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Abstract

The use of catenary steel compliant riser (SCR) systems has increased as hydrocarbon produc-
tion has progressively moved further offshore and into deeper waters. The issue of fatigue damage
caused by cyclic interaction of the riser with the seabed has gained prominence with the widespread
use and lengthening of the spans. The problem involves a number of complex non-linear processes
including trench formation, non-linear soil stiffness, soil suction, and breakaway of the riser from
the seafloor. The analytical framework utilized in this research considers the riser-seafloor interac-
tion problem in terms of a pipe resting on a bed of springs, the stiffness characteristics of which
are described by non-linear load-deflection (p-y) curves. The P-y model allows for first penetration
and uplift, as well as re-penetration and small range motions within the bounding loop defined by
extreme loading. The backbone curve is constructed from knowledge of the soil strength, the rate
of strength increase with depth, trench width and two additional parameters, while three parameters

are necessary for the cyclic response.
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INTRODUCTION 1

1 Introduction

As hydrocarbon production progresses into deep and ultra-deep waters, conventional gravity sys-
tems are being replaced by compliant systems comprised of large floating systems attached to the
seafloor by vertical tethers or mooring lines. The introduction of these compliant floating systems
has led to the development of new designs for the riser pipes, with the catenary steel compliant
riser (SCR) often being system of choice. Fatigue stresses associated with extreme storms, vessel
movements, and vortex-induced vibrations are critical to SCR performance. The zone at which the
SCR contacts the seabed, the touchdown zone (Figure 1), often proves to be a spot where bending
stresses are largest and therefore a critical location for fatigue (Bridge et al., 2003, 2004). Analy-
ses typically show fatigue damage to be sensitive to seafloor stiffness, which at present cannot be

estimated with a great deal of reliability.

While linear elastic seafloor models (e.g., Pesce et al., 1998) provide very useful insights into
seafloor-riser interactions, full-scale model tests (Bridge and Willis, 2002; Bridge et al., 2004)
show that the riser problem involves complex non-linear processes including trench formation,
non-linear soil stiffness, finite soil suction, and breakaway of the riser from the seafloor. This
paper presents an analytical framework for soil-riser interaction based on a model comprising a

linearly elastic pipe supported by non-linear springs. This model accounts for effects of initial
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\

Figure 1: Seafloor-Riser Interaction Problem.
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2 SEAFLOOR-RISERINTERACTION

plastic penetration into the seafloor, non-linear soil stress-strain behavior, finite tensile strength of
the seafloor and separation of the riser from the seafloor. Although lateral motions of the riser
can affect riser performance (Morris et al., 1988; Hale et al., 1992), the current version of the
model addresses only vertical riser motions. Observations indicate that riser trenches are typically
about 4 pipe diameters wide. Hence, significant lateral soil resistance will only be mobilized for
those displacement cycles large enough for the pipe to be pushed into contact with the walls of the
trench. In contrast, vertical soil resistance will be mobilized during every load cycle, even small
amplitude displacements. In addition, the magnitude of the soil resistance to vertical penetration
is generally greater than that in the lateral direction due to the greater confinement (no nearby
free surface) provided by the soil. The predominant trend in recently published literature, with
regard to both model development (e.g., Bridge et al., 2004) and full-scale field tests (Bridge and
Willis, 2002), is to focus on vertical motions. Given this situation, the primary focus of the work
presented here was to develop, calibrate, and validate a vertical interaction model before addressing
the secondary effects of lateral motions. Additionally, cyclic load tests of model pipes supported
on soils (Dunlap et al., 1990; Clukey et al., 2005) indicate that soil stiffness degradation effects can
be significant. The model presented herein does not simulate this behavior; however, incorporation

of cyclic degradation effects is planned for future refinements of the model.

2 Equivalent Beam-Spring Model

The analytical framework utilized in this research considers the riser-seafloor interaction problem
in terms of a pipe resting on a bed of springs (Figure 2), the stiffness characteristics of which are
described by non-linear load-deflection (P-y) curves. The load term P designates the soil resistance
in units of force per unit length in the horizontal (x) direction, and y refers to the vertical deflection
of the riser pipe. The following non-linear, fourth-order ordinary differential equation governs this

system:

d4
E]d_xg —Ww-_p (1)

where F, I and W are elastic modulus, moment of inertia, and weight per unit length of the riser
pipe, respectively. The terms P and y are the soil resistance and deflection values computed in the
current calculation step. Due to the non-linearity of the P-y relationship, the analysis procedure

must iterate until the value of y assumed at the beginning of an iteration lies sufficiently close to
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Figure 2: Spring-Pipe Model.

that computed from updated P and y values at the end of the iteration calculation.

It is noted that the complete riser problem, extending from the seafloor to the platform at the water
surface, is inherently a large deformation problem. However, within the touchdown zone - the
region of direct contact between seafloor and riser - lateral deflections on the order of 3 to 4 pipe
diameters occur over a horizontal distance of several hundred diameters. This relative magnitude
of lateral deflection is sufficiently small to justify the use of small-strain, small-deflection beam

theory implicit in Eq. 1 when evaluating riser interaction effects within the touchdown zone.

Figure 2 illustrates the boundary conditions for the riser-seafloor interaction model. For planar mo-
tions an arbitrary point on the riser pipe (Fig. 2, Point C) has two displacement and one rotational
degree of freedom, wu,c, uyc, and ¢, respectively. As the touchdown point (Fig. 2, Point A) is
approached, the horizontal stiffness of the system is governed by the axial stiffness of an infinitely
long pipe; i.e. for all practical purposes the system has infinite stiffness to the right of Point A
and no horizontal deformations occur within the touchdown zone. Hence, conditions within the
touchdown zone are modeled as a horizontal beam subjected to a time history of vertical displace-
ments and rotations at the touchdown point u, 4, and 6 4. The remaining two boundary conditions
necessary for solution of Eq. 1 are given by the far-field displacement constraints at Point B, u, g
= 0 = 0. An additional requirement is that the shear and bending moment approach zero at Point
B. This requirement is satisfied by making the length of the touchdown zone, Ly p, sufficiently

large. The elevation of the riser pipe in the far field to the right of Point B will coincide with the

Aubeny and Biscontin



4 SEAFLOOR-RISERINTERACTION

depth of riser pipe penetration due to its self-weight (/,), which will not, in general, coincide with
the mudline. Notice that the displacements boundary conditions shown in Figure 2 are referenced
to the self-weight penetration depth; however, Eq. 1 is written in terms of the deflections from the

mudline: y = h, — u,.

The authors recognize that certain large magnitude storm events may induce riser motions that are
sufficiently large to translate the touchdown zone, either in the axial or lateral directions, to an en-
tirely different location. This type of loading condition is not considered in the current model. The
model discussed herein can accommodate localized separation of the riser pipe from the seafloor.
However, the length of the zone of separation must be sufficiently small relative to the length of
the touchdown zone such that the location of the far-field boundary (Fig. 2, Point B) need not be
updated.

Solution of Eq. 1 is accomplished using a first-order central difference (Hornbeck, 1975) scheme.
Figure 3 shows examples of typical computed riser configurations within the touchdown zone. The

analysis proceeds through the following sequence:

1. computation of self-weight penetration of an undeformed pipe,
2. establishing an initial deformed configuration of the pipe,

3. applying a time history of successive motions (u,4,04) to the pipe at the touchdown point.

The 1nitial self-weight penetration calculation proceeds by simply equating pipe weight W to col-
lapse load of a pipe embedded in a trench (details of the collapse load calculation will be discussed
subsequently). In the case of this example, the pipe self-embedded about one pipe diameter. Es-
timating an initial riser configuration to initiate an analysis is a matter of some uncertainty at this
point in time. However, existing observational data do provide a basis for establishing initial con-
ditions. For example, observations have shown maximum riser pipe embedment within the touch-
down zone to be in the range of about 3-4 pipe diameters (Willis and West, 2001; Thethi and Moros,
2001). Solution of Eq. 1 with an imposed contact angle 64 at the touchdown point to achieve a
target h,,., appears to provide a reasonable basis for establishing an initial riser configuration. For
the example simulation in question (Fig. 3), a rotation 64 = 0.15 radians produced a maximum pipe
embedment of about 3 pipe diameters below the mudline, or about 2 diameters below the depth
of self-weight penetration. For both the self-weight penetration and the initial pipe configuration

calculations are based on a purely plastic model of soil resistance.

Aubeny and Biscontin
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6 SEAFLOOR-RISERINTERACTION

The uplifted configuration shown in Figure 3 shows an example of the third step of the sequence
described above, imposing subsequent motions to the initial configuration. In this example, a sin-
gle uplift motion of two pipe diameters, u,4 = 2D, is imposed. The resulting computed pipe
configuration shows a region extending about x = 45D from the touchdown point in which uplift-
ing of the pipe occurs. The seafloor-riser interaction in this region will be characterized by elastic
rebound of the soil and, throughout much of this region, separation of the pipe from the seafloor.
Beyond x = 45D the direction of deflections reverses and continued plastic penetration into the
seafloor occurs. Hence, even for the case of a simple uplift motion, the P-y model must be capa-
ble of describing a relatively complex pattern of behavior involving elastic rebound, seafloor-riser
separation, highly variable magnitudes of deflection, reversal of deflection direction, and plastic

penetration.

3 Proposed P-y Model

Laboratory model tests of vertically loaded horizontal pipes in weak sediment (Dunlap et al., 1990)
produce the general load-deflection pattern shown in Figure 4. Path 0-1, referred to as a backbone
curve, corresponds to virgin penetration of the riser into the seafloor. When a point on the riser
experiences uplift, elastic rebound occurs and the P-y curve follows Path 1-2 in Figure 4. Previous
studies (Dunlap et al., 1990; Bridge et al., 2004) indicate that appreciable soil suction may develop
during uplift, although the maximum value of P in tension is significantly less than that in com-
pression. At sufficiently large magnitudes of uplift motion, the pipe begins to separate from the
seafloor, Point 2 in Figure 4. Model tests indicate that the breakaway is not abrupt; rather, the P-y
curve gradually tends toward zero as depicted by Path 2-3 in Figure 4. With continued uplift the
riser pipe is completely detached from the seafloor. Upon deflection reversal, the pipe again moves
downward and eventually re-contacts the seafloor at Point 3 in Figure 4. Previous data (Dunlap
et al., 1990; Bridge et al., 2004) also show that soil resistance does not mobilize abruptly upon
re-contact between seafloor and riser; instead, soil resistance mobilizes gradually as depicted by
the S-shaped Path 3-1 in Figure 4. Depending on the time history of motions imposed on the riser,
further deflections can either involve repeated uplift along Path 1-2 or further deepening of the riser

trench along Path 1-1’ in Figure 4.

The preceding paragraph describes P-y behavior at a point along the riser pipe that experiences
extremes of motion to the extent that full seafloor-riser separation occurs during an uplift cycle. A

glance at the typical riser deflection patterns in Figure 3 clearly shows that such extremes of motion

Aubeny and Biscontin



PROPOSED P-Y MODEL 7

do not occur at all points within the touchdown zone. In particular, deflection reversals can occur
from any of Paths 1-2, 2-3, and 3-1 in Figure 4. Possible deflection reversal paths from intermediate
points along the P-y loop are shown as dashed lines in Figure 4. Finally, further reversals can occur

at any point along the dashed paths shown.

In view of the above discussion, a complete description of the P-y curve (Fig. 4) characterizing

seafloor-riser interaction must include the following model components:

e Virgin penetration into the seafloor along Path 0-1-1".

e A large deformation bounding loop (Path 1-2-3-1) encompassing elastic rebound with full
seafloor-riser contact along Path 1-2, uplift with partial seafloor-riser separation Path 2-3 and

re-contact and reloading along Path 3-1.
e Deflection reversal from any arbitrary point along the bounding loop.

e [.oad cycles within the bounding loop

The authors note that repeated load cycles will inevitably alter the characteristics of the P-y loop.
The P-y model presented in this paper does not consider this effect, although this model is being
formulated with a view toward accounting for cyclic loading effects in future refinements to the

model.

3.1 Backbone Curve

The proposed model establishes the backbone curve based on collapse load computations for a
horizontal cylinder (Fig. 5) of diameter D embedded in a trench of depth h. The collapse load P is

related to soil strength c through a dimensionless bearing factor N, as follows:

P = N,cD 2)

Early investigators on this topic includes Murff et al. (1989), who present collapse load estimates
for horizontal cylinders embedded to a depth of up to D/2. Aubeny et al. (2005) extended the
solution to trench depths of up to h = 5D and present collapse load estimates for non-uniform

undrained shear strength profiles of the form:

Aubeny and Biscontin
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Figure 5: Riser Trench and Seafloor Characteristics.

c=co+k, 3)

where c, is shear strength at the mudline and £ is strength gradient with respect to depth z. Strength
variability in the soil profile can be characterized in terms of a dimensionless parameter 7 = kp/c,.
Based on finite element and method of characteristics solutions, Aubeny et al. (2005) found that,
the bearing factor IV, is insensitive to variations in provided that the shear strength at the base of
the trench, c¢; (Fig. 6), is used as the reference strength in Eq. 2. They further found that, for trench
width w/D = 1, an empirical power law function can effectively relate bearing factor N, to trench

depth h for general conditions of 7 as follows:

N, =a(h/D)" 4

Table 1 shows values fitting constants a and b for various conditions of penetration and pipe rough-

ness.

Eq. 4 and Table 1 consider only cases where the trench width equals trench diameter, w/D = 1.
Since visual observations indicate that the width of a trench formed by a riser pipe can be substan-
tially greater than one pipe diameter, the present study extended the finite element collapse load
calculations to trench width-to-depth ratios w/D = 2. Figs. 6 and 7 summarize the calculations.

The studies showed that the effect of a widened trench is a reduction in the maximum bearing resis-

Aubeny and Biscontin
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Boundary Coefficients a, b
Roughness | h/D < 0.5 | h/D < 0.5
Smooth a=497 a=4.88
b=0.23 b=0.21
Rough a=06.73 a=06.15
b=0.29 b=0.15

Table 1: Fitting coefficients for power law relationship between collapse load and cylinder embed-
ment, F/c;,D = a(h/D)? for0 <n < oo.

tance, Npmaz, that develops at large i/ D. Figure 8 illustrates the degree of the reduction in Np,q,
with increasing w/D. Further, at sufficiently large w/D the collapse load behavior essentially
follows that of a shallowly embedded pipe on a level ground surface; i.e., the shearing resistance
from the soil mass adjacent to the side walls of the trench becomes negligible. Based on the finite
element calculations, the trench width at which side wall resistance effects become negligible (Fig.
8) is about w/ D = 2.75 for rough pipes and w/D = 2 for smooth pipes. Hence, N, values predicted

from Eq. 4 are capped to account for trench width effects according to the following relationships:

Rough Pipes: Npmaz = 7.74 —1.22(w/D — 1) w/D < 2.75 5)
Npmaz = 5.60 w/D > 2.75 (6)

Smooth Pipes:  Npypar = 6.73 — 2.33(w/D — 1) w/D < 2 7
Nz = 440 w/D > 2 )

In summary, critical characteristics of the backbone curve include riser pipe trench depth, trench
width, and roughness at the soil-pipe interface. Increased trench depth A leads to increased bearing
resistance N, and is often associated with increased soil strength c¢. The proposed model char-
acterizes the former effect by using a depth-dependent bearing factor (Eq. 4). Supported by the
findings of Aubeny et al. (2005), the model incorporates the effects of a linearly increasing strength
profile by taking the soil strength at the base of the trench, ¢, as the reference strength in Eq. 4.
A widened trench (w/D > 1) tends to decrease the maximum bearing resistance N, that can
develop against the pipe. Eqs. 5 approximately characterizes this trench width effect. The model
utilizes the relationships in Eqgs. 5 to cap NV, values from Eq. 4. Fitting parameters in Eqs. 4 and
5 have been developed for two limiting conditions of pipe roughness: completely rough with no

slippage occurring at the soil-riser interface and completely smooth with full slippage at the in-

Aubeny and Biscontin



10

SEAFLOOR-RISERINTERACTION

N =Ple D
P h

Bearing Factor

P/chD

P

Bearing Factor, N

Aubeny and Biscontin

10

Rough Soil-Riser Interface

2 LaW fffffffff - w/D=15 |
' | v — w/D=2

0 1 2 3 4 5
Embedment, A/D

Figure 6: Backbone curves for rough riser pipes.

1 0 \ | T |

0 | | i |

0 1 2 3 4 5
Embedment, 4#/D

Figure 7: Backbone Curves for Smooth Riser Pipes.



PROPOSED P-Y MODEL 11

8 T T
3 ]
- 5
5
8 wiD>275 ]
S N =560
o0 pmax
g 1
s \
m * ]
o
-5 st wiD > 2 ]
N =440
‘E Smooth pma \
4.5 B - L} [ ] N
4 L L L L

1 1.5 2 2.5 3 3.5 4
Trench Width, w/D

Figure 8: Effect of Trench Width on Maximum Soil Resistance.

terface. Intermediate roughness conditions are approximated by linear interpolation between these
two extremes. Finally, it should be noted that the trench width w is not likely to be uniform along
the entire length of the touchdown zone. For example, w is likely to be large at the touchdown
point (Point A in Fig. 2) where lateral riser motions are greatest, and narrower at other locations.

The form of Egs. 5 permits adjustment of N, ,,, for continuous variations in w.

3.2 Bounding Unload-Reload Loop

As noted earlier, upon experiencing a sufficiently large unload-reloading cycle from the backbone
curve, the P-y curve will following a ‘bounding loop’ characterized by a sequence of elastic re-
bound, partial and full separation of riser from seafloor, and re-contact and re-loading. To simulate

this process, the proposed model employs a mathematical formulation with the following features:

e The geometry of the loop is described in terms of three fixed points in P-y space (Fig. 9).
Point 1 (P, y1) is the point on the backbone curve from which the unload-reload cycle is
initiated. Point 2 (P, y,) is the point at which the maximum level of tension (suction)
is mobilized during uplift. Point 3 (Fs, y3) is the point at which the riser pipe becomes

completely detached from the seafloor.
e Point 1 is a state variable determined by the maximum previous plastic penetration of the

Aubeny and Biscontin
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Figure 9: Bounding P-y loop.

riser into the seafloor. Point 2 is established using a model parameter relating maximum

tension to maximum compression:

Py = —oh €))

Point 3 is established using a model parameter relating the deflection interval over which

detachment of the riser occurs to the deflection interval between Points 1 and 2:

(Y2 —y3) = V(Y1 — ¥2) (10)

e A hyperbolic relationship defines the elastic rebound P-y curve between Points 1 and 2 as

follows:

P=P+ 2 an
ko + X 1+w) Py

The parameter k, defines the initial slope of the hyperbola and controls the asymptote of the
hyperbola. The parameter Y is simply a positive or negative sign according to whether load-
ing or unloading occurs. For the case of unloading under discussion, x = -1. The parameter
k, is ideally estimated from laboratory model test measurements. Absent such data, finite

element studies indicate that &, relates to soil undrained elastic modulus E,, as follows:

Aubeny and Biscontin
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k, ~25F, (12)
Finite element studies also show that the constant relating F, to k, in Eq. 12 is relatively
insensitive to conditions of trench depth or width.

The tension limit imposed by Eq. 9 truncates the hyperbola at Point 2 such that:

ko w— 0

Figure 9 shows an example of a hyperbolic elastic rebound curve between Points 1 and 2.

Y2 =y — (13)

e A cubic relationship defines the P-y curve in the seafloor-riser zone between Points 2 and 3

as follows:

P, P — —0\?

p-'2,2|5 Y—%\ (Y Y (14)
2 4 Ym Ym

Yo :yQ;y?) (15)
Y2 — Y3

" = 16

Y 5 (16)

A similar cubic relationship defines the P-y curve in the re-contact/reload zone between

Points 3 and 1:

P, P — —0\?
p-‘t 1|5 Y—%\ (Y% (17)
2 4 Ym Ym
" _hn —; Ys (18)
Y1 — Y3
= 19
Y 5 (19)

Figure 9 shows examples of cubic functions describing the P-y curve in the regions of partial

separation during uplift (Eq. 14) and re-contact during reloading (Eq. 17).

3.3 Reversals from and within the bounding loop

The discussion in the preceding paragraphs considers P-y relationships under conditions of extreme

displacement; i.e., deflection reversal from the maximum penetration depth Points 1 and deflection

Aubeny and Biscontin
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Figure 10: Deflection reversals from the Bounding P-y Loop.

reversal from the point of incipient contact, Point 3. In general, deflection reversals can occur from
any point along the bounding loop from an arbitrary reversal point on the bounding loop (P, 5,
yr5). Deflection reversals from bounding loop segments 1-2 (elastic rebound) and 3-1 (re-contact)

are modeled using a modified form of Eq. 11, with an arbitrary reversal point (P, 5, ¥, 5) replacing
(P17 yl):

Y—Yr
P =Pyt — 0 20)
T T XOFw)p

As noted earlier, for reloading y = 1 and for unloading y = -1. For sufficiently large levels of
deflection reversal, y — ¥,., the P-y curve defined by Eq. 20 can intersect the bounding loop. At this
point, the governing P-y equation reverts to the appropriate bounding loop equation, Eq. 2 or Eq.
14. Figure 10 shows an example of deflection reversals from segment 1-2 of the bounding loop,

with a hyperbolic load path departing from reversal point A.
Deflection reversal from bounding loop segment 2-3, the region of partial detachment, follows a

Aubeny and Biscontin
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Figure 11: Deflection reversals from Arbitrary Point within the Bounding P-y Loop.

modified form of Eqgs. 17:

Py+P P —P, — — 3

p_tth ! blg (YY) _ (Y=Y 1)
2 4 Ym Ym

Yo _hn ; Yrb 22)

U :yl _erb (23)

Figure 10 shows an example of a deflection reversal from segment 2-3 of the bounding loop, with

a cubic load path departing from reversal point B.

Finally, rules are required for defining P-y behavior for a deflection reversal for any arbitrary rever-
sal point (£, y,) from a path prescribed by either Eq. 20 or 21. The reversals are always governed
by Eq. 17, except that (P,, y,-) is used in lieu of (P, y.5). Figure 11 shows an unload-reload

loading loop starting from a point (F,, ¥,) that does not lie on the bounding loop.

In summary, the P-y behavior at any arbitrary location on or within the bounding loop is a path-

dependent process. Description of the path requires load direction parameter x and following state
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variables:

e The point of maximum advancement on the backbone curve, Point 1 (P, ;).
e The point of the last deflection reversal from the bounding loop (P, ¥yp)-

e The point of the last deflection reversal (F,, y,)

4 Input Parameters

A complete implementation of Eq. 1 requires a series of model parameters that include three riser
pipe properties, two soil parameters, one trench geometry parameter, two backbone curve model
parameters, and four bounding loop model parameters. The three riser pipe properties - the elastic
modulus of the pipe £/, moment of inertia /, and weight per unit length W - are well-defined mate-
rial and geometric parameters that involve little uncertainty with regard to model implementation.
The two soil parameters - mudline strength c, and strength gradient £ - exert a crucial influence
on soil stiffness (see Eqs. 2 and 3); however, evaluation of the soil strength parameters does not
require techniques unique to the proposed model. Rather, the soil strength parameters, ¢ and k,
can be evaluated using proven site investigation tools, such as the cone penetration test or the T-bar
(Stewart and Randolph, 1994). Given that the soil depth of interest is quite shallow, impact pen-
etration tests (Aubeny and Shi, 2006) may also prove useful for this purpose. The single trench
geometry parameter, width w (Eq. 5), should perhaps more aptly be considered as a function of
location, w(x). The proposed model does not predict trench width, and the authors envision using

direct physical observations of trench geometry as a basis of estimating w(z).

The backbone curve and bounding loop parameters utilized in the model in general require spe-
cial laboratory tests involving instrumented pipes penetrating into a clay-filled test basin. Load-
penetration measurements collected during initial penetration are utilized to determine the two
backbone curve parameters, a and b in Eq. 4. Measurements collected during an unload cycle are
utilized to determine the hyperbolic parameters k, and w in Eq. 11, the tension limit ¢ in Eq. 9,

and the soil-riser separation parameter 1) in Eq. 10.

Figure 12 shows an example of such a test interpretation using the basin test data of Dunlap et al.
(1990), which includes initial plastic pipe penetration to Point 1, followed by unloading to full
separation between soil and pipe. The power law form of the backbone curve in Eq. 2 implies a

linear relationship between initial penetration force and deflection during when plotted on a log-log
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Figure 13: Determination of Backbone Curve Coefficients, a and b.
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Figure 14: Determination of Hyperbolic Curve Coefficients, k, and w.

scale. Figure 14, showing such a log-log plot of initial penetration force-deflection measurements,
in fact shows an essentially linear relationship, thus supporting the power law form of the backbone
curve used in the model. Moreover, a simple linear regression analysis of the data in Figure 13
yields measured backbone curve coefficients a = 6.70 and b = 0.253. Comparison to the theoretical
a and b values in Table 1 shows the measured values to be bracketed by the theoretical values for

rough and smooth pipes.

When interpreting the hyperbolic portion of the unload curve between points 1 and 2, the data are

most expeditiously interpreted by transforming Eq. 11 as shown in Figure 14:

<
|
<
[
| —

J— X_ p—
P—Pl - ko + (1+W)P1 (y yl) (24)

As noted earlier, x is simply a negative sign for unloading. When plotted in this manner, a
hyperbolic load-deflection relationship will plot as a straight line with intercept 1/k, and slope
1/(1 + w)P;. Examination of Figure 14 shows that, except for very small deflections the measured
data are almost perfectly linear, thus supporting the hyperbolic form of the load-deflection curve

assumed in the model. In the linearized format of Eq. 24, the parameters k, and are readily derived
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Parameter Description Value
a Backbone Curve Coefficient | 6.70

b Backbone Curve Exponent | 0.254
ko/c Unload Initial Stiffness 660

w Unload Large Deflections | 0.433

0] Unload Tension Limit 0.203

Y Soil-Riser Separation 0.661

Table 2: P-y Model Parameters Interpreted from Dunlap et al. (1990) data.

from a simple linear regression analysis. Interpreted parameters are listed in Table 2. It should be
noted that a direct determination of k, based on the tangent of the load-deflection curve at small
deflections will typically be sensitive to small errors in load or deflection measurements. Data

interpretation using Eq. 24 avoids this potential problem.

Finally, the tension limit parameter ¢ and the soil-riser separation parameter 1) are determined di-
rectly from measured data using Eqs. 9 and 10, respectively. Interpreted parameters are listed
in Table 2. Use of the model parameters tabulated in Table 2 with the corresponding constitutive
equations yields the model simulation of the test designated as a dashed line in Figure 13. Com-
parison of measurements versus model simulation indicates that the proposed model is capable of

realistically describing actual P-y behavior.

5 Seafloor-Riser Interaction Model

With P-y behavior characterizing soil resistance as described above, the analysis of soil-interaction
interaction can proceed through finite difference solution of Eq. 1. Boundary constraints are as
illustrated in Figure 2, with excitation in the form of imposed vertical displacements and rota-
tions being applied at the touchdown point. The primary solution variable is vertical deflection .
Figure 15 illustrates typical profiles of deflection versus horizontal coordinate calculated from the
program. From the standpoint of fatigue life, a primary consideration is bending moment. The
analysis presented herein utilizes a first-order central difference formulation to second derivatives
of y in the bending moment calculation. Figure 17 illustrates typical bending moment profiles.
Evaluation and calibration of the seafloor-riser interaction model through comparisons to extant

field data is the primary focus of the remaining research effort on this project.

Aubeny and Biscontin



20 SEAFLOOR-RISERINTERACTION

The following discussion presents a preliminary presentation of this ongoing work. Bridge and
Wiilis (2002) present some findings from a field test program involving a 360-ft long, 6-5/8 in di-
ameter steel catenary riser field test. The riser pipe was instrumented at 13 locations as shown in
Figure 17 to allow measurements of bending moments. An actuator induced vertical motions at the
right end of the riser pipe, with the riser elevation at this point varying from 29 to 36.2 ft above the
seabed. During the test program, a riser trench developed to a maximum depth of about 1.25 ft.
The test was performed in a harbor subjected to tidal currents. Although the exact mechanism of
trench formation has not fully been explained yet, combinations of riser motions and fluid flow
were considered as major factors. The seabed consists of a high plasticity clay having an estimated
undrained shear strength of 73 psf and a sensitivity of 3.3. The test program was part of a STRIDE
JIP (Steel Risers in Deepwater Environments Joint Industry Project). Access to all test data is lim-
ited to the JIP ticketholders; however, some significant data have appeared in published literature.
Figure 18 shows an example of the bending moment history at strain gauge location D during an
initial pullout-laydown test. Location D is particularly interesting, since that point is initially in the
touchdown zone. It is then lifted completely out of contact with the seafloor during the uplift cycle
and set back onto the seafloor during the laydown cycle. Initial comparison of model predictions
to measurements indicate that the model overestimates the magnitude of the change in the bending
moments during the load cycle, but realistically simulates the distorted ‘figure 8 pattern of the
moment history. The measured data also show a ‘suction kick’ at an actuator position of 4 ft that is
not predicted by the model. However, bending moment measurements for subsequent load cycles
show the absence of a suction kick. Hence, this particular discrepancy between prediction and mea-
surement may be transitory and not necessarily relevant to long-term loading conditions. As noted
above, work on validating and calibrating the seafloor-riser model presented has only recently been

initiated, so the comparisons and observations presented are preliminary.

6 Conclusions

This paper presents a seafloor-riser interaction model based on an elastic pipe supported on non-
linear springs. Spring stiffness is described in terms of load-deflection (P-y) relationships that form
a critical component of the model. The P-y model is formulated in terms of a backbone curve
describing initial plastic penetration into the seafloor, a bounding loop describing load-deflection
behavior under conditions of extreme deflection, and a series of rules for describing load-deflection
behavior within the bounding loop. The P-y model is capable of modeling uplift and re-load cycles

are conditions of partial and full detachment of the pipe from the seafloor. The soil-spring com-
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Figure 16: Example of predicted bending moment along the length of the riser

Aubeny and Biscontin



22

SEAFLOOR-RISERINTERACTION

_ Riserin the
‘Far’ Position

Riser in the
‘Near’ Position

M L K I

I [ ]
I HGFEDCRB A

Location of Strain Gauges

Harbour Wall

STRIDE JIP Study (Bridge & Wiillis, 2002)

Figure 17: Schematic of the tests conducted by Bridge and Wiilis (2002)

Change in Moment - Location D

21

41

Measured

Calculated

-12
-2

0

2 4
Actator Displacement (ft)

6

Figure 18: Comparison of estimated and measured moments at gauge D.

Aubeny and Biscontin



ONGOING AND FUTURE WORK 23

ponent of the model involves solution of a fourth-order, ordinary, non-linear differential equation.
The computer code can be executed on a personal computer, and it was formulated with a view

toward creating a design package readily accessible to designers.

The first component of the P-y model is a power law function (Eq. 5) to describe an initial pen-
etration (backbone) curve. Laboratory model tests by Dunlap et al. (1990) and theoretical studies
by Aubeny et al. (2005) support this form of the backbone curve function. P-y behavior during un-
loading and reloading from the backbone curve for conditions of large deflections is governed by
a ‘bounding loop’. The bounding loop can be defined in terms of three segments (Figure 3): elas-
tic rebound from the backbone curve to the point at which maximum tension develops (Path 1-2),
reduction in tension to the point of full separation between soil and pipe (Path 2-3), and soil-riser
re-contact and re-loading (Path 3-1). The model describes the elastic rebound segment (Path 1-2)
using a hyperbolic model, Eq. 13. Detailed evaluations of the Dunlap et al. (1990) data support the
hyperbolic formulation. The model describes load Paths 2-3 and 3-1 in terms of cubic functions,
Eqgs. 14 and 17. Comparison of model simulations to data measurements (Figure 12) supports the
adequacy of a cubic function for the case of Path 2-3. Review of additional test data is required to

confirm its adequacy for the case of Path 3-1.

A general implementation of the model requires laws describing P-y behavior during load reversals
from the bounding loop or within the bounding loop. The current form of the model presents rules
for describing P-y behavior under these conditions, Eqs. 20 and 21. These rules have not yet been
validated through comparison to laboratory test basin measurements; hence, the rules should be

considered tentative until validation studies have been performed.

7 Ongoing and Future Work

This report presents a model for estimating fatigue stresses in a riser pipe for various conditions
of vertical loading. Degradation of soil stiffness is recognized as a factor affecting fatigue life
of a steel catenary riser. Incorporation of the stiffness degradation module is needed before the
model can be implemented and the current model is being refined to account for this degradation.
The experimental basis of the stiffness degradation component of the model will be measured load-
displacement data on penetrating pipes. Since such data already exist, implementation of the model
based on existing data is considered a realistic goal. Completion of this task is estimated by the end
of 2006.
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In addition, the model must be calibrated and validated through comparison to actual measure-
ments. The calibration and validation of this model is the primary planned activity of the final

phase of this research. Completion of this phase is estimated to be August 2007.

There is a plan, already in progress, to incorporate soil stiffness degradation into the model. In the
OTRC research team view, since vertical motions are the more important factor governing fatigue
life, the remaining research resources should be devoted to calibrating and validating the vertical
motion model rather than attempting to model horizontal soil resistance. In our view, omitting
lateral motions from consideration will not render the study immediately obsolete. The published
literature indicate that a number of very large, cost intensive field and theoretical studies have
been conducted with the primary, if not exclusive, focus being on vertical motions. These studies
are frequently cited and by no means obsolete. The OTRC researchers feel that it is much more
worthwhile to thoroughly understand and realistically model vertical interactions before proceeding

to the less significant horizontal interactions.
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