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A New Strategy for Mitigating Pipeline
Uplift in Liquefied Soils

Luca Flessati'; Pietro Marveggio?; Claudio di Prisco®; and Domenico De Sarno*

Abstract: Seismic-induced liquefaction is one of the main hazards for pipelines buried in saturated granular materials. When soil is partially
or completely fluidized, a lifeline, although installed in superficial trenches in which the coarse backfill soil usually is compacted, may
experience a sudden uplift and damages. To reduce pipeline uplift and thus limit the associated risks, the authors propose a sustainable
and original mitigation strategy, suitable for both existing and new lifelines, based on both the use of a geomembrane and the compaction
of the soil surrounding the pipeline. According to the design method proposed, the intervention geometry is selected on the basis of the
pipeline maximum admissible displacement, whereas the minimum required relative density can be designed, based on the site-specific
seismic demand, to avoid cyclically induced local accumulation in excess pore-water pressure. To prove the effectiveness of this strategy,
a series of 1-g small-scale laboratory tests was performed on a pipe buried in a fluidized sand layer. A simplified displacement-based design
approach, which was validated against the experimental data, is proposed. DOI: 10.1061/JPSEA2.PSENG-1459. © 2023 American Society
of Civil Engineers.

Author keywords: Buried pipelines uplift; Seismic-induced liquefaction; Sustainable risk mitigation; 1 = ¢ small model tests;

Displacement-based design; Geomembranes.

Introduction

In recent decades, the extent of buried pipelines for oil and gas
distribution has increased exponentially. It is not rare that pipe-
lines cross seismically active regions and pass through liquefiable
strata. In this case, many authors have reported events of pipe uplift
associated with soil partial or complete liquefaction (Yasuda et al.
1995; Koseki et al. 2000; Tobita et al. 2009; Chian and Tokimatsu
2012; Huang et al. 2014; Pisano et al. 2020), causing structural
damages, potentially impacting the infrastructure functionality, and,
in the case of leakage of the transported fluid, impacting the sur-
rounding environment as well.

The uplift phenomenon is caused by the partial or complete
fluidization of the surrounding soil and the buoyancy of the pipe.
Some authors have studied the problem experimentally (Yasuda
et al. 1995; Koseki et al. 2000), but very few authors have studied
it numerically (Della Vecchia et al. 2019; Pisano et al. 2020). The
numerical simulation requires the capability of dealing with large
displacements and dynamic conditions, and the implementation of
a constitutive relationship capable of describing the mechanical
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behavior of soils in both solid and fluidlike regimes (Vescovi et al.
2020; Marveggio et al. 2021; Marveggio et al. 2022).

In both the scientific literature and practical applications, dif-
ferent mitigation measures have been proposed to reduce the risks
associated with pipe uplift. These can be subdivided into two
categories: (1) mechanical, and (2) hydraulic interventions. In the
former category are techniques aimed at (1) increasing the pipeline
equivalent weight, (2) improving the mechanical properties of the
surrounding soil, and (3) anchoring the pipeline. In the latter cat-
egory are techniques aimed at locally reducing the pore-water pres-
sure. This result usually is obtained by installing drains within the
trenches in which the pipeline is buried.

The first category, which does not avoid the tendency of the soil
close to the pipeline to liquefy, is aimed at balancing the buoyancy
force exerted by the liquefied soil, coincident, according to Archi-
medes’ principle, with the unit volume weight of the fluidized soil
multiplied by the pipe volume. The most popular solution is based
on the use of concrete to coat pipelines, obtaining a suitable equiv-
alent unit volume weight, which is a function of the thickness of the
coating layer. Alternatively, the pipeline weight may be increased
by means of (1) cast in situ or precast concrete saddles, (2) saddle-
bags filled with sand or gravel, or (3) the installation of gravel bags
above the pipeline (Ling et al. 2003; Castiglia et al. 2017, 2021). In
all these cases, the materials employed to increase the weight are
expected to be characterized by unit weight values not significantly
larger than that of the saturated soil, implying that the volumes
necessary to prevent uplift are very large. As a consequence, in
many cases these mitigation techniques may be very expensive and
not sustainable.

According to mitigation techniques based on soil improvement,
standard injections (Andrus and Chung 1995), lime (Ito et al. 1994),
or colloidal silica grout (Gallagher et al. 2007; Diaz-Rodriguez et al.
2008) have been proposed to create artificial intergranular bonds
in the soil adjacent to the pipeline. These intergranular bonds, which
provide shear strength even for zero effective stresses, prevent the
local soil fluidization. When liquefaction takes place, the volume of
the grouted soil along with the pipe behaves as a unique solid body.
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The grouted subdomain dimension necessary for preventing the up-
lift usually is very large and, again, even these mitigation measures
are considered to be expensive and not sustainable.

In principle, the goal of anchoring techniques is to avoid pipe-
line movement by employing structural elements, such as screw
anchors installed in the proximity of the pipeline (Castiglia et al.
2017) and anchored in the soil far from the pipeline. However,
because the area potentially undergoing fluidization is expected
to be quite extended and is difficult to individuate, these techniques
are not cost-effective.

In terms of hydraulic mitigation measures, the installation
of drains in the proximity of the pipeline (Miyajima et al. 1992;
Orense et al. 2003; Castiglia et al. 2021) is particularly effective
in locally reducing the accumulation of excess pore-water pressure.
However, this type of intervention design is not straightforward,
and the use of a large number of drains make this technique very
expensive.

This paper proposes a new economic and sustainable pipeline
uplift mitigation technique (section “Description of the Proposed
Mitigation Technique”), based on
1. compacting the trench backfill soil, the superficial layer sur-

rounding the trench, and the cushion layer under pipeline system

up to a relative density designed on the basis of the specific seis-
mic demand of the site and on the cyclic behavior of the soil
layer [for example, as suggested by Seed et al. (1985)], to pre-
vent local cyclic pore-water pressure accumulation; and

2. installing a geomembrane to hydraulically isolate the portion of
soil adjacent to the pipeline and increase the mass involved by
the movement.

To prove the effectiveness of this mitigation technique, the
authors performed a series of 1-g small-scale model tests in which
increased pore-water pressure was induced by means of an upward
stationary seepage. This choice is justified theoretically in the
section “Description of the Proposed Mitigation Technique,” in
which the natural phenomena associated with seismically induced
soil liquefaction are discussed with reference to shallow buried
pipelines in the case of sufficiently dense backfill materials. For the
sake of completeness, the experimental setup is described briefly
in the section “Description of the Experimental Setup.” Experimen-
tal results initially were gathered without any mitigation system

~

Liquefiable layer_ . e

(section “Unmitigated Conditions: Experimental Tests and Inter-
pretative Model”). Those data were adopted as reference for discus-
sing the effectiveness of the proposed mitigation measure (section
“Mechanical Displacement Mitigation Technique: Experimental
Tests and Design Method”), for which a simplified interpreting ap-
proach, introduced by the authors and suitable for design purposes,
is provided.

Description of the Proposed Mitigation Technique

The most dangerous consequence of seismic actions on saturated
soil strata is a sudden increase in pore pressure, which in some
cases causes material fluidization. This may be induced by either
(1) cyclic accumulation of excess pore-water pressure (potentially
inducing cyclic liquefaction), or (2) severe vertical seepage (poten-
tially inducing soil piping).

Cyclic liquefaction takes place only during a seismic event
(coseismic phenomenon), and depends on relative density and the
number and amplitude of cycles [Fig. 1(a)] (Castro 1975; Seed and
Booker 1977). The phenomenon may develop under practically
undrained conditions, that is, when the rate of accumulation of
excess pore-water pressure (a function of the relative density and
the number and amplitude of cycles) is larger than rate of its dis-
sipation (depending on soil permeability and soil stratum distance
from the water table level (Seed and Booker 1977; Ishihara 1985).
The pioneering works of the 70 s and 80 s focused on studying the
local material behavior. More recently, using either centrifuges or
shaking tables, the response of boundary value problems was
investigated (Fiegel and Kutter 1994; Steedman and Sharp 2001;
Adalier and Elgamal 2005; Brennan and Madabhushi 2005; Ueng
and Chen 2006; Tohumcu Ozener et al. 2009; Huang et al. 2014),
and the results of these tests, considering both homogeneous and
stratified layers (from loose to medium-dense conditions) confirmed
the experimental findings at the representative elementary volume
scale. Among these studies, (1) Fiegel and Kutter (1994) and
Brennan and Madabhushi (2005) considered even the presence
of a superficial silty layer, and (2) Huang et al. (2014) investigated
the cyclic accumulation of excess pore-water pressure in the prox-
imity of a pipeline buried in a homogeneous medium-dense layer.
In this second case, the accumulation of excess pore-water pressure

=z Fluidization due
o S e to seepage in
GG v-'Sf‘?eP_a-Q_e: VG dense layer

0 Liquefiable layer

(b)
— Seismic
input

Time

Shear stresses
Shear strains

Time

Excess pore water pressure

Time

Fig. 1. (a) Liquefaction due to the accumulation of excess pore-water pressure; and (b) fluidization due to vertical upward seepage.

REV = representative elementary volume.
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is affected locally by the presence of the pipe, with negligible effects
on the global cyclic-induced fluidification mechanism. The exper-
imental results clearly showed that pipeline uplift occurs with a
sufficient reduction of effective stresses, but not necessarily with
their nullification.

Piping [Fig. 1(b)] may take place both during and after a seismic
event (postseismic phenomenon) in stratified soils, in which a loose
granular material is covered by a very dense (not liquefiable) granu-
lar layer (Seed and Lee 1966; Ambraseys and Sarma 1969; Seed
et al. 1975, 1985; Seed and Booker 1977).

Onshore pipelines usually are buried in shallow trenches (1-2 m
deep) filled with compacted soils. The compaction can be designed
to prevent, for any given design seismic event (in terms of ampli-
tude and number of cycles), a severe increase in pore-water pres-
sure in the proximity of the pipeline. In contrast, compaction cannot
avoid pore-water pressure increase due to upward seepage and the
activation of the consequent pipeline uplift. To reduce the vertical
uplift of the pipe, a new technique based on the hydraulic isolation
of the soil adjacent to the lifeline (Fig. 2, Subdomain A) from the
rest of the surrounding domain (Fig. 2, Subdomain B) is introduced
in this paper. This can be achieved by positioning a membrane
impervious to water (geomembrane) in the trench employed to
install the pipeline. To both limit construction costs and improve
the intervention sustainability, the trench may be filled with the soil
resulting from the excavation, suitably compacted to avoid its
cyclic liquefaction.

The proposed mechanical displacement mitigation (MDM)
technique has two different versions (MDMa and MDMb): the
former (in which the membrane is positioned beneath the pipeline)
is suitable for newly constructed pipelines [Fig. 2(a)], whereas the
latter (in which the membrane is positioned partially above the
pipeline), does not require the removal of soil beneath the pipeline,
and thus is suitable even for existing pipelines [Fig. 2(b)].

The hydraulic isolation prevents the increase in pore-water
pressure in the soil placed around the pipe, independent of the
triggering mechanism.

In contrast with what was observed in the unmitigated case
(section “Unmitigated Conditions: Experimental Tests and Inter-
pretative Model”), when pore-water pressure in Subdomain B
increases sufficiently, the uplift involves both the pipeline and
Subdomain A. The combination of the two domains is character-
ized by an equivalent unit volume weight slightly smaller than that
of the fluidized soil and significantly larger than the pipeline

Mechanical Displacement Mitigation a
B=b+2Hcotf

Pore water

pressure ‘ R
o Subdomam B b

LK

equivalent unit volume weight. Thus, the proposed mitigation mea-
sure cannot inhibit the inception of the uplift mechanism, but, as is
shown in the section “Mechanical Displacement Mitigation Tech-
nique: Experimental Tests and Design Method,” it severely reduces
the final pipeline upward displacement u .

Description of the Experimental Setup

The main goal of this research was to prove the effectiveness of
the proposed mitigation measure, not to describe the complex
hydromechanical phenomena taking place locally when the uplift
of the pipe takes place. Therefore, the authors induced the increase
in pore-water pressure within the soil domain by imposing an up-
ward seepage. For this, they performed a series of 1-g small-scale
model tests. The experimental setup (Figs. 3 and 4) consisted of a
box filled with a sandy layer, in which the pipe initially was buried.
Optical sights were connected rigidly to the pipe by means of a
vertical hollow brass rod, and a laser sensor device (LK-G402,
Keyence Corporation of America, Itasca, Illinois) with a £100-mm
measuring range and 2-um repeatability was employed to measure
vertical displacements directly.

The box was filled with a moist tamped 150-mm thick Ticino
sand (Table 1) stratum (Fig. 3). A series of preliminary experimen-
tal tests, not reported here for the sake of brevity, allowed imposing,
with satisfactory reproducibility, a uniform relative density corre-
sponding to a saturated unit weight (v,,) of 18.2 kN/m>. The
authors used a standard compaction procedure, and for each test
measured the material relative density along the depth by embed-
ding in the soil small open-headed boxes of known volume. At the
end of the test, their net weight was measured. These measures are
omitted here for the sake of brevity.

The upward seepage process was induced by controlling the
water pressure distribution at the base of the domain. To provide
a uniform water flux, a 50-mm-thick gravel layer was positioned
beneath the sand stratum [Fig. 3(a)]. Uniformity in water flux was
verified by performing a series of preliminary seepage tests
(without the pipe); 14 tests were performed, during which the hy-
draulic head was measured locally using 9 piezometers at different
locations (on a 3 x 3 grid). At constant depth, all the measures
coincided. During these tests, the outflow rate was measured, and,
as was expected, before liquefaction the flow rate linearly depend
on the hydraulic gradient imposed. To avoid infiltration of sand

Mechanical Displacement Mitigation b
B=b+2Hcotf

LK

;-_Poré water - - :
pressure i 1
SubdomamB x

Impervious membrane

(@)

Impervious membrane

(b)

Fig. 2. Sketch of the mechanical mitigation: (a) membrane below the pipeline (MDMa); and (b) membrane above the pipeline (MDMD).
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Fig. 3. Sketch of the experimental setup: (a) lateral view; and (b) view from above.
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Fig. 4. Details of the experimental apparatus: (a) water regulation system; and (b) guiding system.

grains into intergranular gravel voids, a permeable geosynthetic
layer (200 g/m?, 1.6 mm thick, 100-um characteristic opening,
and 6-cm/s permeability) was positioned at the sand—gravel inter-
face. To control and fix the water table level in both the sand and
the gravel layers, two different overflow systems were installed
[Fig. 4(a)]. To monitor the uniformity of pressure distribution at the
base of the sand layer, three piezometers were positioned at three
corners of the box [Fig. 3(b)].

The pipe was made of PVC (density 1.38 g/cm?®) and had an
external diameter (D) of 50 mm and a thickness of 2 mm. To avoid
soil and water intrusion in the pipe, it was filled with polyurethane

© ASCE

04023042-4

foam. To avoid friction between pipe bases and box surfaces, the
pipe length was 350 mm, slightly less than the box dimension
(Fig. 3). The pipe equivalent unit weight (v.q) was 2.57 kN/ m’.
As a precautionary measure, to avoid pipe rotation the pipe was
connected rigidly to two hollow guiding rods made of brass
(external diameter 3.5 mm, and 0.5 mm thick) and to a guiding
system [Fig. 4(b)].

The results obtained were interpreted by assuming that the
system behaved under plane strain conditions, because the value
for the pipe length—diameter ratio, 7, was sufficiently large that
boundary effects were negligible.
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Table 1. Properties of Ticino sand (Fioravante 2000)

Dsp
G, (mm) U, epnn  €max Mineralogy

2.681 055 1.5 0.578 0.927 Angular (20%), Quartz (30%),
subangular (55%), feldspar (30%),
subrounded (25%) mica (5%),
opaque (35%)

Morphology

Unmitigated Conditions: Experimental Tests and
Interpretative Model

Test Procedure

In the unmitigated case, the test preparation (Fig. 5) consisted of

1. Trench excavation [Fig. 5(a)]—the moist tamped sand initially
was partially saturated, so that a trench with vertical sides could
be constructed.

2. Pipe positioning [Fig. 5(b)]—the pipe was positioned at the base
of the trench. The distance between the base of the trench and
the ground surface is hereafter named H.

3. Backfill deposition [Fig. 5(c)]—the soil was deposited over the
pipe through moist tamping.

4. Soil saturation [Fig. 5(d)]—a low-gradient upward seepage was
imposed for 24 h.

The test was performed by progressively increasing the hydraulic
head at the base of the gravel layer. The test ended when the pipe
stopped moving.

B
—
T
Trench :Si'a'r.‘.d": |
2.7 Graveblayer”. T 2.
o 2O L o o L
T

Different H/D ratio values (1.5, 2, 2.5, and 3) and different
(only in terms of the final value of imposed gradient) hydraulic
head versus time histories were considered.

Test Results

During the test, the controlled variable was the value of the average
hydraulic gradient i (calculated as the ratio of imposed hydraulic
head difference to the sand stratum thickness, Au,,/7,,z, where
Au,, is the local increase in pore-water pressure, z is the depth,
and +,, is the water unit volume weight), whereas the measured
variable is the vertical displacement u. A stepwise time (¢) evolu-
tion of 7 was imposed. For the sake of clarity, the results of only one
test are discussed here in detail; all the other curves were very
similar, and are omitted for the sake of brevity. These results,
relative to H/D = 3 and the i history of Fig. 6(a), are reported in
Figs. 6(b and c). During the early stages of the test (i <0.7) a
tensioned wire was positioned at the ground surface [Fig. 7(a),
white line].

The experimental results showed that initially (Fig. 6, A-B) the
displacements induced by the hydraulic head increment were
negligible and rate-independent. For i =i = 0.6 (Fig. 6, B) the
pipe started moving (uplift inception), even if fluidization had
not yet taken place. This is shown in Fig. 7(b), where, at the ground
surface, the tensioned wire was partially covered by the soil, which
is signature of a vertical upward displacement of the soil above the
pipe. By further increasing i [i = i* (Fig. 6, C)], soil fluidization
occurred locally [Fig. 7(c)], and an unstable response was obtained.
Finally (Fig. 6, D), the pipe reached the ground surface [Fig. 7(d)].
Local fluidization (close to the pipe) was observed for values

5mm

Fig. 5. Test preparation: (a) trench excavation; (b) pipe positioning; (c) backfill deposition; and (d) saturation.
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Fig. 6. (a) Imposed hydraulic gradient time history; (b) evolution of displacement with i; and (c) evolution of displacement with time (H/D = 3).

Fluidfication

(©)

(d)

Fig. 7. Experimental results (H/D = 3): (a) initial condition (the white line indicates a tensioned wire); (b) uplift inception (Point B of Fig. 6);
(c) fluidification (Point C of Fig. 6); and (d) complete pipe uplift (Point D of Fig. 6).

of i approximately equal to 85% of i ., which is the critical value of
the hydraulic gradient associated with the nullification of vertical
effective stresses in a one-dimensional case (i, = 7v'/,,, where ~/
is the soil submerged unit volume weight). To highlight the final
response (CD), Fig. 6(c) includes an enlargement of the u-f curve as
an inset. Initially, [Fig. 6(c), CC'] the pipe moves at a constant rate.
At a certain displacement value (Point C’ for u/D = 0.4) the pipe
velocity starts increasing (C'D). This unstable pipe uplift seems to
be induced by the development of a cavity filled with water beneath

© ASCE
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the pipe (Schupp et al. 2006; Koseki et al. 2000; Cheuk et al. 2008).
This cavity is expected to act as a drain, locally inducing (1) an
increase in the water flux in the proximity of the pipe (Ling
et al. 2003), (2) an increase in the local hydraulic gradient, and
(3) a severe local reduction in effective stresses.

As previously mentioned, the authors performed tests char-
acterized by the same target i time histories [Fig. 6(a)], but
the final i value imposed was different due to the complete pipe
uplift.
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The estimation of 7 is particularly interesting for mitigation
measure design: if 7 is larger than the maximum expected i value
associated with the design seismic event, mitigation measures are
not necessary.

Interpretative Model

To investigate the dependency of ion geometry, the authors also
performed a series of experimental tests for different H/D ratio
values. The experimental 7 values are summarized in Fig. 8(a)
(solid circles) in the i/i.., H/D-plane. The use of i/i., is particu-
larly convenient because i/i., = Au,/(vy'z) = r,, which is a
variable commonly employed to quantify the effect of seismic
actions on saturated granular soil strata (Seed and Booker 1977;
Ishihara 1985; Fiegel and Kutter 1994; Brennan and Madabhushi
2005; Huang et al. 2014).

To assess theoretically the i values, the soil was assumed to
behave like a solid, the limit equilibrium method was adopted,
and a chimney-like failure mechanism analogous to that proposed
by Trautmann et al. (1985) was employed. In particular, the
subdomain at failure involves the pipe and the portion of the soil

domain directly above the pipe [Fig. 8(b)]. Under quasi-static

conditions, the forces acting on this subdomain are

e the pipe weight W ;

» the weight of the soil above the pipe W;

* the resultant force of the pore-water pressure U (not present
in Trautmann et al. 1985) calculated by assuming a one-
dimensional seepage (i.e. the pore-water pressure distribution
is assumed not to be significantly influenced by the presence
of the pipe) (Appendix); and

» the resultant force of tangential stresses acting on the two
vertical sides of the soil domain above the pipe 7.

These tangential stresses are calculated as

T = Ui/; tan st/s = ksso—é tan Qbs/s (1)

where ¢/ = friction angle under simple shear conditions (Pisano et al.
2016; di Prisco et al. 2020; di Prisco and Flessati 2021; Boschi et al.
2023; Flessati et al. 2023; Mangraviti et al. 2023a, b), calculated by
assuming a zero dilatancy angle and by using the value of a critical
state friction angle of 35°, experimentally derived by Fioravante
(2000); o} = vertical effective stresses, calculated by assuming the
seepage process to be one-dimensional

1 r
Avd
0.8 Unstable -
=06
[
= Stable
04
02 | Uplift inception
® Experimental
— Limit equilibrium
0 1 1 1
1 2 3 4 5
H/D
(a) (b)
1
=3

ilicr

| Uplift inception
0.2 I. "/eq/’\/sat=0.2
. -—. = o '\/eq/"/sat=0.4
— — — Yeqlysat=0.6
0 1 1 1 ]
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Fig. 8. (a) Variation of i on H/D comparison between experimental and limit equilibrium method results (v = 18.2 kKN/m?,
Yeq = 2.57 KN/m?, D = 5 cm); (b) failure mechanism; (c) variation of i/i, with H/D for different e,/ values (7 = 18.2 kN/m*, D = 5 cm).
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o, = =iz (2)

By imposing the balance of momentum along the vertical
direction

W, +W,+T=U (3)

1 is calculated as a function of kg. Due to the imposed vertical up-
ward seepage, locally effective stresses are practically nil, and the
solution is affected negligibly by k. In this paper, k¢ was assumed
to be equal to 1 (di Prisco and Pisano 2011). The solid line of
Fig. 8(a) corresponds to the solution of Eq. (3) for the geometry
and soil properties of the case under consideration. The agreement
with experimental results was very satisfactory. The theoretical as-
sessment of 7 is expected to be conservative because it corresponds
to the maximum value for which a static equilibrated configuration
can be achieved.

For the sake of completeness, Fig. 8(c) shows the theoretical
curves corresponding to different 7,q/s values in typical ranges
for practical applications. For practical purposes, Fig. 8(c) can be
adopted as a design guide.

Mechanical Displacement Mitigation Technique:
Experimental Tests and Design Method

Test Procedure

In case MDMa [Fig. 2(a)], which can be adopted for new life-
lines only, the test preparation consisted of (1) trench excavation
[Fig. 5(a)], (2) membrane positioning, (3) pipe positioning [Fig. 5(b)],
(4) backfill deposition [Fig. 5(c)], and (5) saturation [Fig. 5(d)].
In case MDMb, which is suitable for both new and existing pipe-
lines, Phases 2 and 3 were inverted.

As in the section “Unmitigated Conditions: Experimental Tests
and Interpretative Model,” the tests were performed by progres-
sively increasing the hydraulic head at the base of the gravel layer.
Even in this case, the imposed hydraulic gradient time history was
characterized by a stepwise trend.

Test Results

The tests performed by the authors (Table 2) considered different
geometries (different /D and (3 values) and types of mitigation
(MDMa or MDMD). In particular, two different values of b/D
(1 and 3) and of 3 (45° and 90°) were taken into account.

The results of test MDMO1 (MDMa), obtained by imposing the
i versus time history reported in Fig. 6(a), were compared with the
unreinforced case in Fig. 9(a). As was discussed in the section
“Description of the Proposed Mitigation Technique,” the proposed
mitigation technique cannot completely inhibit the pipe uplift.
Neither i nor i* values are not significantly influenced by the pres-
ence of the membrane, because initially, from a mechanical point of
view, the membrane does not play any role (its flexural stiffness is
negligible under small displacements). However, the presence of
the membrane significantly affects the system response after the
onset of instability: in the unmitigated case the pipe continuously

Table 2. Summary of experimental tests of mechanical mitigation

Tests H/D b/D 5 (degrees) Type of mitigation
MDMO01-04 3 3 90 MDMa
MDMO5 3 3 90 MDMb
MDMO06-07 3 1 45 MDMa
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accelerates and reaches the ground surface [Fig. 7(d)]; in contrast,
in the mitigated case, due to second-order effects, the pipe stops
(for u = uy) without reaching the ground surface. Figs. 9(b and c)
plot the curves for MDMO01-MDMO04 to show the experimental test
repeatability.

Fig. 9 also plots a curve corresponding to test MDMOS5, obtained
using MDMb. This curve is similar to the curve corresponding
to MDMa, suggesting that, from a practical point of view, the two
versions of the mitigation measures seem to be equivalent.

The results of tests MDMO06 and MDMO7 (b/B =1 and
(3 = 45°) are compared with those of the nonmitigated case in
Fig. 10(a). For the sake of completeness, Fig. 10(b) plots the results
in the u, i-plane. Even in this case, (1) the proposed mitigation
intervention could not completely inhibit the pipe uplift, (2) 7 and
i* were not significantly influenced by the presence of the mem-
brane, and (3) the pipe stopped without reaching the ground
surface.

In this case, the uplift of the inclined sides of the membrane
[Fig. 10(b)], as observed by the authors, induced the formation
of a preferential path for the water flow between the membrane
and the soil underneath.

Design Method

As was previously mentioned, the proposed mitigation technique
does not influence 7, but rather the final displacement of the pipe.
When instability occurred, in the unmitigated case the pipe moved
within the (partially) fluidized soil and stopped only at the ground
level when part of the pipe emerged. In other words, the final con-
figuration was that corresponding to the satisfaction of static
balance of momentum along the vertical direction (that is, buoyancy
force became equal to the pipe weight). In contrast, in the mitigated
case, after the onset of instability, the pipe moved along with
Subdomain A of Fig. 2. Thus, the final configuration, correspond-
ing again to the satisfaction of the static balance of momentum
along the vertical direction, was obtained when the weight of pipe
plus the soil in Subdomain A became balanced by the buoyancy
force.

The proposed design approach is based on a modification of
the standard limit equilibrium method, which accounts for large
displacements. This relies on the following assumptions:

1. the membrane thickness and weight are negligible;

2. the system composed of the pipeline, membrane, and Subdo-
main A (Fig. 2) behaves as a unique rigid body;

3. Subdomains A and B remain hydraulically isolated even in the
deformed configuration; and

4. the water pressure, depending on u/, is equal to that obtained in
the case of a one-dimensional vertical upward seepage process

(Appendix), with i = .

The use of i, is justified by the aim of providing a safe side
solution, because not only is i, the maximum value for i, it also
allows maximizing u;.

The authors validated the model using the previously illustrated
experimental test results corresponding to different /D and [
values. The authors wrote the governing equation in a nondimen-
sional form and compared the results in the nondimensional u /D,
B/ D-plane (refer to Fig. 2 for definitions of B and D). The agree-
ment was very satisfactory [Fig. 11(a)]. The use of these nondimen-
sional variables is particularly convenient because the governing
equation negligibly depends on /.

The same equation can be used for design purposes. Fig. 11(b)
plots different curves corresponding to different 7 /75 values. As
is evident, u; monotonically decreases with B (Fig. 2). Given D, H,
and eq/7sa as input data and an admissible system performance in
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Fig. 9. Experimental results of tests MDMO1-05.

terms of u;, a unique B value is obtained. The value of [ that
minimizes the excavation volume (strictly related to the interven-
tion cost) corresponds to 3 = atan[2H — (B — D)], obtained by
imposing b = D.

The mitigation technique, which was validated against small-
scale experimental results, is expected to be reliable even in the
case of real-scale pipelines, because it considers the final static
equilibrated condition. In fact, because in the problem considered
the effective stresses in the soil were practically nil, the well-known
soil stiffness and strength stress dependence are expected to play a
negligible role. In the case of larger pipelines, only the transient
processes (reaching the ground surface in the unmitigated case,
or reaching the final stable configuration in the mitigated case)
are expected to be temporarily different. In particular, because the
unstabilizing force is a volume force, whereas the (small) stabiliz-
ing forces (tangential stresses developing on either pipeline surface
or membrane surface) are surface forces, transient processes are
expected to be faster.
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Concluding Remarks

This paper proposes a new strategy to mitigate the risk associated
with the uplift of pipelines buried in fluidized or partially fluidized
granular materials. The mitigation strategy consists of compacting
the superficial soil layer in which the pipeline is installed to prevent
local cyclic liquefaction and in laying down a membrane imper-
vious to water in the trench in which the pipeline is installed.
Compaction is essential to prevent liquefaction in the soil next
to the pipeline, and must be designed according to the site-specific
seismic demand and the cyclic soil behavior. The membrane coun-
teracts the potential increase in pore-water pressure induced by
seismic-induced upward seepage. The membrane may be placed
either beneath or above the pipeline, for new or existing pipelines,
respectively. The working principle of this mitigation measure
consists of hydraulically isolating the soil placed in the coated
trench. Therefore, the in situ soil may be employed as backfill
material, drastically reducing the costs. A direct comparison of the
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costs associated with this novel mitigation measure and the tradi-
tional measures is very site-specific, and was out of the scope of
this paper.

Small-scale 1-g model tests, aimed at validating the mitigation
measure effectiveness, consisting in imposing upward seepage to
induce an increase in pore-water pressure in the soil surrounding
the pipe, were carried out. The proposed technique was proven
not to influence the uplift phenomenon inception, but to signifi-
cantly reduce the final upward displacements. In the unmitigated
case, the pipe always reached the ground level, whereas in the
mitigated case, the final upward displacement is a function of
the geometrical configuration employed for the membrane. This
implies that membrane geometry can be designed to obtain a
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target system performance in terms of admissible upward pipe-
line displacements.

Regarding the inception condition, the limit equilibrium method,
suitably modified to account the seepage process for, was employed
to evaluate the gradient (increase in excess water pressure) for which
uplift occurs. The theoretical predictions, validated against experi-
mental test results, are particularly useful for determining whether
mitigation is necessary or not.

In the mitigated case, to estimate final displacements, the static
balance of momentum along the vertical direction was employed
with reference to the deformed configuration (final geometry),
by considering a pipe and soil placed in the trench above the pipe
to behave as a unique rigid solid body. This approach, which was
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validated against experimental test results, is a simple tool to be
employed in the mitigation measure design. Given the geometry,
pipe, and soil unit volume weights, this simple approach can be
employed to design the geometry of the coated trench.

The mitigation measure is aimed at avoiding damages and
interruption of services during and after extreme events. Potential
aftershocks, which usually occur in a short period after the main
event, are expected not to induce additional displacements to the
mitigated system because during the main event a stable equilib-
rium condition is reached, and even if the surrounding soil is lique-
fied again, the pipeline is expected not to move.

Appendix. Seepage Analyses

The presence of the pipe necessarily modifies the pore-water
pressure distribution within the soil. This appendix demonstrate
that this modification is negligible, even if the trench is coated
with the impervious membrane [Figs. 12(a—c)]. A series of two-
dimensional (2D) linear numerical seepage analyses was performed

using the commercial code Midas GTS NX version 2021 1.1. The
spatial discretization, optimized by means of a series of preliminary
analyses, which are not reported for the sake of brevity, was com-
posed of 7,000 six-node triangular elements. The materials were
assumed to obey Darcy’s law and to be hydraulically isotropic.
On the upper and lower boundaries of the domain, the hydraulic
head was imposed to be constant; the difference in the imposed
hydraulic head was L = 4D, where L is defined in Figs. 12(a—c).
Both the pipe and the vertical boundaries of the domain were as-
sumed to be impervious to water. The presence of the impermeable
membrane [Figs. 12(b and ¢), RST] was simulated with an interface
impervious to water.

The results of the simulations are reported in terms of flow nets
[Figs. 12(a—c)] and contours of the normalized pore-water pressure
(u,,/7,,L) [Figs. 12(d—1)]. For the sake of clarity, Figs. 12(g—i) plot
the profiles of u,, along depth (z) for Section P-P’ of Figs. 12(a—c)
with reference to the three geometries taken into account.

In the nonmitigated case [Figs. 12(a, d, and g)], even if a slight
curvature is observed in the equipotential line in the proximity of
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Fig. 12. Seepage numerical results: (a) flow net for unmitigated case; (b) flow net for MDMa and 3 = 90°; (c) flow net for MDMa and 3 = 45°;
(d) normalized pore-water pressure for unmitigated case; (¢) normalized pore-water pressure for MDMa and 5 = 90° (f) normalized pore-water
pressure for MDMa and /3 = 45°; (g) pore-water pressure distribution along PP’ for unmitigated case; (h) pore-water pressure distribution along PP’
for MDMa and (3 = 90°; and (i) pore-water pressure distribution along PP’ for MDMa and (3 = 45°.
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the pipeline, the water pressure distribution was almost coincident
with that obtained in a one-dimensional seepage process (the error
is less than 5%).

The numerical results relative to the mitigated cases show that
two subdomains can be distinguished, one within the impervious
membrane [Figs. 12(b and c¢), Subdomain A] and one outside the
membrane [Figs. 12(b and c), Subdomain B]. In Subdomain A, the
hydraulic head is constant and the pore-water pressure is hydro-
static, implying that liquefaction is impossible, as was considered
in the section “Description of the Proposed Mitigation Technique.”
In Subdomain B, the equipotential lines are almost horizontal and
very slightly affected by the presence of the membrane. Consider-
ing the portion of domain adjacent to the membrane, the presence
of the membrane tends to slightly increase the seepage force with
respect to the far field, but this effect can be neglected because the
relative difference in pore-water pressure (|[u,, — (1 + i)7,z]/
[(1+ i)¥,2]|) for any z value is less than 10% [Figs. 12(h and i)].
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