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ABSTRACT: Existing guidelines for the evaluation of soil resistance during vertical displace-
ment of buried pipelines crossing active faults assume uniform soil conditions. In stiff soils and
rocks, an adequately wide trench is recommended to contain the failure surface within the back-
fill, a rarely followed practice in the field. To this extent, the failure mechanism around an
upwards displaced pipeline is initially investigated, using elastoplastic numerical analyses, and
the minimum trench dimensions are defined so that the associated trench effects can be over-
looked. A similar numerical investigation is performed for downwards displaced pipelines, with
one basic difference. Taking into account that the ultimate vertical downward soil reaction is
significantly larger than the upward, the interest is shifted to the initial stiffness of the elastoplas-
tic soil springs. Correction factors are proposed to account for trench size effects on p-y curves
for uniform soil conditions, which can be readily incorporated in pipeline design practice.

1 INTRODUCTION

In seismic design of pipeline networks, crossing of active faults has been identified as one of the
most challenging geohazards. When the fault rupture occurs, a permanent step-like deformation
is applied to the pipeline in a quasi-static manner. For pipelines embedded in stiff soils or rocks,
the aforementioned permanent ground displacement (PGD) induces large ground reactions on
the pipeline, which in turn produce significant axial and bending strains. There is a number of
cases in past earthquakes, e.g. L’ Aquila (2009), Italy earthquake (Paolucci et al. 2010), Chi-Chi
(1999), Taiwan earthquake (Uzarski & Arnold 2001) and Kocaeli (1999), Turkey earthquake
(EERI 1999), where buried pipelines sustained significant damage. In order to reduce the pro-
voked large reactions that jeopardize the integrity of pipelines, it is common practice to place
the pipe into widened trenches which are backfilled with loose to medium dense sand or similar
cohesionless material. However, despite the significance of trench dimensions for the buried
pipeline response, current design guidelines (ASCE - ALA 2005, ASCE 1984, O'Rourke & Liu
2012, PRCI 2004) do not provide explicit quantitative criteria for the minimum required trench
dimensions so that the soil pressures solely depend on the backfill material or any methodology
for predicting the effect of narrow trenches on the development of soil reaction.

For the case of laterally displaced pipelines due to strike-slip fault rupture or even liquefac-
tion-induced lateral spreading, the above design issues are addressed in a number of recent
studies (Kouretzis et al. 2013, Chaloulos et al. 2015, Chaloulos et al. 2017) which provide spe-
cific design recommendations for the determination of the minimum required trench width, as
well as for the quantitative assessment of soil pressures due to narrow trench effects. For the
case of vertically displaced pipelines as a result of normal or reverse fault rupture, current
research is much more limited.

In view of the above, the present numerical study aims to explore the effects of trench
dimensions on soil pressures, for buried pipelines in stiff soils or rocks, in the case of vertical
upward and downward relative pipeline movement. For this purpose, a large number of para-
metric numerical analyses was performed for a wide range of trench dimensions, embedment
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depth over pipeline diameter ratios and backfill material properties. Prior to the parametric
application, the numerical methodology has been calibrated against the results of model test
experiments reported in the literature.

2 CORE ASSUMPTIONS OF NUMERICAL METHODOLOGY

2.1 Methodology outline

All parametric numerical analyses were performed with the use of the explicit finite difference
code FLAC2D version 7.0 (Itasca 2011). The generic configuration used in the analyses is
shown in Figure 1. Namely, a circular pipeline with external diameter D = 10.2 cm which is
embedded at depth H, measured from the ground surface to the center of the pipeline, in a rect-
angular trench backfilled with dry Cornell sand (i.e. the specific type of sand used in the experi-
ments employed for the verification of the methodology). The pipeline is displaced vertically to
a maximum displacement y. Based on sensitivity analyses, the backfill soil was discretized into
0.1D square zones. The semi-width of the trench, defined as x, denotes the horizontal distance
between the vertical boundary of the trench wall to the center of the pipeline, while dimension d
denotes the vertical distance from the bottom of the pipeline to the base of the trench.

Taking into account that this is a large displacement problem, FLACs large strain mode
has been activated. The pipe was simulated as a rigid body. All pipe nodes were fixed in the
horizontal directions, while a uniform upwards or downwards velocity was applied, to simu-
late the relative pipe-backfill displacement. The response of Cornell sand was simulated with
the elastoplastic Mohr-Coulomb model, calibrated against results from full-scale tests, as pre-
sented in the following section. The relative slip and/or separation between the soil and the
pipeline were simulated through interface elements. The latter were assumed adequately stiff,
so that they do not distort the predicted p-y response of the pipeline, while the interface fric-
tion angle was set equal to one half of the soil friction angle (@in; = 0.5¢peak, ps) and the cohe-
sion intercept was set equal to zero (ci,, = 0). Finally, the boundary conditions between the
backfill sand and the trench walls were simulated with hinges, taking into account that the
walls of trenches excavated in stiff soils and rocks are rough enough and consequently slip will
develop within the backfill soil and not at its interface with the trench walls.

2.2 Methodology verification

In the absence of reference experimental and numerical studies for vertical downward pipeline
offset in sand in terms of p - y curves, our methodology is verified and calibrated only for the
case of uplift displacement, against model experiments performed by Trautmann et al. (1985),
as well as associated numerical analyses performed by Yimsiri et al. (2004). These studies
explore the development of soil reaction due to upward displacement of a D = 10.2cm pipeline
embedded in a trench backfilled with Cornell sand. The test considered loose, medium and
dense sand conditions, as well as a wide range of embedment depth ratios H/D = 1.5 - 13.0.
The dimensions of the mesh, described in the previous section, matched the geometry of the
box employed in the experiments. Three different sets of Mohr-Coulomb parameters were
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Figure 1. Typical layout of numerical model, before the application of vertical pipeline displacement y.
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Figure 2. Comparison of normalized ultimate soil pressure predicted by this study against experimental
data by Trautman et al. (1985) and independent numerical predictions by Yimsiri et al. (2004).

used for the three different densities considered. More specifically, the peak friction and dila-
tion angles were determined on the basis of direct shear tests (Trautmann et al., 1985). Note
that, since the problem at hand concerns plane strain and not direct shear strain conditions,
measured friction angle values for direct shear loading conditions, Qpeax ps, Were further modi-
fied for plane strain conditions, @peak ps, as (Davis 1968):

tan (ppeak,DS
COS Y + Sin Y - tan @ e, ps

(1)

Sln(Ppeak,PS:

where y the dilation angle. Based on the above, the backfill soil properties that were used for
the verification numerical analyses were: (a) y = 16.0 kN/m®, Qpeak,ps = 39° and y = 2° for
loose sand, (b) y = 16.7 kN/m®, Ppeak,ps = 43° and y = 6° for medium dense sand and (c) y =
17.7 kN/m?, Ppeak,ps = 52° and y = 16° for dense sand.

Figure 2 shows a typical comparison between the experimental results of Trautmann et al.
(1985), the numerical simulation of Yimsiri et al. (2004) and numerical simulation of this
study. The comparison is shown in terms of normalized ultimate soil reaction py/(YHD)
versus embedment depth ratio H/D, for the cases of medium dense and dense backfill sand.
The agreement between experiments and numerical simulations is fairly consistent, implying
that the numerical methodology adopted herein may provide reasonable p-y predictions for
buried pipelines, for a wide range of backfill soil and embedment conditions.

3 UPWARD PIPELINE DISPLACEMENT

3.1 Shape and size of failure mechanism

The numerical methodology described above was first employed to define the failure mechan-
ism for the case of a vertically upwards displaced pipeline. As already mentioned, the shape
and size of the failure mechanism define also the optimum trench dimensions required in
order to avoid interaction with the surrounding stiff natural ground. In total 120 analyses
were performed for loose, medium dense and dense backfill sand as well as for a wide range of
embedment depth ratios i.e., H/D = 1.5 - 13.0. The analyses were performed assuming “free
field” conditions, i.e. for sufficiently large grid dimensions, so that the failure surface could
develop unhindered. Figure 3a shows the typical shape of the failure surface, for a H/D = 4
and medium dense sand, by means of shear strain contours. The shape of the failure surface
resembles that of an inverted cone, initiating from the sides of the embedded pipe and sym-
metrically widening to 2x,,,.x at the ground surface. Interpretation of the parametric numerical
predictions (Figure 3b) revealed that x,,.x is an increasing function of both the embedment
depth ratio and density of the sand, and can be analytically expressed as follows:
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Figure 3. (a) Typical failure surface for pipeline uplift displacement and (b) variation of X;,,x with H/D.

Xmax= C - H- tan@peak’Ds+D/2 (2)

H 0.3
c= (0.001.5) +0.15 (3)

3.2 Effect of trench width on pipeline uplift response

As shown in Figure 3, the size of the failure surface is essentially described with the semi-
width X, Thus, a second set of analyses was performed to define the effect of trench width
on the development of uplift reaction forces for cases of narrow trenches (i.e. X<Xj,.x). In total
168 analyses were performed for loose, medium dense and dense backfill sand as well as for
embedment depth ratios H/D = 1.5-13.0. For each density and embedment depth ratio mul-
tiple analyses were performed for different trench widths, represented by the corresponding
semi-width x (Figure 1). The latter varied from x = 16D (“free-field” conditions) to x = 0.6D.
In all parametric analyses the trench had vertical walls. The load - displacement (p - y) curves
obtained from the numerical analyses were fitted with a hyperbolic p-y relationship, described
analytically in Chaloulos et al. (2015), to obtain the values of pyy and yy.

The typical effect of trench width on ultimate soil pressure and yield displacement is illus-
trated in Figure 4a and b for embedment depth ratio H/D = 8 and loose to dense backfill
sand. The vertical axis shows the ultimate soil pressure, p,y, normalized against the reference
“free-field” value, pyi.inr, While the horizontal axis shows the semi-width of the trench x nor-
malized against the maximum semi-width of the failure surface X,,,x obtained from the first
set of numerical analyses. It may be observed that:

(a) There is a critical value of semi-width x., beyond which the lateral boundaries do not
affect ultimate soil pressures or yield displacements (i.e. Pui/Puitint = 15 Yu/Yureint = 1). The
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Figure 4. Effect of trench semi-width (a) on ultimate soil pressure, py; and (b) on yield displacement,
Ve, for H/D=4.
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corresponding ratio ayup = Xcr/Xmax appears to increase with backfill sand density. It is note-
worthy that the critical semi-width does not necessarily coincide with the maximum width of
the failure mechanism, but it is generally somewhat larger (i.e. X¢; >Xmax)-

(b) For trench widths smaller than x.,, both soil pressure and yield displacement increase
substantially compared to the corresponding “free-field” values. In the double-logarithmic
scale of Figure 4, this increase is quasi-linear, and is mainly affected by H/D, while the density
of the sand has a rather insignificant effect.

In view of the above, the effect of trench width on ultimate uplift backfill reaction and yield
displacement may be described by the following exponential relationships:

Pu —( x )B"zl 4)

Pult,inf Xmax * dv,up

y X —By
ult

= < ) (5)
Yultinf  \Xmax * dv,up

where coefficient a, ,, quantifies the critical width beyond which there are no trench effects,
while exponents B, and By express the rate by which the ratio pui/puit,inf O Yui/Yuit,int increase
with decreasing x/x,.x . These parameters may be analytically expressed as:

X
a\,yup:( ) = 1.087 - tanpeak ps (6)
max/ cr
H —0.78
B,=19- (B) (7)
H —0.70
B,=22- (B) (8)

4 DOWNWARD PIPELINE DISPLACEMENT

4.1 Shape and size of failure mechanism

In correspondence with Figure 3a, Figure 5a shows a typical failure surface for the case of
downward pipeline-backfill relative displacement. Observe that the shape of the failure surface
approaches now that of a strip foundation, and can be thus quantitatively defined in terms of
three basic dimensions: (a) the semi-width of the failure mechanism, x,.y, at the ground sur-
face, (b) the depth of the failure surface, d,,.., below the displaced pipeline and (c¢) the inclin-
ation 0.y, to the horizontal direction of the shear bands on both sides of the pipeline.

Statistical interpretation of the numerical results revealed that X;,,.x and d,,x mainly depend
on the embedment depth ratio H/D, and not so much on the backfill density. Thus, they could
be consistently fitted (Figures 5b and 6a) by the following analytical expressions:

Xmax 7.5
s ©)
Hii
dimax 1.2
o (10)
b+l

As far as 0, is concerned, numerical predictions show that it may range from 25° to 45°
(Figure 6b), without any clear effect of the embedment depth ratio H/D and backfill sand density.
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Figure 5. (a) Typical failure surface for downward pipeline-backfill relative displacement, and (b) vari-
ation of x,,,/H with H/D.
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Figure 6. (a) Variation of d,,,x/H with H/D and (b) variation of 6,,,, with H/D.

4.2  Effect of trench dimensions on pipeline response to downward displacement

Taking into account that the ultimate vertical downward soil reaction is significantly (about one
order of magnitude) larger than the corresponding uplift reaction and consequently the displace-
ment required to reach the ultimate reaction is equally large, the interest is now shifted to the ini-
tial stiffness of the elastoplastic soil springs. Moreover, it should be noticed that the dimension
that plays the most important role now is the distance, d, between the bottom of the displaced
pipeline and the bottom boundary of the trench. Thus, multiple analyses were performed for dif-
ferent trench depths below the displaced pipeline section. It is noted that, in all parametric ana-
lyses, this depth is computed after subtracting 0.02m of vertical pipeline displacement from the
initial “as built” depth. Thus, d varied from 25D (“free-field” conditions) to 0.4D. In addition, the
trench had vertical walls. The initial stiffness of elastoplastic soil springs was determined by fitting
a simplified bi-linear relation to the numerical p - y curve at the displacement of y = 0.02m.

The effect of depth below the displaced pipeline on the initial stiffness of the vertical down-
wards soil springs is illustrated in Figure 7, for the particular case of loose backfill density and
H/D = 1.5. The vertical axis corresponds to the initial stiffness of the elasto-plastic soil
springs, Kj,;, normalized against the reference “free-field” value, Ki,iinr, While the horizontal
axis corresponds to the depth of the trench d below the displaced pipeline normalized against
the maximum depth of the failure surface d,.., as obtained from the numerical analyses
(Figure 6a). The main remarks are the following:

(a) There is a critical value of depth, d = d.;, beyond which the bottom boundary of the
trench does not affect the initial stiftness of the soil springs (i.e. Kini/Kiniinr = 1.00) The corres-
ponding critical ratio d.,/dp.x is hereafter denoted as a, gn = de/dmax-

(b) It is noteworthy that the critical depth does not coincide with the maximum depth of the
failure mechanism, but is considerably larger (i.e. d.; >d.x). As depicted in Figure 5a, this is
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Figure 7. Effect of trench depth on the initial stiffness of the elastoplastic springs, for the case of loose
sand and H/D = 1.5.

due to the two symmetric vertical shear bands below the main failure mechanism which develop
in the direction of pipeline displacement. These shear bands stretch much deeper than d,,x of
the main failure surface and their limitation by a shallow trench affects pipeline response.

(c) When the depth to the trench bottom is less than critical (i.e. d < d.,), the initial stiffness
of the downward soil springs increases substantially compared to the corresponding “free-
field” value. In the double-logarithmic scale of Figure 7, this increase is quasi-linear and may
be described by the following exponential relationship:

. —Bk
Kini _ d >1 (1 1)
Kinijnf  \@v,dn - dmax

For the particular case of Figure 7, ay gn = (der/dmax) = 0.18 and Bg = 0.44.

As described previously for the case of uplift, a, g4, marks the critical trench depth below the
displaced pipeline beyond which there is no trench effect, while Bx expresses the rate by which
the ratio Kini/Kini inr increases with decreasing d/dm,x. To account consistently for the presence
of rock below the sand backfill, which becomes eminent for very low, still common in practice
d/d.x values, Equation 11 should be complemented as follows:

D

Kini < Kl—D,rock:M T
Ay dn - dmax

(12)

where K.p_ rock 18 the stiffness of a rock rectangular column below the pipeline, with section
dimensions D -1 m, height equal to a, 4,°diax and constrained modulus equal to M.

It should be finally noted that research on the downward relative pipeline-backfill displace-
ment is continued in order to improve the general accuracy of the analytical predictions pre-
sented above.

5 CONCLUDING REMARKS

To reduce the effect of permanent ground displacements on pipelines buried into stiff soil or rock
formations, it is common to enlarge the trench dimensions and use loose granular backfill. It is
realized that the efficiency of this technique relies on the assumption that the dimensions of the
trench are large enough, so that the response of the pipeline depends solely on the properties of
the backfill material and not of the much stiffer surrounding ground. However, there are no
design directives that indicate the extent of the aforementioned excavated trench. Hence, the scope
of the present study was twofold: (a) to define the shape and size of the failure surface and the
minimum dimensions of the trench so that the vertical resistance, both upwards and downwards,
of the pipeline is unhindered by the surrounding stiff native ground, and (b) to provide correction
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factors for the anticipated increase of the resistance in the loose granular backfill for narrow
trench conditions. The major conclusions that were drawn along these lines are the following:

(a)The shape of the failure surface in granular backfill, during pipeline uplift is unique, for all
examined backfill densities (loose, medium dense and dense) and embedment depth ratios
(H/D = 1.5 to 13.0). In particular, it resembles the shape of an inverted cone, which initiates
from the sides of the pipeline section and widens symmetrically towards the ground surface.
On the other hand, the width of the failure cone at the ground surface (2x,,,,«) is an increasing
function of the friction angle ¢ of the backfill material and the embedment depth ratio H/D.

(b)The shape of the failure surface, during downwards vertical displacement of pipeline, is also
unique, for all examined backfill densities and embedment depth ratios, but with one basic dif-
ference: it resembles a wedge failure mechanism similar to that of a strip foundation. It starts
just below the bottom of the pipeline and stretches side and upwards to the ground surface.

(c)Due to construction limitations, commonly excavated trenches are not large enough to
allow for free development of the failure cone (in case of uplift) or the generalized failure
mechanism (in case of downwards displacement) within the granular backfill. As a result,
the ultimate soil pressures acting on the pipeline as well as the yield displacement may
increase by an order of magnitude or more relatively to the corresponding values for an
adequately widened trench, when the pipeline moves upwards. The same applies to the ini-
tial stiffness of the soil springs, when the pipeline is displaced downwards.

(d)The correction factors obtained in the present study in order to account for the above effects
of trench dimensions are general and may be applied in connection with any proven method-
ology for the computation of vertical resistance of pipelines embedded in granular soils.
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