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Summary

A considerable amount of research work has been conducted world wide into both buried and

unburied pipelines because of the potentially high economic and environmental cost associated with failure of an
offshore oil or gas pipeline. This paper presents a review of research into pipe-soil interaction in sand and the
practice of predicting the performance of offshore pipelines. The development of a more robust theoretically
based model is also briefly described. Predictions from this new model are shown to compare well with the

results of centrifuge model tests in a calcareous sand.

1. INTRODUCTION

Pipelines are the most efficient method of
transporting oil and gas products from offshore
fields to onshore production plants and the cost of a
pipeline represents a significant proportion of the
development budget of a new hydrocarbon field. To
reduce costs, the selection of pipe on-bottom weight
and protection method, as determined by
geotechnical stability analysis, is critical. As a
consequence,  pipeline-soil  interaction  under
hydrodynamic loading becomes a pivotal issue in
pipeline design.

In an attempt to achieve good predictions of
pipeline-soil interaction, a large amount of research
work has been carried out during the last two
decades. A variety of physical model tests have been
performed and different predictive methods
developed. The results of the projects that have
concentrated on pipeline performance in sand are
reviewed here. The development of a more robust
theoretically based model is briefly described, and it
is shown how well this compares with experimental
pipeline behaviour in calcareous sand.

2. PHYSICAL MODELLING

Physical modelling of pipe-soil interaction in sand
has mostly been conducted in testing boxes in the
laboratory with some tests performed at small scale
in a centrifuge. These testing programs are
summarised in Table 1.

Many of the tests on buried pipelines were
performed in dry sand while unburied pipelines were
generally tested in saturated soils. Pore pressure

measurements were not taken in any of the tests
except those described by Stewart et al. (1998).

In the laboratory, loads were generally applied to the
pipelines through cables or thin rods, resulting in
single axis loading, vertically, horizontally or
obliquely. Some test results (Paulin et al., 1995;
Lieng et al., 1988; Palmer et al., 1988) have shown
that the direction of pipe displacement is not always
parallel to the direction of applied load. For
example, under lateral loading the pipe will also
move vertically.

All test results on buried pipelines have shown
similar relationships between displacement and load,
regardless of the loading direction. For loose sand,
soil resistance increases rapidly up to a pipe
displacement of 0.1 to 0.2D (where D is the pipe
diameter) and then reaches a plateau. Peak resistance
for buried pipelines in dense sand occurs at a
displacement of around 0.1D. The data also indicate
that soil resistance increases with depth of
embedment until a depth of about 10D is reached.

The influence of pipe surface roughness on pipeline
performance has been investigated in some tests
(Trautmann et al., 1985; Dickin, 1994; Palmer et al.,
1988). The data show that a rough surface leads to
larger peak soil resistance. For unburied pipelines,
the ratio of horizontal to vertical force for rough
pipes was 60% larger than for smooth pipes (Palmer
et al., 1988).

Representative results from the PIPESTAB project

(Brennodden et al., 1986) showed soil resistance
increasing up to a horizontal displacement of 0.05D

2 - 1005



PROCEEDINGS, 8TH AUSTRALIA NEW ZEALAND CONFERENCE ON GEOMECHANICS, HOBART

Table 1. Summary of laterally loaded pipeline testing programs.

Reference Soil condition Pipe Embedment Loading condition Location
Soil type | Densi diameter D)
(KN/m”) (mm)
Audibertet | Dry Carver | Loose 25 2,4,7,13, Horizontal, applied | Laboratory
al. (1977) sand and - 25 through cables
dense 60 2,4,7
111 2,3
Trautmann Dry 14.8, 102 2,45; 8.5, - Horizontal, Laboratory
et al. (1985) Comell 16.4, 13.5 transmitted by thin
filter sand 17.7 rod
Hsu (1993) | Da-Du 15.5, 38.1,76.2, 1, 1.5,25, Horizontal,-loading Laboratory
River sand 17.5 152.4, 4.5,6.5,8.5, rate: 0.001-0.1D/s
228.6 10.5
Brennodden | Silty fine Loose 500, 1900 Unburied __Horizontaland . | Laboratory
et al. (1986) sand vertical, monotonic,
Medium- Loose 500, 1000 applied through the
_coarse | .and | . testrig
sand dense
Wagner et Silty fine 500, 1000 Unburied Horizontal and Laboratory
al. (1987) _sand v'=9.6 vertical, monotonic
Medium- v =8.6, and cyclic, applied
coarse 9.6 through the test rig
e sand
Lieng etal. | Loose sand y'=8.6, 500, 1000, Unburied Horizontal, axial, Laboratory
(1988), 8.8 1500 cyclic, through test
Verley et al. | Dense sand v'=9.6 rig
(1989) B : : :
Palmer et al. Medium- 16.3, 250 Unburied Horizontal and Laboratory
(1988) Coarse 17.0 vertical,
sand 18.2 monotonic and cyclic
Wallace, Calcareous y'=1 20 Unburied Horizontal and Centrifuge
(1995) sand vertical, 50g
e - monotonic and cyclic
Stewart et al. | Calcareous | y'=8-10 20 Unburied Horizontal and Centrifuge
(1998) sands vertical, 50g
monotonic and cyclic

and then remaining constant. This occurred both in
simple break-out tests and in break-out tests after
cyclic loading. The peak lateral resistance was found

to be 0.751, in simple break-out tests, where W, is

submerged pipe weight per metre length. After
cyclic loading, the lateral resistance was about
0.85W, for dense sand and 1.3W, for loose sand.
During the AGA sponsored projects (Wagner et al.,
1987; Lieng et al., 1988), significant strain softening
was recorded in break out tests performed after
cyclic loading.

A number of tests on unburied pipelines have been
conducted at full-scale (Brennodden et al., 1986;
Wagner et al., 1987; Palmer et al., 1988; Lieng et al.,
1988). These are invariably costly, require large
reaction loads and long-testing periods. -To aveid
these drawbacks, centrifuge modelling is an
attractive alternative. This approach has been used
over.the last several years at The University of
Western Australia, to examine the performance of
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pipelines in calcareous soils such as those found on
the North West Shelf of Australia.

Typical pipe response in calcareous sand (Stewart et
al., 1998) is shown in Figures-1 and 2. Figure 1
shows the vertical bearing response during
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Figurel. Pipe response under monotonic penetration.
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Figure 2. Pipe response during monotonic lateral loading in calcareous sand.

Table 2.  Proposed formulations to predict ultimate soil resistance to lateral movement.

Proposed by Peak resistance Remarks Conditions
Audibert et al. - Lateral loading,

(1977) P,=y'ZDN, buried pipes
Nyman (1984) P,, =7 ZDN,, F, = cavity break out factor. Oblique motion,

' B buried pipes

=yDz| F +Z2
pu_\ }/ ( q 8 ZJ

Brennodden et al. p, =0.75W, - Lateral loading,

(1986, PIPESTAB

unburied pipes

project)
Wagner et al. P, =060, -~ F, )+ prd [ = empirical coefficient, 4 = | Lateral loading,
(1987) one half the mound area unburied pipes

displace by the pipe

Lieng et al. (1988),
Brennodden et al.
(1989, SINTEF
model, AGA
project)

a =k (z/D)"?, a=1 for
monotonic loading

P, =0.6(W, - F,)+0.72aW,k,,

Monotonic and
cyclic lateral
loading,
unburied pipes

k; ks, k,)r are empirical
functions of sand density, pipe
weight, and pipe diameter, z =
penetration depth.

Verley, et al (1994)

y D

P, =0.6(W,-F,)+F,,and

F’ 22 1.25
- =(4.5~0.11x,)[3)

Monotonic and
cyclic lateral
loading,
unburied pipes

— n
K, =y D°/F,, z,=
reference penetration, F, =

vertical contact force at instant
of maximum F,

Notation: y'= buoyant unit weight of soils, D = pipe diameter, Z = depth to the centre of pipe, N = bearing

capacity factor, /¥, = pipe submerged unit weight, F; = lift force applied to pipe.

monotonic penetration. It indicates that the load-
penetration response follows a nearly linear
relationship, even though the surface contact area
varies with embedment. Figure 2 illustrates the
horizontal response under monotonic lateral
displacement. Two tests are shown, one that shows
significant strain softening, while the other does not.
The softening response is clearly linked to vertical
displacement, with softening associated with upward
movement.

3. PREDICTIVE MODELLING

Current predictive models have generally been
developed empirically on the basis of experimental
data. A summary of equations proposed for
predicting ultimate soil resistance to lateral pipe
movement is shown in Table 2. For unburied pipes,
the equations are empirical, with little theoretical
basis. This presents difficulties when attempting to
transfer the models to pipe and soil conditions other
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than those originally tested. None of the
formulations directly consider the effect of excess
pore pressures generated by fast loading or cyclic
loading. However excess pore pressure will occur if
the pipe oscillates under cyclic loading (Brennodden
et al., 1986).

The models listed in Table 2 were developed on the
basis of separate tests conducted under different
conditions. Hence each model is limited to the range
of soil strengths, pipe weights, and loading rates
used in the experiments. As an example, the results
of full-scale monotonic tests in sand reported by
Wagner et al. (1987) and Brennodden et al. (1989)
are compared with predictions from the SINTEF
model in Table 3. The two sets of experimental data
were obtained in the same laboratory at different
times. The SINTEF model, as listed in Table 2, has
been incorporated in the American Gas Association
(AGA) pipeline design software, and thus is in
widespread use.

The data in Table 3 show that the SINTEF-AGA
model correlate well with the peak lateral resistances
reported by Brennodden et al. (1989). However the
data presented by Wagner et al. (1987) show poorer
correlation, with the measured lateral resistance
generally less than the component predicted just for
friction (= 0.6W,). The peak resistance in these tests
is over-predicted by a factor of between about 1.5
and 2. Verley and Sotberg (1994) noted that the
SINTEF model for sand exhibits non-physical
behaviour when used in certain realistic parameter

A comparison of monotonic lateral resistance of 1 m
diameter pipelines predicted by various methods,
and as measured in experiments, is shown in Figure
3. The test data are primarily from calcareous soils.
Several types of tests were performed, such as a side
swipe where the vertical position is held constant as
the pipe moved laterally. Probe tests involve lateral
loading under constant vertical load, sometimes
referred to as break-out tests. The data are presented
in normalised form as lateral resistance, H/y'z?
versus embedment, z/D, where H is lateral force per
unit length of pipeline, ¥ the buoyant unit weight of
the soil, z the embedment depth, and D the pipe
diameter.

Data from the sideswipe tests have been plotted by
using the residual force at the end of test, at which
stage both vertical and horizontal forces had reached
relatively constant values. Data from the probe and
break out tests have been plotted using the
embedment and lateral force measured at the end of
each individual test. However, in many probe tests
the pipe was still moving downwards and the load
gradually increasing when the test was terminated.
Therefore, the data from the probe tests presented in
Figure 3 represent upper bounds to the actual value
of H/y’z? at any given z/D.

Soil parameters used for all predictions are the same
with relative density of 70%, and ¢ = 40°. For the
models proposed by Brennodden et al. (1986), Lieng
et al. (1988) and Verley et al. (1994), an assumption
about the relationship between pipe weight and

ranges. embedment must be made to enable
Table 3. Comparison of SINTEF-AGA model with test results in silica sands.

Reference Test condition and results Predicted Ratio

D W, D, Y z Hiax peak lateral | Predicted/

(m) | (kN/m) | (%) (kN/m?®) | (mm) (kN/m) resistance Measured

Hiax (KN/m)
Wagner et al. 0.5 0.7 40 9.6 13 0.52 0.65 1.25
(1987): fine 1.0 1.0 6 0.65 0.93 1.43
grained silty 1.0 2.8 19 1.58 2.60 1.65
sand
Wagner et al. 0.5 0.8 <30 8.6 11 0.44 0.82 1.86
(1987): 1.0 1.0 12 0.54 1.03 1.91
medium/coarse 1.0 2.0 16 1.00 2.05 2.05
grained sand 1.0 3.0 25 1.67 3.06 1.83
0.5 0.8 70 9.6 10 0.42 0.57 1.36
1.0 2.0 8 0.91 1.42 1.56
1.0 3.0 12 1.35 2.13 1.58
Brennoddenet | 0.5 0.25 5 8.4 4 0.34 0.33 0.97
al. (1989): 0.5 0.5 8.4 6 0.66 0.66 1.0

medium/coarse 1.0 1.0 8.4 16 1.40 1.32 0.94
grained sand 1.0 2.0 8.4 18 3.00 2.65 0.88
1.0 1.0 46 9.4 3 0.94 0.88 0.94
1.0 2.0 9.4 4 1.71 1.75 1.02
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Figure 3. Comparison between various predictive models and test data.

comparison with the other data. This has been done
using the concept of a linear bearing modulus as
shown in Figure 1. For the calcareous soils used in
most of the tests shown in Figure 3, W, = ky,z (ki =
500 kN/m/m) is appropriate.

The model proposed by Nyman (1984) was for
buried pipelines. The normalised lateral resistance
predicted from this model is constant with depth. It
clearly underestimates the available lateral resistance
for unburied pipelines. However, at depths greater
than about 0.75D, the test data suggest a constant
value of H/y'z%, consistent with Nyman’s prediction.
This is also consistent with conventional earth
pressure theory.

The three curves given by the methods developed by
Lieng et al, (1988), Verley et al, (1994) and
Brennodden et al, (1986) show the same general
form as the experimental data, although the first two
show significantly higher resistance than the test
results. The method of Brennodden et al. (1986) is
very conservative at depths greater than about 0.1D.
It should be noted that the general form of the curves
from these three predictive models is as a result of
the assumption of a linear bearing modulus, and is
not inherent in the methods themselves.

4. PLASTICITY MODEL FOR PIPE-
SOIL INTERACTION

The existing predictive models are highly empirical,
and  the force-displacement  relationships
incorporated in them do not appear to be valid for
soils other than those used in the original testing
programs. To predict pipe performance in calcareous
soil properly, a more theoretically based plasticity
pipe-soil interaction model is being developed.

4.1 Yield Envelope and Plastic Potential
Figure 4 shows the yield envelope and the plastic
potential. The basic form of the yield envelope is

F:H—#(V_Vmin{lﬁVV )=O (1)

where H is horizontal force, V vertical force, p
similar to a friction coefficient relevant for low
vertical loads, Vi, is the intercept (at H = 0) on the
negative vertical load axis, and Vo, is the maximum
vertical load intercept for zero H. Effectively, this
gives passive resistance of H = uVpn.

H/V, .y

0 0.1 02 03

Vanin/ Vi
/ min/ Ymax
N

—— — — — — —

0.2 4

0.4 4 s

V/Vmax
h ]

0.6 7’

Yield envelope

0.8 -
— — —Plastic potential

Figure 4. Yield envelope and plastic potential.
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The plastic potential, G, is similar, and takes the
form:

Vo Ve |
=H-u V. -V —min | =0 2
G=H= 1,V )(V ; ] @

max max

where 1, and m are shape parameters.
4.2 Hardening Function

Extensive testing of shallow embedded pipelines in
calcareous sands (Wallace, 1995, Stewart et al.
1998) has shown that the vertical bearing response
tends to follow an almost linear relationship as
shown in Figure 1. This may be expressed as:

V =k z 3

where z is the vertical penetration, and k., is a plastic
stiffness parameter. For calcareous soils k,p has been
related to the gradient of cone penetration resistance.

4.3 Model Equations

The elasto-plastic stiffness matrix, D, can be
derived using standard theory, such that:

50
E
Z 40 A
= — Test result
S 30 4 — E-P model
&
= 20 4
=
S 10 4
T
-
- O T T T T
0 0.05 0.1 0.15 0.2 0.25
Horizontal displacement (x/D)
Horizontal force (kN/m)
0 10 20 30 40 50
0 ! 1 ! L
E 40
Z —— Test result
3 80 - —— E-P model
e
< 120 |
S
T 160
>
200

Figure 5. Side swipe test (fixed embedment)
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Figure 6. Probe test (fixed vertical force)

[b,]=p.)- o {%_ZH%}] 0]
o)
and

oV a [D oz )
sH | U dlsx

where K is the hardening function, 6V and 8H are
the increments in vertical and horizontal load per
unit length of pipe, 8z and &x are the resulting
vertical and horizontal displacements.

4

4.4 Comparison with Test Data

Figures 5 and 6 show typical experimental and
calculated pipeline responses for two different types
of loading. Figure 5 shows a sideswipe test (at fixed
embedment) while Figure 6 shows a probe test (at
fixed vertical load). The data are for pipeline tests in
calcareous soil. The performance of the model in
both situations agrees very well with the test data.

The new plasticity model described in this paper can
be used to derive simple relationships for lateral
resistance relationships. At a given depth, the
residual lateral resistance in a sideswipe test is equal




PROCEEDINGS, 8TH AUSTRALIA NEW ZEALAND CONFERENCE ON GEOMECHANICS, HOBART

Nomalised lateral resistance (H/.{zz)
0 20 40 60 80 100

0.25

0.5
0.75

Embedment (z/D)

1.25

Figure 7. Comparison of plasticity model (line) with
test data (points). See Figure 3 for legend relating to
experimental results.

to the peak resistance in a probe test. The normalised
value of this resistance is given by:

y'zt (+m)* \y'z

H _ mu(l+n) [k_w_) (6)
This expression is shown for comparison with the
experimental data in Figure 7. The expression
provides an excellent fit to the sideswipe data, and
forms a lower bound to the probe test results as
expected.

5. CONCLUSIONS

Existing pipe-soil interaction models are highly
empirical and it is difficult to transfer these models
to conditions other than those for which they were
derived. Furthermore, some models give poor
prediction of the tests from which they were actually
derived. A new theoretical elasto-plastic pipe-soil
interaction model has been described. The model
reproduces the general behaviour observed in
centrifuge model tests on pipelines in calcareous
sands. With the framework of this model, it has the
potential to cover pipe-soil interaction under cyclic
loading and to consider the effects of excess pore
pressures generated by this loading.
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