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ABSTRACT: Despite recent developments in computer modelling, the analysis in practice
of buried oil and gas steel pipelines crossing active faults usually relies on simplified numerical
and analytical beam-on-nonlinear Winkler foundation models. This paper presents recent
experimental measurements and numerical estimates of the developing soil reaction, as func-
tion of relative soil-pipe movement, used as input in Winkler analysis models. First, we discuss
techniques developed to physically model relative soil-pipe movements, as well as imaging-
based methods used to document mechanisms of pipe-backfill interaction. Next, we present
advanced numerical methods for the analysis of complex pipe-backfill-trench geometries, used
to quantify the resistance provided by native stiff soil/rock on pipes backfilled with sand. The
presentation concludes with new insights on the mechanics of soil-pipe interaction and recom-
mendations for its modelling in practice, focusing on scenarios not covered by existing guide-
lines, such as deeply buried pipes and pipes laid in trenches excavated in stiff soil/rock.

1 INTRODUCTION

It is common for pipeline networks in regions of high seismicity to cross the trace of active
faults. In the event of rupture of such a fault, a step-like deformation will be imposed on the
pipe. The magnitude of this deformation may be even of the order of meters, and usually will
result to failure with the form of buckling or tensile rupture of even high-strength continuous
welded steel pipes, unless special mitigation measures are implemented. A number of buried
pipe failures due to fault rupture were observed during the Chi-Chi, Taiwan earthquake
(Uzarski & Arnold 2001), the Kocaeli, Turkey earthquake (EERI 1991) but also the less well-
known Tennant Creek, Australia earthquake, which resulted in severe damage of the 14-in
Amadeus Basin-to-Darwin gas pipe (Figure 1). However, if designed properly, pipes can sur-
vive such extreme actions. Owing to its ingenious design, the Trans-Alaska 48-in oil pipeline
survived the 2002 rupture of the Denali strike-slip fault, which gave the M=7.9 Denali fault
earthquake, and resulted in 5.5m horizontal and 1m vertical movement of the ground surface
at the vicinity of the pipe (Hall et al. 2003).

Today, analysis methods for buried pipes against differential ground movements are dis-
cussed in most guidelines for the design of buried steel pipes (e.g. ALA 2005, NEN3650 2003,
PRCI 2009). Despite the fact that modern computational techniques allow for simulating the
response of the three-dimensional pipe-soil system (e.g. Vazouras et al. 2010), the analysis
tools described in guidelines and used in practice comprise either i) analytical methods based
on the seminal work of Newmark and Hall (1975) (e.g. Karamitros et al. 2007, 2011, Trifonov
& Cherniy 2010), or ii) beam-on-nonlinear Winkler foundation finite element models of the
pipe and its surrounding soil. These methods allow capturing essential aspects of the problem,
such geometric and material non-linearities, at a fraction of the cost of a three-dimensional
finite element analysis. However, they also require as input the properties of non-linear
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Figure 1. Failure of an API.5SL X60 steel gas pipe during the 1999 Tennant Creek, Australia earthquake
(source: Geosciences Australia).

Winkler springs representing soil reaction during relative soil-pipe movements along specific
directions, instead of phenomenological soil and pipe parameters. Methods for estimating the
properties of these springs have their origins to methods developed for estimating the pull-out
capacity of plate anchors (e.g. Majer 1955, Dickin 1988). A number of experimental and
numerical studies in the literature present methods for calculating the soil reaction to uplift
(e.g. Trautman et al. 1985, White et al. 2008, Cheuk et al. 2008, Ansari et al. 2018a), lateral (e.
g. Trautmann and O’Rourke 1985, Ansari et al. 2019), oblique (e.g. Jung et al. 2016) or verti-
cal-downwards (Kouretzis et al. 2014, Limnaiou et al. 2019) relative movements.

One of the main assumptions underlying these methods for calculating spring properties is that
longitudinal bending of the pipe and section deformation do not affect the reaction developing
from soil. In other words, it is assumed that the pipe is rigid so that the problem of estimating the
reaction on the pipe is reduced to a plane-strain one, which is much simpler to model physically
and treat analytically or numerically. Large-scale experimental studies have shown that this sim-
plification has a detrimental effect on the estimated soil reactions, particularly in the case of rela-
tively flexible pipes (O’'Rourke 2010, Palmer et al. 2006), thus it is usually ignored in practice.

Apart from that simplification, the field of application of current methods embraced in
design guidelines is also limited to idealised scenarios, such as uniform backfill conditions
around the pipe and “shallow” burial depths. In the following we will present some recent devel-
opments in experimental and numerical methods for estimating the properties of non-linear
Winkler springs, when such idealised scenarios are not realistic. We will focus the discussion on
the mechanisms leading to the development of soil reaction on the pipe, on numerical modelling
techniques, and on results obtained for cases not covered in existing guidelines. Note that the
results presented here are not applicable exclusively to the analysis of buried pipes crossing
active faults, but can also be used for the analysis of pipes subjected to any ground deformation
pattern, such as pipes crossings areas prone to subsidence (Kouretzis et al. 2015), liquefaction-
induced lateral spreading, or active landslides. Furthermore, they can be used for estimating the
capacity of pipes to resist thermal buckling, noting that while higher soil reaction will lead to
increased pipe strains and therefore is detrimental in the case of fault rupture (or other imposed
displacement problems), the opposite is true for thermal buckling problems.

The rest of the paper is organized as follows: First we present a recently developed experi-
mental rig, designed and manufactured at the University of Newcastle, Australia, to physically
model sand-pipe interaction in reduced scale, considering uniform (free field) backfill condi-
tions. Details are provided on test conditions, including sand properties, followed by selected
results that shed some light on the effect of sand density and problem geometry on the mech-
anisms of soil reaction development to pipe movements. Next, we discuss numerical methods
for modelling soil-pipe interaction, focusing on the cases of pipes buried in narrow trenches
excavated in stiff soil or rock, where the reaction to relative movements may be considerably
higher compared to pipes in uniform sand. Finally we summarise recommendations for esti-
mating Winkler spring properties for the analysis of pipes in practice, and for numerically
modelling soil-pipe interaction.
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2 PHYSICAL MODELLING OF UNIFORM SAND-PIPE INTERACTION

2.1 Description of the testing rig

The rig used to measure the reaction force on a rigid pipe during (oblique) pull-out, lateral
drag but also pull-down tests in sand is depicted in Figure 2. Tests performed in this rig essen-
tially mimic the displacement applied on a pipe during fault rupture, as the operator is able to
control the orientation of the displacement (relatively to the pipe axis) through a set of adjust-
able pulleys. The design of the rig was inspired by other similar rigs described in the literature
(e.g. Trautmann et al. 1985, Cheuk et al. 2008), but it allows modelling fault movements of
arbitrary direction, unlike similar rigs which were designed to perform lateral drag or uplift
tests only. The rig is fitted on a 2200mm x 2400mm steel frame, which accommodates a
1050mm (length) x 750mm (height) x 75mm (width) testing chamber, the components of the
sand deposition system, the actuation system and the measuring instruments. The rig and the
testing procedures are described in detail in Ansari et al. (2018a). Here we will only briefly
explain the rationale behind the design of the rig, and key elements of the testing workflow.
The main goal of the design was to be able to measure with high accuracy the reaction
developing on a rigid pipe as function of the magnitude and orientation of the prescribed dis-
placement, for a very wide range of backfill sand densities, while achieving excellent sample
uniformity. This renders the test results ideal for investigating mechanisms and benchmarking
numerical simulations of soil-pipe interaction, keeping in mind that movement of a rigid
object near the surface of a sand bed is challenging to model, as it involves large deformations
(flow), material softening and frictional contact (Zhang et al. 2015). Therefore, we kept the
dimensions of the chamber as small as possible and use pipes with diameters ranging from
37.5mm to 150mm (length-over-diameter ratio L/D=2 to 0.5, respectively). This facilitated the
development of two custom sand deposition systems, that produce uniform sand beds with
relative densities from D,=19% up to D,=92%. The excellent uniformity of the sand beds was
verified via mini cone penetration tests, using a quality control system developed in parallel
with the testing facility. In addition, the actuation system was designed to eliminate any ficti-
tious kinematic constraints to pipe movements i.e. during a lateral displacement episode, as in
the case of a pipe crossing a strike-slip fault, the pipe will move laterally relatively to its sur-
rounding soil due to fault rupture, but also vertically due to the kinematics of pipe-soil inter-
action. As discussed in Zhang et al. (2015), the magnitude and the direction of this parasitic
vertical component of pipe movement is a function of the shape and weight of the pipe, as
well as the mechanical properties of sand, and will affect the shape of the developing failure
surface and the lateral reaction on the pipe from sand. Finally, the glass windows of the cham-
ber allow tracking of the evolution of the failure surface developing in sand as the pipe moves,

Figure 2. Schematic (left) and photo (right) of the physical modelling rig at the University of Newcastle
laboratory.
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using digital imaging equipment and a combination of the Particle Image Velocimetry (PIV)
technique with close-range photogrammetry; specifically, the GeoPIV-RG software developed
by White et al. (2013), and updated by Stanier et al. (2015).

2.2 Test sand properties

It is worth summarising here the properties of the silica sand used in the experiments. It is a
uniform sand sourced from Stockton Beach, and is referred to in the following as STK sand.
It has mean particle diameter Ds5y=0.36mm and maximum particle size D,,,,,=0.62mm, while
the rest of its physical properties are listed in Table 1. Two different, custom sand deposition
methods were developed to prepare loose up to very dense sand beds. These methods are
described in detail in Ansari et al. (2018a) and are not repeated here for brevity. The average
sample unit weight and relative density achieved in the tests are listed in Table 2, noting that
sand beds with unit weight deviating more that 0.25kN/m? from the values listed in Table 2
are disregarded, and the deposition is repeated. As mentioned earlier, the excellent uniformity
of the sand beds was verified via a custom CPT profiling method, using a miniature cone with
diameter 14mm fitting with a 222N mini load cell (Ansari et al. 2018a).

The shear strength and dilatancy potential of STK sand were determined using direct shear
tests, using a custom setup capable of performing tests at normal stresses as low as ¢,=1.25kPa
(Ansari et al. 2018a), as well as isotropically consolidated drained and undrained triaxial compres-
sion tests. In addition, its compressibility was characterised via incremental loading oedometer
tests, performed with a custom cell fitted with bender elements to measure concurrently the shear
wave propagation velocity. Results of these tests are summarised in Figure 3, which presents the
variation of the peak plane strain friction angle ¢,, the peak dilation angle y, and the coefficient
of volume compressibility 1/m, with normal stress. The plane strain friction angle ¢, results from
the friction angle obtained from direct shear tests ¢, if we consider co-axiallity of stresses and
incremental strains (Lings & Dietz 2004), using the expression derived by Davis (1968):

COS i - Sin
tan g = |4 Pps

(1)

1 — sin y - sin @

In addition to the above, the critical state friction angle of STK sand was determined to be
0.s=32° from co-evaluation of the triaxial compression test results and measurements of the
angle of repose.

It is worth mentioning here that O’Rourke (2010) used multiple linear regression analysis of
physical modelling test results to derive an expression for an equivalent Young’s modulus
(Figure 3), appropriate for numerical modelling of soil-pipe interaction problems when the
elastoplastic Mohr-Coulomb model is used to describe the behaviour of sand. In Figure 3 we

Table 1. Physical properties of STK sand.

D]() (mm) D3() (mm) D6() (mm) Cu CC €min VYmin (kN/mS) €max VYmax (kN/m3)

0.18 0.27 0.38 2.11 1.06  0.51 14.5 0.79 17.2

Note: The maximum y,,, and minimum y,,,, unit weight were measured according to the Australian Standard 1289
5.5.1.

Table 2. Summary of test sand bed densities and associated deposition method.

Density Average sand bed unit weight (kN/m?) Relative density D, (%) Deposition method

Loose 14.9 19 Pouring
Medium 16 58 Pouring
Loose 17 92 Raining
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Figure 3. Variation of peak plane-strain friction angle (top left) and dilation angle (top right) of STK
sand with normal stress; Variation of sand void ratio with normal stress from incremental loading oed-
ometer tests. Results for dense sand (middle left) and loose sand (middle right); Variation of coefficient
of volume compressibility interpreted from incremental loading oedometer tests for dense and loose sand
(bottom). Values obtained with the fitting formula proposed by O’Rourke (2010) are also shown for com-
parison. E is the Young’s modulus of sand and v is the Poisson’s ratio, taken for this plot v=0.25.

compare the compressibility of loose and dense STK sand against O’Rourke’s expression for
partially-saturated RMS graded sand. Notice that the equivalent modulus formula predicts
coefficient of volume compressibility values that are considerably lower than the measure-
ments of dry STK sand. The implications of this are discussed in later sections.

2.3 Friction effects on measurements

The small width of the chamber allows testing of pipes with length-over-diameter ratio
between 2 and 0.5. Therefore, the measured reaction force-pipe displacement curves must be
corrected for friction between the glass walls of the chamber and the pipe, as well as the sand
bed. The former component of friction is relatively straightforward to quantify, using the tech-
nique described in Ansari et al. (2018a). More specifically, every experiment is repeated after
the chamber is emptied from sand, with the pipe forced to follow the same trajectory-the
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Figure 4. Setup used to measure vertical sand stress during deposition (left) and comparison of meas-
ured values against the theoretical (free field) geostatic stress distribution for different sand densities
(right). The parabolic function used to correct results of tests in dense sand is also shown.

measured reaction during this “friction” test corresponds to glass-pipe friction. Such friction
tests allow accounting also for the friction developing at the contact of pulleys and cable, and
correcting results for it.

Friction between the glass walls and sand alters the geostatic stress field inside the chamber
due to arching effects, and also increases the resistance developing on the failure wedge. In
order to be able to correct measurements for sand-glass friction, the following are required: 1)
the distribution of geostatic vertical stresses inside the chamber; ii) the friction stress at the
sand-glass interface; iii) the shape of the failure wedge. The distribution of vertical stresses
was measured experimentally during deposition, using the setup shown in Figure 4. Two sets
of load cells allow measuring simultaneously and continuously the total stress applied at the
bottom of the chamber, and the total weight of the deposited sand. From those measurements
we obtain the distribution of stresses shown in Figure 4 for loose, medium and dense sand
beds. Accordingly, we can use an equivalent, reduced unit weight y.;=0, neasurealz to fit the
measurements of vertical stresses, and account for arching effects. This approximation is rea-
sonably accurate for relatively shallow depths, which are of interest here.

In order to quantify friction between sand and the glass windows, we employed numerical
back-analyses of the deposition process, underpinned by measurements of sand settlement during
deposition using the PIV technique. In addition, we performed direct shear tests to measure dir-
ectly friction at the sand-glass interface, for low normal stresses pertinent to the experimental
setup. For that we used a custom direct shear apparatus with box dimensions 100mm x 100mm x
42mm, equipped with sensitive 0.5kN load cells and LVDT'’s. Results of these tests are depicted in
Figure 5. The peak interface friction coefficient 4=z, /o, is about £=0.32 for dense sand and
£=0.30 for loose sand hence the interface friction angle that was used to correct the results that

045 0.45 T
0.4+ 0.4 ]
0.35 - ) 0354
£ 03+ o § 03413 '006%0.¢% o000
E 'y B - P
£ 025 295 g 025]17°
E 0218 2 02
@ ; / T, o08esand é, 0 1'5 i Dense sand
& o5y o 0,=5kPa @ P -~ g,=5kPa
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Figure 5. Measurements of friction resistance at the sand-glass interface via direct shear tests on loose
(left) and dense (right) sand samples.
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Figure 6. Plots of normalised reaction developing on the pipe during uplift tests, as function of vertical
pipe displacement.

follow was 6=tan™'(0.32)=18° for tests in dense sand and d=17° for tests in loose sand. These
values are slightly higher than the values reported in Ansari et al. (2018a). Accordingly, friction
between the failure wedge and glass walls is estimated from the geometry of the mobilised sand
mass obtained from PIV analysis and the horizontal stress inside the chamber, assuming at-rest
earth pressures along the plane perpendicular to the glass walls. Finally, we must mention that
friction between the cable and sand was measured by pulling a free cable embedded in sand, and
was found to be negligible compared to the other components of reaction.

2.4 Experimental results

To limit the length of the presentation, in the following we discuss selected results from pull-
out tests only, which can be used to determine the parameters of vertical-upwards springs in a
Winkler model of a pipe crossing a normal or reverse fault. First, we present in Figure 6 the
normalised reaction developing on the pipe during vertical pull-out tests, as function of the
normalised vertical pipe displacement. The measured reaction F,, is corrected for friction
effects according to the mentioned in section 2.3, and is normalised here against the weight of
the soil column above the pipe y.;H{DL; where y.is the effective unit weight of sand corrected
for arching effects; D is the diameter of the pipe; L is its length; H is the embedment depth
measured from the pipe centreline. In addition, the vertical upwards displacement of the pipe
J, is normalised against the pipe diameter, which in the tests at hand is D=75mm.

Figure 6 illustrates results from tests in loose, medium and dense sand, performed for a range
of initial pipe embedments H/D=1.5 to 7. As expected, the peak reaction force on the pipe
increases with sand density and embedment depth, and the response changes from softening to
hardening as the embedment depth decreases and the density of sand increases. It is worth clari-
fying that the oscillations observed in the reaction post-peak are not instrument noise, but
rather characteristic of stick-slip response: tests were performed while pulling the pipe at a con-
stant rate (180mm/hr), therefore each drop in the reaction corresponds to the point where static
friction resistance is exceed by the tension in the cable, and the pipe starts moving. Then, tension
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is released as the coefficient of friction drops to its kinetic value, the pipe slows down again, and
the process is repeated. Notice also that, irrespective of sand density, the reaction measured
during tests starting from the same embedment converges to the same residual value. At large
pipe displacement the response is governed by the critical state sand response, and eventually all
tests converge to zero reaction, as the pipe is pulled out of the sand bed.

In order to delve a bit further into the response observed at large pipe displacements, we plot
in Figure 7 the normalised reaction on the pipe in terms of its position during each test, relatively
to the surface of the sand bed. We focus on 4 tests performed in dense sand, and shallow initial
pipe embedment depths H/D=1.5 to 3.75. Observe that the response at large pipe displacements
appears to be independent of its initial embedment, and a function of the current pipe position
only: every test ends up on a steady-state line, and the reaction on the pipe decreases to a residual
value as its vertical displacement increases, and sand overburden decreases. The peak reaction is
governed by a progressive failure mechanism, and the formation of a wedge which geometry is a
function of the dilatancy angle of sand (Figure 7). The angle 6 defining the inclination of the legs
of the trapezoidal wedge was determined from PIV analysis to be approximately equal to the
dilation angle of sand, and increases as we approach the surface, where dilatancy increases due
to the reduced confining stress (Figure 3). This suggests that, at least for the embedment depths
considered here, we can describe the peak reaction developing on pipes in dense sand with a
simple limit-equilibrium analytical model, such as the ones proposed by White et al. (2001) or
Ansari et al. (2018a). Such a model will be able to capture the increase in the dimensionless reac-
tion force as the embedment depth increases, given that the dimensions of the failure wedge are
function of the embedment depth. Note here that assuming that the angle formed by the legs of
the wedge and the vertical is equal to the peak friction angle of sand (O’Rourke & Liu 2012) will
result in grossly overestimating the dimensions of the failure prism.

Next we will investigate how sensitive these results are to the diameter of the test pipe. The
goal of this investigation is two-fold: First, to confirm that the proposed shallow failure mode
is not sensitive to the pipe diameter, at least for the test conditions at hand. Second, to show
that for the range of pipe diameters considered, normalisation of the reaction force against the
weight of the sand column above the pipe (or the reaction stress against the geostatic stress at
the pipe springline) results in dimensionless reaction-displacement curves. For that we per-
formed a series of additional tests on pipes with diameters 37.5mm and 150mm i.e. half and
twice the diameter of our benchmark test pipe, respectively. These tests were performed on
pipes initially embedded at depths H/D=1.5 to 3.75 in dense sand, as the tests shown in
Figure 7. Results are summarised in Figure 8, and are very similar for all three pipes, regard-
less if we examine the incremental deviatoric strains at peak reaction, normalised reaction-dis-
placement curves or the variation of the normalised peak reaction N,,=F,, pear/yeHDL with
the initial pipe embedment H/D. Of course, results cannot be simply generalised to (very) large
diameter pipes, as the shear strength of sand depends on the mean stress level. To account for
that, Ansari et al. (2018a) proposed to normalise the peak vertical reaction stress acting on the
pipe Fy, pear/ DL against the peak shear strength of sand at the pipe spring line y.gHtang,,

v

estin dense sand

Normalised uplift resistance 7, /7, ,//DL

o
L

—T— T L
0 04 08 12 16 2 24 28 32 36 4 y TSmm.
Relative pipe position z/D

Figure 7. Plots of normalised reaction developing on the pipe during uplift tests in dense sand, as func-
tion of pipe position (left) and incremental deviatoric strain contours at peak reaction, obtained via PIV
analysis of a test performed in dense sand, from initial pipe embedment H/D=4 (right).
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force measured during tests in dense sand using pipes of different diameters, as function of the initial pipe
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(instead of the geostatic stress y.;#{). The variation of the normalised peak reaction F\, yeqr/
YerrHD Ltang,,, with initial pipe embedment also shown in Figure 8 suggests that for the range
of pipe diameters considered, both dimensionless parameters can be used to normalise results
with respect to the pipe diameter.

Given the excellent agreement of results obtained with the D=37.5mm pipe with the larger
diameter pipes, we will next attempt to define the range of validity of the wedge-type failure
mechanism (Figure 7). ALA (2005) and PRCI (2009) guidelines mention that the expressions
provided to calculate the properties of vertical uplift soil springs are valid for embedment
depths H/D<10, while Yimsiri et al. (2004) calculated numerically the “critical embedment ratio
H./D”, where the peak dimensionless reaction force does not further increase with an increase in
embedment depth, to be H./D=30 for dense sand. Yimsiri et al. (2004) also reported that the
peak dimensionless force at the critical embedment is F,,/y,;HDL=25 for dense sand. In order
to determine experimentally the critical embedment ratio of pipes in dense sand, we performed a
series of uplift tests with the D=37.5mm pipe initially embedded at depths H/D=1.5 to 18.
Results of these tests are summarised in Figure 9, in the form of plots of the normalised reaction
on the pipe as function of the position of the pipe during each test.

Notice that there is a clear shift from softening to hardening response as the embedment
depth of the pipe increases. Indeed, a critical embedment ratio H./D is identified in Figure 9
and the peak dimensionless reaction force does not increase past F\,/y ;4 DL=25 which, inter-
estingly, agrees well with the findings of Yimsiri et al. Nevertheless, the critical embedment
ratio found experimentally is about H./D=15; considerably shallower than the critical embed-
ment ratio reported by Yimsiri et al. In addition, it is clear that the softening response
observed in shallow tests is supressed at embedments deeper that H/D=10. This suggests that
the wedge-type model is not appropriate for describing the reaction developing on deeply
buried pipes, but also that the transition to a constant normalised reaction force at the critical
embedment is not only due to reduced dilatancy potential of sand, but also due to a change in
the failure mode. Evidence on that is drawn if we examine contours of incremental deviatoric
strains and displacement vectors at peak reaction force from a test starting at /D=3 and a
test starting at H/D=18 (Figure 10). It is clear that at large embedment depths a flow-around
deep mechanism develops, resulting in constant normalised force as the dimensions of the fail-
ure surface are independent of the embedment of the pipe; unlike the case of the shallow fail-
ure mechanism, where the dimensionless reaction force increases as the pipe embedment and
the size of the failure wedge increase. Notice also in Figure 9 that the pipe displacement
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Figure 9. Determination of the critical embedment ratio H./D from uplift tests in dense sand, by plot-
ting the normalised reaction developing on the pipe as function of pipe position during the tests.

required to reach the peak reaction increases considerably as the pipe embedment increases;
for tests performed with the pipe embedded at H/D>15 the reaction keeps increasing until we
reach pipe displacements of the order of 0.8D-1.0D.

Findings from tests in dense sand at pipe embedment up to and beyond the critical embedment
ratio are summarised in Figure 11, where we plot the variation of the normalised peak uplift
reaction with initial pipe embedment. Figure 11 also presents the experimental results of Traut-
mann et al. (1985) obtained from uplift tests on 102mm pipes embedded in dense Cornell filter
sand, and the numerical results of Yimsiri et al. (2004), which were calibrated on Trautmann
et al.’s experiments. Notice that good agreement is observed for shallow embedment depths,
especially if we use Ansari et al.’s dimensionless reaction force to compare results. Nevertheless,
as mentioned above, experimental results suggest that a deep failure mode governs the response

incr. displacemen
vectors

H/D=18
incr, displacement
vectors

Figure 10. Incremental shear strains and displacement vectors at peak reaction force obtained from PIV
analysis of tests in dense sand, with the pipe initially embedded at H/D=3 (top) and H/D=18 (bottom).
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Figure 11. Peak reaction stress F,,/DL on the pipe normalised against the geostatic stress at the pipe
springline (F,,/DL)/y.;H (left) and against the peak shear strength of sand at the pipe springline (F,,/
DL)ly,sHtang,, (right), plotted against the initial embedment ratio.

of pipes embedded deeper than H/D=15, and higher reaction forces were measured for embed-
ment depths H/D>13 compared to published studies. Analysis of tests results performed in loose
and medium sand is ongoing, as well as of oblique uplift tests, where the direction of pipe move-
ment forms an angle with the vertical, as it will be the case in oblique fault crossings.

3 NUMERICAL MODELLING OF TRENCH-BACKFILL-PIPE INTERACTION

3.1 General

One of the limitations of the experiments presented thus far is that they apply to uniform
backfill conditions, comprising dry sand. In practice, although buried pipes are backfilled
with coarse-grained material, they are laid in (narrow) trenches excavated in the natural soil.
If the natural soil is considerably stiffer/stronger than the backfill, the reaction force applied
on the pipe during a differential movement episode will be higher, resulting in higher pipe
strains. As a result, design guidelines recommend “Soil properties representative of the backfill
should be used to compute axial soil spring forces. Other spring forces should generally be based
on the native soil properties” (ALA 2005). This provision will unavoidably lead to (costly) miti-
gation measures when trenches are formed in stiff soil/rock formations, as the beneficial con-
tribution of the loose backfill to reducing stresses on pipe is ignored. Nevertheless, the ALA
recommendations continue “Backfill soil properties are appropriate for computing horizontal
and upward vertical spring forces only when it can be demonstrated that the extent of pipeline
movement relative to the surrounding backfill soil is not influenced by the soils outside the pipe
trench”. In other words, we can design the dimensions of the trench to limit interaction of the
pipe with its backfill soil only. If this is not applicable in practice, e.g. due to the very large
dimensions of the required excavation, we should quantify the contribution of the native soil
to the reaction developing on the pipe, for given trench dimensions.

Owing to the multiple parameters affecting the problem of trench-backfill-interaction, phys-
ical modelling experiments cannot but cover only very limited cases. Instead, the approach fol-
lowed in the recent literature on this topic (Kouretzis et al. 2013, Chaloulos et al. 2015, 2017,
Limnaiou et al. 2018, 2019, Kouretzis et al. 2014) is to perform parametric numerical analyses
considering different relative movement directions and backfill properties, but mainly different
trench geometry configurations. One of the main challenges when it comes to simulating the
problem at hand is the fact that complex failure mechanisms involving large displacements
govern the reaction developing on the pipe, even if we are not interested in capturing the soften-
ing part of the response, following ALA (2005) assumption that the “spring force is constant
once it reaches its maximum value”. Indeed, we have shown in Figure 6 that even for embedment
ratios up to H/D=4, that are of interest for buried oil and gas pipes in shallow trenches, the pipe
displacement required to reach the peak reaction may be of the order of 20-30% of the pipe
diameter. To address that, the numerical methods employed to simulate this complex problem
are based on techniques that alleviate the effects of mesh distortion, such as Arbitrary
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Figure 13. Comparison of failure prism obtained from large displacement finite element analysis (left,
Kouretzis et al. 2013) and from PIV analysis of lateral drag tests (right, Ansari et al. 2019). Results from
simulations/tests in loose sand and pipe embedment H/D=1.5

Lagrangian-Eulerian (ALE) remeshing (Kouretzis et al. 2013), mesh rezoning (Chaloulos et al.
2015, 2017, Limnaiou et al. 2018, 2019) or adaptive remeshing (Kouretzis et al. 2014, Ansari
et al. 2018b). The numerical models used in the abovementioned studies were calibrated on inde-
pendent experimental results (Trautmann & O’Rourke 1985, Trautmann et al. 1985) and, as dis-
cussed in Ansari et al. (2018b) which presents a series of “blind” numerical predictions of uplift
tests, advanced numerical methods are capable of capturing the essential mechanics of the prob-
lem, at least in cases where shallow mechanisms prevail (see Figures 13 & 14). Selected outcomes
of these studies i.e. the trench dimensions required to confine failure inside the backfill, or the
increase in the reaction developing on the pipe for cases where excavating a very large trench is
uneconomical, are summarised in the following.

3.2 Effect of trench dimensions on reaction developing on pipes in strike-slip fault crossings

The first approach to alleviating the influence of the (stiff) natural ground on the reaction devel-
oping on the pipe is to design the geometry of the trench so that the failure surface (Figure 13)
develops entirely within the backfill soil. Kouretzis et al. (2013) determined the dimensions of the
failure surface from numerical simulations of lateral pipe movements, and proposed to lay pipes
in a trapezoidal trench with dimensions determined according to Figure 15. The mentioned
numerical study is limited to cases of pipes embedded in relatively shallow trenches backfilled
with loose-to-medium sand, which is required to minimize the reaction on the pipe. Kouretzis
et al. (2014) propose a similar nomograph for pipes subjected to vertical-downwards relative
movements, however they note that the size of the trench to ensure that the reaction force is not
influenced by the stiff natural soil and thus to satisfy ALA (2005) recommendations may be exces-
sive. Therefore, they recommend to perform project-specific analyses to quantify the increase in
pipe reaction due to interaction with the natural ground, and optimize the design.

The latter approach was followed by Chaloulos et al. (2015, 2017), who quantified the
increase in the reaction developing on the pipe during lateral movements as function of the
dimensions of the trench. They assumed that the natural ground where the trench is excavated
is very stiff compared to the backfill, hence can be modelled as rigid, and investigated both
rectangular and trapezoidal trench shapes. Selected results of their study for a shallowly

&,-¢;| contours - test in dense sand

issipation contours, detail

~75mm |
Figure 14. Comparison of failure prism obtained from finite element analysis with adaptive meshing

(left, Ansari et al. 2018b) and from PIV analysis of uplift tests (right, Ansari et al. 2018a). Results from
simulations/tests in dense sand and pipe embedment H/D=3.
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Figure 15. Determination of minimum trench dimensions to eliminate interaction with the surrounding nat-
ural ground (after Kouretzis et al. 2013). Jj, e is the maximum anticipated horizontal pipe displacement.

buried pipe (H/D=1.5) are summarized in Figure 16, which depicts the increase in the normal-
ised reaction force as function of the width of the trench x, and the depth of the trench meas-
ured from the pipe invert d (Figure 15). Note that Chaloulos et al. (2017) normalize the width
of the trench x against the width of the failure surface x,,,,,, which they proposed to calculate

from the following approximate expression, resulting from the interpretation of a series of
parametric numerical analyses:

Xpnand H=3.5¢70-27HIP) )

As depicted in Figure 15, this expression agrees well with the results of Kouretzis et al.
(2013) and provides a safe upper bound of the size of the failure wedge for shallowly buried
pipes. Notice also in Figure 16 that the reaction applied on the pipe increases exponentially as
the trench becomes narrower. For example, a pipe buried in H=1.5D will experience twice the
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Figure 16. Effect of trench width, sand density and trench inclination (top) and of vertical trench depth

(bottom) on ultimate reaction from soil (after Chaloulos et al. 2017). Results for embedment depth H/
D=1.5. x,,,, denotes the width of the failure surface (see Eq. 2).

562



reaction if, instead of uniform sand, it is embedded in a vertical trench with half-width about
x=1.75D (plus the fault displacement applied on the pipe 6, pear). A two-fold increase in pipe
lateral reaction will result in an increase in pipe bending strains of the order of 100%; that’s
for a pipe buried in a trench wider than 3.5D in total, much wider than standard construction
practice. Laying the pipe into a trapezoidal trench will lessen the effect of the stiff ground on
reactions (Figure 16), at the expense of increased excavation costs. On the other hand, the
depth of the trench has a trivial effect on the reaction developing on the pipe during lateral
relative movements. Similar results for the effect of trench dimensions on the ultimate uplift
and vertical-downwards reaction on pipes laid in trenches excavated in rock are presented by
Limnaiou et al. (2018) and Limnaiou et al. (2019), respectively.

We must mention here though that modelling sand as elastoplastic material obeying the
Mohr-Coulomb failure criterion (an assumption adopted in the abovementioned numerical
studies) requires using an equivalent Young modulus for sand to replicate experimental reac-
tion-displacement curves. This equivalent modulus is not representative of sand stiffness (see
Figure 3), as it incorporates the effects of slack in the loading system, an issue identified by
Trautmann et al. (1985) and Ansari et al. (2018a). This implies that the displacement required
to reach the peak reaction on the pipe measured experimentally and replicated numerically
with models calibrated on reaction-displacement measurements is an upper bound of the
actual pipe displacement at peak reaction, and should be treated as such when determining
properties of Winkler springs in practice. In addition, using equivalent sand properties does
not allow capturing the response of pipes in loose-to-dense backfills without altering the
model calibration, thus each of the studies of Kouretzis et al. (2013), Chaloulos et al. (2015,
2017) and Yimsiri et al. (2004) is limited to a rather narrow range of sand densities.

Finally, we must stress out that as the embedment of the pipe increases and the failure
mechanism changes from a passive wedge-type to a flow-around mechanism, the accuracy of
continuum-based numerical analysis methods decreases, as the pipe displacement required to
reach the peak reaction is of the order of one pipe diameter. Ansari et al. (2018b) used a vari-
ation of the Hardening Mohr-Coulomb model (Doherty and Muir Wood 2013) to shown that
“blind” numerical predictions of the peak reaction developing on pipes are possible without
using equivalent constitutive model parameters, but only for relatively shallow pipes. These
findings are applicable not only to plane-strain models of rigid pipes subjected to relative dis-
placements but are also relevant to more complex three-dimensional models of the pipe and
its surrounding backfill/soil.

4 CONCLUDING REMARKS

The high-quality experimental measurements summarised in this paper, augmented with PIV
and close-range photogrammetry analysis of sand displacements during pipe movement, shed
some light on the mechanisms of sand-pipe interaction, and allowed us to identify some limi-
tations in current practice. We presented evidence that the mechanism leading to the develop-
ment of reaction on the pipe during uplift relative displacement episodes depends on the
density of the backfill, but also on the embedment depth of the pipe. We have shown that the
assumption of a wedge-type failure mode, on which analytical models used to estimate the
peak reaction on the pipe are based on, is realistic for pipes embedded in dense sand, at shal-
low depths H/D<S. For such depths, the formation of a symmetric trapezoid failure prism
when the peak reaction is reached was confirmed via PIV analyses, with the inclination of the
legs of the prism not being constant, but a function of the dilation angle of sand. At larger
pipe displacements, the reaction on the pipe drops to a residual value, which is a function only
of this current overburden and not of its initial embedment. As the initial pipe embedment
increases beyond H/D=5 the response changes from softening to hardening, and at depths
larger than about H/D=15 a local, flow-around failure mode is observed. Beyond this “crit-
ical” pipe embedment the normalised (against the geostatic stress) reaction stress applied on
the pipe no longer increases with pipe embedment, as the size of the failure surface remains
constant. Therefore, current limit-equilibrium models proposed to determine the peak
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reaction on the pipe cannot capture the mechanics of the problem for deeply embedded pipes.
We also observed that, at least for dense sand, this transition to a flow-around failure mode
takes place at depths considerably shallower compared to published numerical results, which
may lead to un-conservative estimates of the reaction on pipes embedded at depths 13<H/
D<30 e.g. pipes underneath embankments.

In the second part we briefly show that advanced numerical methods for modelling relative
soil-rigid pipe movements are capable of capturing the shape of the failure mechanism
observed in PIV analysis, at least for shallow embedment depths. Modelling this problem
requires the use of techniques to alleviate mesh distortion, as pipe displacements required to
reach the peak reaction force are relatively large, even for shallowly buried pipes in dense
sand. Finally, we discussed the application of numerical methods for quantifying the effect of
the dimensions of the trench in which pipes are usually laid, on the reaction developing on
pipes affected by strike-slip fault rupture. If the trench is excavated in very stiff (compared to
the backfill material) natural ground, and its lateral extent is not sufficient to encapsulate the
failure surface, the reaction on the pipe may be one order of magnitude higher than the reac-
tion developing in uniform backfill conditions, for which methods for calculating Winkler
spring properties apply to. Excavating trenches wide enough to ensure that interaction
between the pipe and its surrounding backfill is not affected by the stiff natural soil is not
always economical. In practice, the dimensions of the trench in crossings with active faults
should result from an optimization procedure, considering excavation and backfill material
costs, design fault movements and the cost of strengthening the pipe itself.
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