in Fig. 1(a). The ultimate lateral soil resistance is
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Fig. 1 Characteristic shapes of p-y curves for sand

assumed to be mobilized at large pile deflection equal to 3 times pile diameter divided by 80
(3D/80) from which the p-y curve shows flat segment. The ultimate lateral soil resistance in this
method is defined as the following two equations

Koztangsin By, ;tanptana)
b = A7z tan(8 - #)cosa  tan(s - ) )
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by = ADyz|K , (tar B —1) + K, tangtan® ] @)

where A = empirical adjustment parameter given as a function of depth; K, = coefficient of lateral
earth pressure at rest = 0.4; K, = coefficient of active earth pressure; y = unit weight of soil; D =
pile diameter; z = depth; ¢ = internal friction angle of soil; = ¢/2; and =45 + @¢2. The ultimate
lateral soil resistance py is given as a smaller one of py and pyg.

The p-y curve method given in API (2010) is defined by a single hyperbolic tangential function
given as the following equation

kz
p:n-A-pu-tam‘{my} (3)

where 7 = pile shape factor = 1 for circular shape; A = empirical adjustment factor = [3 — 0.8(z/D)]
> 0.9 for static loading and 0.9 for cyclic loading; p, = ultimate lateral resistance; k = initial
modulus of subgrade reaction; and z = depth. Fig. 1(b) shows the p-y curve of Eq. (3) by API
(2010).

2.2 p-y curves using CPT results

Recent development for the p-y curve methods has been mainly focused on the modification or
development of the p-y function that fits better to actual soil behavior (Reese 1997, McGann et al.
2011, Franke and Rollins 2013, Khalili-Tehrani et al. 2014, Chang and Hutchinson 2013). While
there have been several cases for the applications of in-situ test results into the p-y methods
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(Briaud et al. 1985, Robertson et al. 1989, Gabr et al. 1994, Haldar and Babu 2009), less attention
has been given to the application of cone penetration test (CPT) due to the different loading
mechanisms between vertically penetrating cone and laterally loaded piles. However, the cone
resistance is also governed by the horizontal effective stress indicating that it may also be
mechanically correlated to lateral pile load responses (Schnaid and Houlsby 1991, Lee et al. 2010).

Although fewer cases were addressed, certain progress has been made for the development of
the p-y analysis methods using CPT results. These include the methods proposed by Novello
(1999), Dyson and Randolph (2001) and Suryasentana and Lehane (2014), for all of which the p-y
curves are defined using certain functional expressions with soil unit weight (y), pile diameter (D),
depth (z), and cone resistance (qc) as model parameters. These p-y curves are given by

0.5
p=2. D-(yz)O-“-qS”-[%j @)
D q 0.72 y 0.58
=27-(F+F) | = | |2 5
D (R+F) (y,Dj (DJ ()
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where ¥ = unit weight of soil; z = depth from soil surface; q. = cone resistance; D = pile diameter,
and F; and F, = modification factors for installation method where z < 4D. Note that Egs. (4) and
(6) contain the depth term z, which represents increasing vertical effective stress when combined
with soil unit weight while the effect of horizontal stress that is required to define overall
confining stress level of soils is not explicitly included.

The p-y functions of Eq. (4) by Novello (1999) and Eq. (5) by Dyson and Randolph (2001)
were obtained experimentally using the results from centrifuge tests while Eq. (6) by Suryasentana
and Lehane (2014) was established using the results from the finite element analyses. Both cases
of Egs. (4) and (5) were developed based on the data fitting process by double integrating and
differentiating bending moment profiles of the results obtained experimentally. Eq. (6) was
derived by the power law relationship and exponential relationship from three-dimensional finite
element analyses.

3. Proposed CPT-based p-y curve analysis
3.1 Derivation of hyperbolic p-y function

The conventional p-y curve methods are subjected to the inherent limitation in that, as reported
in FHWA (Pando et al. 2006), the soil is idealized as a series of independent elastic springs and
thus the continuous nature of the soil is not explicitly modeled. It is also difficult to evaluate
appropriate p-y modulus as it varies with depth due to changes in soil and stress conditions. The
discrete nature of elastic springs in the p-y analysis can be compensated by introducing a
continuous CPT profile directly into the analysis and reflecting it on the calculation of p-y curve at
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any depth. The CPT-based approach would benefit particularly offshore cases where the process of
soil characterization is limited and thus it becomes more important to complement the inherent
discontinuous aspect of p-y analysis.

Since Kondner (1963) first proposed the hyperbolic function to describe the non-linear soil
behavior, it has been widely adopted into various geotechnical problems where the non-linear
stress-strain relationship of soils is involved. It reproduces and fits the non-linear stress-strain
relationship reasonably well whereas the required model parameters are simpler yet indicating
mechanically meaningful correlation to actual soil behavior. The hyperbolic relationship has also
been applied to define the p-y curve functions (Goh et al. 1997, Kim et al. 2004, Haldar and Babu
2009).

Following the hyperbolic form, the p-y curve can be defined as follows

y
P=—Tg——
Lz (7)
Epy,O pu

where E,, o = initial stiffness on p-y curve; p, = ultimate lateral soil resistance; and S = hyperbolic
reduction factor. The parameter g is frequently adopted in the hyperbolic relationship to adjust
displacement at failure otherwise infinite displacements are required to reach the ultimate state
with an asymptotic value. Introducing the ultimate lateral pile displacement and corresponding p-y
stiffness, Eq. (7) can be rewritten as the following normalized form

y
e ®)
pu a+ﬂ.7

u

where y, = lateral displacement at the ultimate state; « = stiffness ratio = E, ,/Eyyo; and Egyy = p-y
stiffness at the ultimate state = pu/y,. The stiffness ratio « represents the ratio of initial to
ultimate-state p-y stiffness.

As the p-y stiffness at the ultimate state is related to a strain value at the ultimate state, o can be
obtained using the following relationship proposed by Kumar et al. (2006)

a =0.052- 5,048 9)

where g, is a strain value at the ultimate state. According Blaney and O’Neil (1986), &, can be
obtained from induced lateral displacement of piles at the ultimate state (y,) and pile diameter D as
the following equation

Yu

=—Ju__ 10
% 1.667D (10)

In Eq. (8), the normalized load p/p, should be unity at the ultimate state of y/y, equal to 1. This
means that the sum of « and g should also be unity as p/p, and y/y, are both equal to 1 at the
ultimate state. From Egs. (9) and (10), the value of « is obtained equal to 0.321 by substituting v,
with 3D/80 that represents displacement at the ultimate state. As « is 0.321, the value of g is
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obtained as equal to 0.679. This yields that Eq. (8) is rewritten as

y
P Yo (11)
Pu 032110679 2

Yu

In Eq. (11), p, is key component that controls calculated lateral pile displacements and load
response. py represents the maximum lateral soil resistance that can be mobilized for given local
soil condition, stress state and strength characteristics of the soil. py increases with depth indicating
a correlation between p, and the cone resistance g.. The direct correlation of the ultimate lateral
soil resistance to . for laterally loaded piles was first proposed by Lee et al. (2010). The
CPT-based ultimate lateral soil resistance by Lee et al. (2010) can be given by

p, =2.775-D- q0%. 5708 (12)

where D = pile diameter; g, = cone resistance; and oy, = mean effective stress. Note that Eq. (12) is
a modified formulation from the original correlation to maintain the dimensional consistency of p,
in the p-y function with a dimensionless normalized form. Using p, of Eq. (12), the hyperbolic p-y
function of Eq. (11) can then be rewritten as follows

0391, (570,609 y

p=0
0.00434+ 0.245% (13)

Other than the capability of CPT result utilization, the proposed p-y function of Eq. (13) is
distinguished from the previous methods in the following aspects: (1) the non-linear load-
displacement is described using the hyperbolic function that has been well validated in various soil
problems; (2) the effect of horizontal stress, which is known to affect p,, can be reflected through
the mean effective stress term of,; and (3) the proposed method is comparable to the methods
currently adopted in design specifications as compared in Fig. 2. Fig. 2 shows the normalized p-y
curve using Eqg. (11), compared with those of Reese et al. (1974) and API (2010). It is seen that the
p-y curves of Reese et al. (1974) and APl (2010) are quite different while Eq. (11) appears
somewhat similar to the p-y curve proposed by Reese et al. (1974). Note that the lateral
load-displacement curves are given in terms of normalized load term p/p,, actual lateral load-
displacement curves may not the same order as shown in Fig. 2.

3.2 Cyclic loading condition

Cyclic loading condition is an important design consideration for offshore structures. To
consider the effect of cyclic loading condition in the p-y analysis, certain modification factors have
been proposed and introduced into the analysis (Reese et al. 1974, APl 2010, Bienen et al. 2012).
The modification factor represents the effect of magnifying lateral displacements calculated from
the static p-y analysis with consideration of number of loading cycles. If the modification factor is
set to be multiplied to calculated displacements at pile head, the depth profile of lateral
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Fig. 3 Cyclic factors for analysis of pile under lateral loading

displacements under cyclic loading condition or cyclic p-y curve is not known. Fig. 3(a) shows
examples of such modification factor (fy) proposed by different authors.

Bienen et al. (2012) proposed a lateral displacement modification factor that can take into
account the cyclic accumulation effect given as follows

fy =1+ 0.05«NT_1-[LN (0.5N) +1] (14)

where fy = modification factor for cyclic loading condition; and N = number of loading cycles. As
compared in Fig. 3(a), Eq. (14) produces lower magnifying effect than those of Hettler (1981),
Little and Briaud (1988) and Rosquoét et al. (2007). For the number of loading cycles equal to
1000, the value of fy from Eq. (14) was equal to 1.31 indicating 31% increase in lateral
displacement compared to static loading condition. The values of fy from Hettler (1981) and Little
and Briaud (1988) were similar.

According to Reese et al. (1974), the effect of cyclic loading on the p-y curve is most
significant at surface and decreases with depth. It was presented that the effect of cyclic loading
becomes negligible below depths of 3 to 3.5 time pile diameter D. For the p-y curve under cyclic
loading, a fitting equation based on the empirical adjustment parameters proposed by Reese et al.
(1974) was obtained given as follows
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f,=0.2175 (é} +0.245 (15)

where z = depth and D = pile diameter. The depth variation of f, from Eq. (15) and Reese et al.
(1974) are compared in Fig. 3(b). Note that the number of loading cycles is not included in Eq. (15)
as it was assumed that the effect of cyclic loading condition becomes constant after a certain
number of loading cycles. While Eq. (14) is only applied to pile-head displacements, Eq. (15) is
multiplied directly to the p-y function implying that bending moment, shear force and soil reaction
under cyclic loading condition can all be obtained over the depth of the pile. Consequently, Eq.
(15) was multiplied to the proposed p-y equation of Eg. (13) to obtain cyclic lateral load-
displacement curves.

To compare the two different approaches describe above, Egs. (14) and (15) were adopted into
the proposed p-y analysis and calculated lateral load responses were compared. Fig. 4 compares
the load-pile head displacement curves obtained using fy of Eq. (14) and f, of Eq. (15) for a given
soil and pile condition. The soil and pile properties used in Fig. 4 will further be described in next
section. It is seen that the load-displacement curve obtained using f, of Eqg. (15) is similar to the
result using fy of Eq. (14) with the number of loading cycles equal to 100.

3.3 Implementation for load transfer analysis

The proposed p-y analysis method was coded and implemented through the load transfer
analysis algorithm based on the beam on elastic foundation model. For the beam-on-elastic
foundation model, the governing differential equation for the equilibrium condition of a pile
segment is given by

dty _d?y
EplpF-FQF—p'FW:O (16)

where Egl, = flexural rigidity of pile; Q = axial load; p = soil reaction per unit length; and W =
distributed load along pile. Applying the finite difference scheme, the governing differential
equation of Eq. (16) can be written as the following discretized form
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& Yot Vi +C Y +di Y+ Y, =T (17)

where a, b, ¢, d, e, and f are model coefficients. The subscript i represents the node number of
discretized pile segments. Model coefficients included in Eq. (17) are determined from the system
equations established for the assigned nodes on pile segments that are characterized by the flexural
rigidity of pile (EI) and soil spring stiffness given by the p-y curves.

In a matrix form, the governing equation of Eq. (17) can be given as follows

[Al-(y) = () (18)

where [A] = stiffness matrix; (y) = lateral displacement vector matrix; and (f) = load vector matrix.

The load transfer mechanism and the proposed CPT-based p-y analysis method described
herein were coded using the commercial programing software MATLAB. Fig. 5 shows the
calculation algorithm and steps for the load transfer analysis using the proposed p-y curve method.

Initialization

Input pile and soil variables with load
L,D, Ep, Iy, q., etc.

Cyclic
Static or Cyclic? !
. Calculate
Static degradation factor
Estimate p-y curves at nodes fzs fn
— 0391 7 0.609 y —
P = e 0m ™ 500434 + 0.245 - y/D
Assume initial spring stiffness and displacement
Develop stiffness matrix
with imposed boundary conditions
ai, bir Ci, div €, fL
Solve the matrix and compute displacements R‘;g?f:?:ite
o) = [ (f) .
Check convergence
IIYnew = Youdll < tolerance N.G

Calculate bending moment, shear, and soil reaction
M,V,p

End

Fig. 5 Calculation algorithm
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4. Comparison with case examples
4.1 Static loading case

A case example, which contains results from lateral pile load test and CPT, was selected from
the literature (Rollins et al. 2005) and used to check the validity of the proposed method. The test
site was located at National Geotechnical Experiment Site (NGES) on Treasure Island in San
Francisco Bay, US. The soils at the test site were predominantly sands down to the depth of 7.5 m
below which a 1.8-m clay layer existed. The upper sand layers down to the 7.5-m depth were
classified into SP, SP-SM, and SM according to the Unified Soil Classification System (USCS).
The detailed soil layering condition is shown in Fig. 6(a). The cone penetration test was conducted
and the depth profile of cone resistance (qc) is given in Fig. 6(b). It is seen that the majority of g
values are in the range between 4 to 9 MPa. More detailed property condition of the soils at the
test site is given Table 1. For the values of internal friction angle (¢'), different methods of API
(2010) and Bolton (1986) were used as reported in Rollins et al. (2005). These are both included in
Table 1. As compared in the table, higher values of ¢ were estimated from Bolton’s method as the
values of ¢ by Bolton’s method include the dilatancy friction angle that represents the state-
dependent strength mobilized at peak strength state.

The friction angle for API’s method is given as following equations

¢=16DZ +0.17D, + 28.4 (19)

where ¢ = internal friction angle and D = relative density (as a number between 0 and 1).
For Bolton’s method, the following dilatancy equations were used

¢p =¢c+3IR (20)
10007,
l, = D{Q—In(p—pﬂ—R (21)

where ¢, = peak friction angle; ¢ = critical-state friction angle; Iz = dilatancy index; Dg = relative
density (as a number between O and 1); pa = reference stress = 100 kPa; o, = mean effective
stress; and Q and R = intrinsic soil variables.

The test pile was made of open-ended steel pipe with an outside diameter equal to 0.324 m and
a thickness of 0.0095 m. The embedded pile length was 11.5 m with the vertical load eccentricity
above the ground surface equal to 0.69 m. The elastic modulus (E) and the 2" moment of inertia (1)
of the test pile were 200 GPa and 0.000116 m*, respectively.

The p-y analyses were performed for the selected case example using different prediction
methods including the proposed CPT-based method and those of Reese et al. (1974), API (2010),
Novello (1999), and Suryasentana and Lehane (2014), all of which were described previously. For
the cases using API’s and Reese et al.’s methods, the two different friction angles were adopted in
the analysis and compared with measured results. For the clay layer, the existing method by
Matlock (1970) was used.

Fig. 7 shows measured and calculated load versus pile head displacement for different
prediction methods. It is seen that the calculated load-displacement curve using the proposed
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Table 1 Summary of soil properties for static p-y analysis (Treasure Island)
#" (deg.) kY (MN/m?) o

2 (m) Soiltype  za” (kN/M') 57 (KPa) o oiton API Bolton %
0.00 ~ 0.51 Sand (ot sla(‘zjate N - 33 39 244 600 -
0.51 ~ 2,59 Sand 20.1 ; 33 39 154 352 -
250 ~2.97 Sand 20.1 ; 32 37 136 352 -
2,97 ~3.99 Sand 20.1 ; 322 36 136 298 -
3.99~4.73 Sand 20.1 - 322 36 136 244 -
4.73 ~ 6.00 Sand 20.1 - 30 36 108 244 -
6.00 ~ 7.49 Sand 20.1 - 30 35 108 217 -
7.49 ~9.25 Soft clay 19.3 19.2 - - - - 0.01
9.25 ~ 10.16 Sand 20.1 - 30 34 108 190 -

10.16 ~ 11.84 Soft clay 19.3 19.2 - - - - 0.01

Y z: Depth, ? y,: Saturated unit weight, ¥ s,: Undrained shear strength,
# 4. Friction angle, ® k: Lateral subgrade modulus, ® Characteristic strain

Cone Resistance (MPa)

0 10 20
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< 6 £ 6
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a (SM) a
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12 12
(a) Soil profile (b) CPT profile

Fig. 6 Soil profiles at test site in Treasure Island (Rollins et al. 2005)

CPT-based method match well the measured results. The CPT-based methods by Novello (1999),
and Suryasentana and Lehane (2014) also produced reasonable match to the measured results
while underestimated displacements were produced from Dyson and Randolph (2001).

For the methods of API (2010) and Reese et al. (1974), the accuracy of calculated results was
quite different depending on the values of friction angle. As the Bolton’s friction angles in Table 1
are higher due to the consideration of dilatancy angle, the calculated results also show stiffer load
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responses. For this case example, the friction angle from Bolton’s method showed better match to
the measured results. Note that no selection of friction angle is necessary for the CPT-based
methods as the cone resistance itself represents strength characteristics of the soil. The difference
in input soil parameters for each method results in different values of calculated load with different
tendency from that shown in Fig. 2.

Measured and calculated bending moment profiles along the pile are shown in Fig. 8 for the
two different loading levels of lateral load H = 24.0 and 89.0 kN. For API’s and Reese et al.’s
methods, the friction angles from Bolton’s methods were used. At H = 24.0 kN, it is seen that all
prediction methods underestimated the values of mobilized bending moment. At higher load level
of H = 89.0 kN, closer match was observed between the measured and calculated results. Overall,
the calculated bending moment profiles, including magnitude and depth to the maximum bending
moment, were in good agreement with the measured profiles.
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Fig. 7 Load versus pile head displacement curves
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(a) Applied load = 24.0 kN
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Fig. 8 Depth versus bending moment curves at two loading levels
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4.2. Cyclic loading case

Additional case example was selected from the literature to check and compare calculated and
measured load responses under cyclic loading condition. The selected example was the centrifuge
tests for cyclic loading condition conducted by Rosquoét et al. (2007). The centrifuge tests were
conducted at the centrifuge acceleration of 40 g. The test pile was 0.72 and 12 m in diameter and
length, respectively, with bending stiffness (El) equal to 476 MN-m?. The one-way cyclic load of
960 kN was applied at 1.6 m above the ground surface. For the test specimens, the relative density
(Dg), unit weight (#) and friction angle (¢) of the soil were 86%, 15.99 kN/m*® and 41°,
respectively. The cone penetration test was conducted and the depth profile of the cone resistance
is shown in Fig. 9. The CPT profile follows the linear fitting equation given as follows

Cone Resistance (MPa)

0 5 10 15
0 T T

Depth (m)

5
Fig. 9 CPT profile of test sand at Dr = 86%, (Rosquoét et al. 2007)
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Fig. 10 Comparison of measured and computed result versus depth curves for 15th cycle
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Q. =3z (22)

The measured results were obtained for the loading cycles (N) of 15 and these results were
adopted in the comparison. Measured and calculated depth-lateral displacement curves under
cyclic loading conditions are shown in Figs. 10(a). Note that, for the calculation in Fig. 10, the
cyclic modification factors f, of Eqg. (15) was adopted in the proposed CPT-based method. From
Fig. 10(a), it is seen that the result from Reese et al.’s method showed the best fit to the measured
values. The proposed method produced slightly overestimated results, which may be due to the
difference of the numbers of loading cycles considered in the proposed method. Fig. 10(b) shows
the depth distribution of mobilized bending moment along pile. Differently from the static case,
the profiles of calculated bending moments showed somewhat overestimated results with deeper
depths to the maximum bending moment than measured depth due to the difference of the number
of cycles as the result of displacement curve in the p-y analysis approach for cyclic loading
conditions.

6. Conclusions

The lateral load response is key design consideration for offshore mono-piles as waves and
winds are predominant load components. In this study, a CPT-based p-y analysis method was
proposed to evaluate the lateral load responses of offshore mono-piles embedded in sands. Both
static and cyclic loading conditions were considered in the proposed method. The main goal of this
study is to develop a p-y analysis method that can utilize the results from CPT, which is
particularly effective for offshore soil characterization. The continuous soil profiling capability of
CPT is an important consideration for the proposed method, where detailed depth variation of soil
profiles can be readily incorporated into the analysis using CPT results.

The hyperbolic function was adopted to describe the non-linear p-y curves as it can relate an
imposed lateral load directly to pile displacement with simpler model parameters in a
straightforward manner. The hyperbolic model parameters were evaluated based on the ratio of
initial to ultimate state p-y stiffness. For the proposed hyperbolic p-y relationship, the ultimate
lateral soil resistance p, is key component that was obtained introducing the correlation of the
ultimate lateral resistance to the cone resistance. The CPT-based p-y function of Eqg. (13) was
adopted into the load transfer analysis for laterally loaded pile and estimation of displacement
analysis where a CPT depth profile of cone resistance is directly introduced as an input resource.
For cyclic loading condition, the cyclic modification factor, given as a function of loading cycle,
and depth variation profile of cyclic loading effect was incorporated into the proposed CPT-based
p-y curve function. The load transfer analysis algorithm using the proposed p-y functions for both
static and cyclic loading conditions was coded using MATLAB and used in the analysis.

Case examples that contain lateral pile load test results were selected from the literatures to
check the validity of the proposed CPT-based method. For the static loading case, it was seen that
the calculated results using the proposed CPT-based method match surprisingly well the measured
results. For the existing methods, the accuracy of calculated results was quite different depending
on the values of friction angle adopted into the analysis. The profiles of calculated bending
moment, including magnitude and depth to the maximum bending moment, also showed
reasonable agreement with the measured profiles. For cyclic loading condition, the proposed
method showed reasonable agreement with measured displacement profiles. The calculated
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profiles of bending moment profiles were however somewhat overestimated with deeper depths to
the maximum bending moment than measured depth.
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