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Abstract. One of the significant problems in the design of onshore pipelines in seismic areas is their stability in case of
liquefaction. Several model tests and numerical analyses allow investigating the behavior of pipelines when the phenomenon of
liquefaction occurs. While experimental tests contribute significantly toward understanding the liquefaction mechanism, they are
costly to perform compared to numerical analyses; on the other hand, numerical analyses are difficult to execute, because of the
complexity of the soil behavior in case of liquefaction.

This paper reports an overview of the existing computational methods to evaluate the stability of onshore pipelines in liquefied
soils, with particular attention to the development of excess pore water pressures and the floatation of buried structures. The
review includes the illustration of the mechanism of floating and the description of the available calculation methods that are
classified in static and dynamic approaches. We also highlighted recent trends in numerical analyses. Moreover, for the static
condition, referring to the American Petroleum Institute (API) Specification, we computed and compared the uplift safety
factors in different cases that might have a relevant practical use.
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1. Introduction

Dynamic liquefaction of saturate loose sand deposits is a
possible geotechnical failure effect caused by earthquakes,
which can lead to large damages in natural environment
(i.e., landslides or subsidence) and constructions, including
buildings, infrastructures, industrial facilities and lifelines.
Among them, pipeline networks constitute an important
component for economic and social growth of an area.
Their protection from natural hazards represents a primary
challenge for engineers.

Pipelines are widely used for industrial and civil
purposes for transportation of gases and liquids (natural gas,
water, oils, wastewater) and are crucial infrastructures for
the sustainment and development of human activities,
playing an essential role in human life and in economic
development. The integrity of those systems under extreme
events such as earthquakes is a primary requirement,
especially when they transport large amount of toxic and
flammable material.

Liquefaction in the soil interacting with structures might
cause permanent large displacements and consequent failure
and malfunctioning of onshore pipelines induced by
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differential vertical settlements or horizontal lateral spread.
Uplift of underground structures might also occur. As an
example, Fig. 1 illustrates some cases of damages caused by
liquefaction for steel buried pipelines: Fig. 1(a) refers to the
Christchurch (New Zealand) earthquake in 2011 and Fig.
1(b) shows the uplift of Liquefied Petroleum Gas buried
tanks during the offshore 2010 Bio-Bio (Chile) earthquake.

According to O’Rourke and Liu (1999), the dynamic
behavior of the surrounding soil strongly affected the
seismic response of the pipelines, especially when buried.
When the soil is crossed by seismic waves, the resulting
geotechnical effects related to pipeline damage are sketched
in Fig. 2. They could be divided in two categories, based on
experience and data collected during past earthquakes: a)
Strong Ground Shaking (SGS), which causes transient
deformation of soil surrounding the pipeline, without breaks
or ruptures in the soil; and, b) Ground Failure (GF), due to
fault displacement, liquefaction and landslides, which
results in permanent deformation of soil (i.e., soil failure).
The latter seismic failure mechanism appears only under
specific geotechnical conditions and is site-dependent (i.e.,
strong motion earthquakes and presence of loose sands
under groundwater level, for the liquefaction phenomenon).

We limited this research to a specific GF effect that is
soil liquefaction, while other GF analyses can be found
elsewhere (see, for instance, the approaches of Paolucci et
al. 2010 and Kazem et al. 2013 for pipelines interacting
with faults).

Pipelines, having a predominant one-dimensional
development, are commonly addressed as lifelines and are
often dislocated over wide areas. These structures can be
installed either underground or aboveground. Usually, they
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Fig. 1 Damage to industrial components induced by
liquefaction, (a) steed buried pipeline (after Yamada et al.
2011) and (b) LPG tanks (after GEER 2010)
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Fig. 2 Summary of strong ground shaking and ground
failure interaction mechanisms (adapted after O’Rourke
and Liu 1999)

are set at a burial depth of about 1-2 m. Less frequently, as
in case of crossings, pipelines are buried deeper. From the
observation of past earthquakes, buried pipelines appear to
be vulnerable to seismic loads, even if they perform better
than aboveground structures under the same conditions. The
burying process is beneficial for two main reasons: the
landfill protects the pipeline from external damaging events,
either natural or anthropic and the lateral confinement given
by the surrounding soil, which increases with depth, reduces
the seismic effects. Buried pipelines tend to accommodate
the soil deformation and the performances of the structures
are strongly related to the geotechnical effects only.
Pipelines can be divided in two classes (e.g., Lanzano et
al. 2015) with respect to the pre-failure deformation of the
materials: ductile and brittle pipelines. Ductile pipelines
show large deformations before failure and they are
generally made of steel, ductile iron and high-density

polyethylene; brittle pipelines, instead, fail without relevant
deformations, they are made of concrete (reinforced
concrete or ashestos cement) or some plastic materials, as
polyvinylchloride. With respect to joints type, the pipeline
can be divided in continuous and segmented. The
continuous pipelines are typically characterized by strength
and stiffness of the joints comparable to those observed
away from the joints (e.g., welded steel, fused polyethylene,
bolted joint pipe, etc.), whereas segmented pipelines show
strength and stiffness of joints substantially lower than that
between the joints, particularly for bell and spigot joints.
The hazardous, toxic and flammable fluids must be
transported only in continuous pipelines having large
strength and deformation before structural breaking and
consequent fluid release.

As previously stated, pipelines suffered heavy damages
when loaded by seismic actions, as in the recurrent and
catastrophic earthquakes of California (i.e., San Francisco,
1906; San Fernando, 1971; Northridge, 1994) and Japan
(Kobe 1995). However, despite the evolution in the anti-
earthquake techniques and the progress in the seismic
design, relevant damages to pipelines have been still
observed during recent earthquakes in Italy (L’ Aquila 2009,
Emilia 2012), New Zealand (Darfield 2010, Christchurch
2011), Chile (2010), Japan (Tohoku 2011), maybe because
the old construction age of the damaged structures (Lanzano
et al. 2015).

The seismic response of buried pipelines is quite
complex due to dynamic interactions involving three
different components: i) the soil around the structure; ii) the
structure itself, depending on geometric and material
features; iii) the fluid inside with its specific properties.
From a structural point of view, based on the case histories
of pipeline damages occurred during the past earthquakes,
fragility curves for different kind of lifelines have been
developed in the last few years (see, for instance, Lanzano
et al. 2013) to be used in the context of Na-Tech risk
(Natural events triggering Technological disasters)
assessments.

Starting from this preface, this paper describes the
behavior of onshore pipelines in liquefied soil and the
available computational tools for prediction and advanced
design, as obtained from a detailed literature survey,
providing a general background on this topic. This
background is necessary for the design of specific
remediation methods (e.g., Mahdi and Katebi 2015,
Castiglia et al. 2017) to be adopted for the installation of
pipelines in soils potentially interested to liquefaction.

2. Liguefaction phenomenon and pipeline buoyancy

Liquefaction is defined as the reduction in effective
stress and subsequent loss of stiffness and shear strength, in
saturated or nearly saturated soils, due to shaking induced
pore water pressure increases. The onset of the phenomenon
is currently evaluated, in the professional practice, using
methods derived from the well-known Seed and ldriss
(1971) approach, as, for instance, the one of Zhang and Goh
(2016). Once liguefaction occurs, pore water pressure
increases can lead, in some circumstances, buoyancy of
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Fig. 3 Observed deformation of model before and after
shaking (after Sasaki and Tamura 2004)

buried structures. If not properly accounted for, it can result
in floatation (Fig. 3) and structural damages. Obviously, this
phenomenon is more relevant for relatively light
underground structures (i.e., for pipelines transporting
natural gas).

Liquefaction happens when the pore water pressure
equals the vertical overburden stress, reducing to zero the
effective stress state, so that soil behaves like a fluid
material. Thus, the buoyant forces resulting from the
liquefaction phenomena can be directly related to the depth
of pipe burial. The vertical pipe displacement depends on
the resisting shear strength in the liquefied soil. The viscous
soil creates a drag force that limits the pipe movements.
Pipelines that are negatively buoyant with respect to the
unit weight of liquefied soil are subject to sinking. Vertical
movements due to pipeline buoyancy are generally more
significant for large diameter pipelines within soils having
relatively low post-liquefied residual strengths. The
duration of post-liquefied residual strength is a critical
factor in determining total pipe displacement. Pore
pressures generated within soils are released, sometimes
violently, through the development of cracks, fissures, and
spouts. The release can create dynamic pore pressures
exceeding the overburden pressures used to define the state
of liquefaction. Observations have identified water spouts
blowing several meters above the ground surface. Pipes
may be subjected to such dynamic pressures and, therefore,
specific design procedures are required along the transverse
section.

3. Mechanism of floating

The mechanism of flotation can be described referring
to the centrifuge tests conducted by Chian et al. (2015).
Particularly, under static conditions, while the conduit
moves upward, soil moves around the edge of the pipe
towards the opening cavity beneath the lifting pipe (Fig. 4).
During seismic vibration, excess pore pressure generates
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Fig. 4 Static uplift of the pipe in saturated soil (after
Chian et al. 2015)
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Fig. 5 Dynamic uplift of the pipe in saturated soil (after
Chian et al. 2015)
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Fig. 6 Liquefaction ratios at the springing depth of the
structure and away from it (after Chian et al. 2015)

and soil around the pipeline gradually flows in an oval-like
trace (Fig. 5).

In fact, due to the low stiffness of the liquefied material,
the lifted soil moves laterally away from the structure, as
indicated in Region A. At the same time, the soil near the
invert of the pipe (Region B) is drawn into the displaced
cavity beneath the structure. The soil in Region B is, then,
partly replaced by the overlying material (Region C) due to
gravity force and constant-volume conditions, which is, in
turn, replaced by the soil from Region A. This creates a
continuous movement of soil as compared to monotonic
uplift, which shows discrete deformation of soil above and
adjacent to the structure.

This circular flow is related to the existing of a
hydraulic gradient (Fig. 6) for which significant shear at the
soil-pipe interface arises from the uplift of the pipe, leading
to the dilation of the soil adjacent to it. This results in the
recovery of soil stiffness and shear strength in the proximity
of the pipe circumference, preventing the migration of the
material near the edge of the pipe. This allows also the
lower-stiffness liquefied soil, at far field, to flow in a wide
loop around this region of dilated soil, in order to fill the
expanding cavity beneath the floating pipe. The process
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Fig. 7 Shaking table test results (after Koseki et al. 1997)

causes both the variation of the effective weight of the
overlying soil and the supporting force of soil underlying
the pipeline, as well as the shear resistance from shear
planes that varies with the degree of liquefaction. The cyclic
response of the structure and soil is described, under
dynamic conditions, by a 2-D movement.

Definitely, the mechanism of flotation can be summarily
represented through the uplift of the buried structure. The
uplift initiates, after the application of the shaking, with the
generation of excess pore pressure (as indicated, for
example, by Huang et al. (2014), Sasaki and Tamura (2004)
and Chian et al. (2014); during shaking, after the soil
liquefies, uplift proceeds at nearly constant rate and ceases
when shaking stops. The time histories of input
acceleration, excess pore water pressures and uplift
displacement obtained through shaking table tests
conducted by Koseki et al. (1997) witnessed this statement,
as shown in Fig. 7. Begin and end time of uplifting is highly
dependent on the buildup of the excess pore pressure. As
expected, a higher uplift is also produced for a shallower
buried structure, because of the lower shear resistance and
surcharge weight offered by the overlying soil.

4. Computational methods

This part of the paper illustrates the main computational
methods that allow individuating the onset of pipeline
floatation and the evolution of the process. For easy of
understanding, the methods are divided into static and
dynamic or advanced approaches.

4.1 Static approaches

Several papers and guidelines (e.g., API 2000, Yu et al.
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Fig. 8 Force acting on a pipe in liquefied soil (after Chian
et al. 2014)

Table 1 Soil weights

Soil unit weight v (kN/m®) 19
Soil saturated unit weight ysat (kN/m®) 20
Effective soil unit weight ¥ (kN/m?) 10

2017) provide insights for the design of embedded
pipelines. Design procedures need to be adapted when
liquefaction is feared.

Under static conditions, the weight and shear strength of
the overlying soil inhibit the flotation. In the event of
liquefaction, the soil loses most of its shear strength, and the
structure may float as a result. Factor affecting floatation
can be simply understand looking at Fig. 8. The problem
can be analyzed considering a simple equilibrium at the
vertical translation that involves weights, shear resistance
and uplift forces.

Key points are the role of soil above the pipe and its
interaction with the surrounding soils, and the development
of pore water pressure.

According to Chian et al. (2014) and Koseki et al.
(1997), the safety factor against uplift, Fs, can be computed
using the Eq. (1) where F+ is the weight of the structure, Fsp
is the frictional resistance force which is proportional to the
shear strength of the soil and the buried depth of the
structure, Fys is the weight of the overlying soil layer that
represents a surcharge acting on the structure, Fg is the
buoyant force due to hydrostatic pressure and to excess pore
water pressure caused by soil liquefaction, and Fgpp is the
seepage force transferred from the soil underlying the
structure. The latter component should be considered only
when a relatively large amount of excess pore water
pressure is generated at a deeper portion of the underlying
soil. Consequently, the uplift force, Fner, can be calculated
from the Eq. (2).

E :FT+FSP+FWS

S

o))

FB + I:EPP

FNET = (FB + FEPP)_( FT + FSP + Fws) 2

On the safer side, if the soil is completely liquefied, the
buoyancy force can be calculated from the unit weight of
the saturated soil; if the soil partially liquefies, buoyancy
can be defined as a resultant force of the total stresses
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Table 2 Weight of the overlying soil F,,s and buoyant force Fg values for different depth and pipeline diameter
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Hm Soil completely liquefied  Soil partially liquefied
0.9 1 11 1.2 13 14 15
Size D(m) V(M)  Fus(kN) Fus (KN) Fus (KN)  Fus(KN)  Fus(KN)  Fus (kN) Fus (KN) Fs (kN) Fs (kN)
30 0.762 0.456 4.58 5.34 6.10 6.86 7.63 8.39 9.15 9.121 4.56
32 0.813 0.519 4.72 5.53 6.35 7.16 7.97 8.79 9.60 10.382 5.19
34 0.864 0.586 4.84 571 6.57 7.44 8.30 9.16 10.03 11.726 5.86
36 0914 0.656 4.95 5.86 6.77 7.69 8.60 9.52 10.43 13.122 6.56
38  0.965 0.731 5.03 5.99 6.96 7.92 8.89 9.85 10.82 14.628 7.31
40 1.016 0.811 5.09 6.11 7.12 8.14 9.15 10.17 11.19 16.215 8.11
42 1.067 0.894 5.13 6.20 7.27 8.33 9.40 10.47 11.53 17.883 8.94
44 1118 0.982 5.15 6.27 7.39 8.51 9.63 10.74 11.86 19.634 9.82
46 1.168 1.071 5.15 6.32 7.49 8.66 9.83 10.99 12.16 21.429 10.71
48  1.219 1.167 5.14 6.35 7.57 8.79 10.01 11.23 12.45 23.341 11.67
52 1321 1.371 5.04 6.36 7.68 9.00 10.32 11.64 12.96 27.411 13.71
56 1422 1588 4.86 6.28 7.70 9.12 10.55 11.97 13.39 31.763 15.88
60 1524 1.824 4.60 6.12 7.64 9.17 10.69 12.22 13.74 36.483 18.24

Table 3 Weight of the structure F+ and safety factor against uplift Fs values for different pipeline diameter, thickness and

burial depth

H (m) H (m)
09 1 11 12 13 14 15 09 1 11 12 13 14 15
Size D (m) t(m) Dt W (kKN/m) Fr (kN) Fs Fs
30 0762 00079  96.46 1.47 1469 066 075 083 091 100 108 116 133 149 166 1.83 1.99 2.16 2.33
0.0087  87.59 1.62 1616 068 076 085 093 101 110 118 136 153 169 1.86 2.3 2.19 2.36
0.0095  80.21 1.76 1763 070 078 086 095 103 111 120 139 156 172 189 2.06 2.23 2.39
00103  73.98 1.91 1909 071 079 088 096 105 113 121 142 159 176 192 2.9 2.26 2.43
00111  68.65 2.06 2055 073 081 089 098 106 114 123 145 162 179 196 212 2.29 2.46
00119  64.03 2.20 2201 074 083 091 099 108 116 124 149 165 182 199 215 2.32 2.49
00127  60.00 2.35 2347 076 084 093 101 109 118 126 152 169 185 202 219 235 252
00143  53.29 2.64 2637 079 087 096 104 113 121 129 158 175 192 208 225 2.42 258
00159  47.92 2.93 2925 082 091 099 107 116 124 132 165 181 198 215 231 2.48 2.65
00175 4354 321 3213 085 094 102 110 119 127 136 171 1.8 204 221 238 2.54 271
00191  39.90 350 3499 089 097 105 114 122 130 139 177 194 211 227 244 261 277
00206  36.99 377 3766 091 100 108 117 125 133 142 183 200 216 233 250 2.67 2.83
00222 3432 4.05 4050 095 1.03 111 120 128 136 145 189 206 223 239 256 273 2.89
00238 32,02 433 4333 098 106 114 123 131 139 148 195 212 229 246 262 2.79 2.96
00254  30.00 461 4614 101 109 117 126 134 143 151 202 218 235 252 268 2.85 3.02
00270  28.22 4.89 4894 104 112 121 129 137 146 154 208 224 241 258 275 291 3.08
00286  26.64 5.17 5173 107 115 124 132 140 149 157 214 231 247 264 281 2.97 3.14
00302  25.23 5.45 5450 110 118 127 135 143 152 160 220 237 253 270 287 3.03 3.20
00318  23.96 573 5726 113 121 130 138 146 155 163 226 243 259 276 293 3.09 3.26
H (m) H (m)
09 1 11 12 13 14 15 09 1 11 12 13 14 15
Size D (m) t(m) Dit W (KN/m) Fr (kN) Fs Fs
42 1067 00111  96.13 2.89 2890 045 051 057 063 069 075 081 090 102 114 126 1.37 1.49 1.61
00119  89.66 3.10 3096 046 052 058 064 070 076 082 092 104 116 128 1.40 1.52 1.64
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Table 3 Continued
H (m) H (m)

0.9 1 11 1.2 13 1.4 15 0.9 1 11 1.2 13 14 15

Size D(m)  t(m) D/t W (KN/m) Fr (kN) Fs Fs
0.0127 84.02 3.30 3.302 047 053 059 065 071 077 083 094 106 118 130 142 1.54 1.66
0.0143 74.62 3.71 3.712 049 055 061 067 073 079 08 099 111 123 135 147 1.59 1.71
0.0159 67.11 4.12 4.121 052 058 064 070 076 082 088 103 115 127 139 151 1.63 1.75
0.0175 60.97 4.53 4.529 054 060 066 072 078 084 090 1.08 120 132 144 156 1.68 1.80
0.0191 55.86 4.94 4.936 056 062 068 074 080 086 092 113 125 136 148 160 1.72 1.84
0.0206 51.80 5.32 5.316 058 064 070 076 082 088 094 117 129 141 153 165 1.77 1.88
0.0222 48.06 5.72 5.720 061 067 073 079 08 091 09 121 133 145 157 169 1.81 1.93
0.0238 44.83 6.12 6.123 063 069 075 081 087 093 099 126 138 150 162 174 1.86 1.97
0.0254 42.01 6.52 6.524 065 071 077 083 089 095 101 130 142 154 166 178 1.90 2.02
0.0270 39.52 6.92 6.925 067 073 079 085 091 097 103 135 147 159 171 183 1.95 2.06
0.0286 37.31 7.32 7.324 070 076 082 083 094 099 105 139 151 163 175 187 1.99 211
0.0302 35.33 7.22 7.221 069 075 081 087 093 099 105 138 150 162 174 186 1.98 2.10
0.0318 33.55 8.12 8.118 074 080 086 092 098 104 110 148 160 172 184 196 2.08 2.20

H (m) H (m)

0.9 1 11 12 13 14 15 0.9 1 11 12 13 14 15

Size D (m) t (m) D/t W (kN/m) Fr (kN) Fs Fs
60 1.524 0.0159 95.85 591 5913 029 033 037 041 046 050 054 058 066 074 083 0091 0.99 1.08
0.0175 87.09 6.90 6.901 032 036 040 044 048 052 057 063 071 080 088 096 1.05 1.13
0.0191 79.79 7.09 7.088 032 036 040 045 049 053 057 064 072 081 089 097 1.06 1.14
0.0206 73.98 7.64 7.637 034 038 042 046 050 054 059 067 075 084 092 100 1.09 117
0.0222 68.65 8.22 8.222 035 039 043 048 052 056 060 070 079 087 095 104 112 1.20
0.0238 64.03 8.80 8.805 037 041 045 049 053 058 062 073 082 090 099 107 1.15 1.24
0.0254 60.00 9.39 9.387 038 043 047 051 055 059 063 077 08 093 102 110 1.18 1.27
0.0270 56.44 9.97 9.967 040 044 048 052 057 061 065 080 08 097 105 113 1.22 1.30
0.0286 53.29 10.55 10.547 042 046 050 054 058 062 067 083 091 100 108 116 1.25 1.33
0.0302 50.46 11.12 11.125 043 047 051 056 060 064 068 08 09 103 111 120 1.28 1.36
0.0318 47.92 11.70 11.702 045 049 053 057 061 066 070 089 098 106 114 123 1.31 1.39

acting on the entire surface of the structure, determined by
the pore water pressure and the effective stress of the soil.
In both cases, no tangential forces due to the potential
vertical movement of the system should be considered,
because of the loss of shear strength induced in the soil by
liquefaction.

Assuming the ground water level at the ground surface,
the soil weights of Table 1, and neglecting the seepage
forces, in the following the safety factor values for buried
pipeline in completely and partially liquefied soils have
been calculated, referring to the American Petroleum
Institute Specification for line pipe in terms of diameters
and weights (AP Specification 2002).

Particularly, the study refers to all diameters and
thickness and to all burial depths usually adopted for
pipeline systems and interesting for liquefaction problems,
which is to say:

« Burial depths range between 0.9-1.5m (greater depths

are used only in special cases);

* Diameters greater than 0.75 m;

« Diameter/thickness ratio ranging from about 15 to 100.

If D is the pipeline diameter, t its thickness, W its weight
per unit length, V the volume of the pipe transverse section
and H the depth of the center of the pipe from the ground
level, F,s for each considered burial depths and Fg in case
of completely or partially liquefied soil are available in
Table 2. Fy for each pipe thickness and the safety factors
values for each burial depth are provided in Table 3,
considering a unitary longitudinal length of the pipe and
three specific pipe sizes as for example (i.e., small 307,
medium 427, and large diameter 60”). For the purpose of
this analysis, pipelines are considered empty. The pipeline
is assumed to be in equilibrium for a unitary safety factor.

From the analysis of the safety factor values, it can be
highlighted how, for partially liquefiable soil conditions (in
which the buoyancy force has been calculated through the
effective soil unit weight), the stability against pipeline
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SAFETY FACTOR vs BURIAL DEPTH
for different pipeline diameters in case of t=0.0302m and soil completely liquefied
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flotation can be ensured, except for bigger diameters (D>1
m), shallow burial depths and small thickness (consequently
small pipe weight). However, for completely liquefiable
soils, problems soon arise in case of small diameters and
shallow burial depths, in a more pronounced way as the
thickness increases. Furthermore, the safety factor is never
equal or greater than one for diameters exceeding 1.150 m,
and is equal to one for smaller diameters (up to 1 m) just in
few cases of high burial depths and major thickness.

Fig. 9 shows the relationship between the safety factors
and the burial depths for a large variety of pipeline
diameters, referring to a thickness value of 0.0302 m in the
case of completely liquefiable soils. Safety factor values
increase with increasing depth, in a similar way for each
diameter (lines are almost parallel), with higher values for
small ones. This is in accordance with the higher pipelines

volumes for bigger diameters, which lead to an increase in
the buoyancy forces, while soil weight is almost the same
(the burial depth decreases but the diameter increases so the
soil volume does not change significantly).

Fig. 10 depicts how the safety factor changes by varying
the pipe thickness, for the different diameters, fixing a
burial depth of 1.2 m and considering the complete
liquefaction of soil. Safety factor increases with increasing
pipe thickness as the diameter decreases. Being valid the
same aforementioned considerations, for greater thickness
the pipeline weight increases, increasing the equilibrium
resistance force.

The last example is in Fig. 11, where the safety factor is
expressed in relation to the D/t ratio and increases in
decreasing the ratio and in increasing the burial depth. This
case refers to completely liquefiable soils too and to
D=0.762 m and confirms the previously remarks.

4.2 Advanced approaches

To study the behavior of pipelines in liquefied soils
under dynamic conditions, experiments such as centrifuge
or shaking table tests are often required.

This kind of experimentation allows reproducing the
real soil configuration in situ and is the most direct and
effective approach to analyze the problem in a reduced
scale. These tests usually provide acceleration time histories
at selected locations of the model, the development of
excess pore water with time at different positions (i.e., near
and far to the structure), soil deformations and soil-structure
interaction response. However, the equipment is very
expensive and often the interpretation of the test results is
obtained through numerical analyses.

In this paragraph, the main advanced procedures applied
to study the behaviour of a buried structure in liquefiable
soils will be shown, looking at the key results obtained and
the main limitations of the methods.

Chian et al. (2014) carried out numerical analyses using
the FLAC code (Fig. 12(a)). The Authors used a nonlinear,
fully coupled bounding surface plasticity constitutive model
for sand obtained by Wang (1990), which is specifically
formulated to capture the contraction and dilation induced
by cyclic shear stresses. The numerical analysis match very
well with centrifuge test results far from the structure, but it
is not able to study soil-structure interaction satisfactorily,
because of the meshing scheme, as shown in the
comparison between excess pore-pressure time histories
around the structure obtained from experimental and
numerical analysis in Fig. 12(b).

Ling et al. (2008) used a coupled stress-flow finite
element procedure with DIANA-SWANDYNE Il code, a
unified general-purpose 2-D program, where the soil was
modeled by the Pastor-Zienkiewicz Mark-111 scheme
referring to Pastor et al. (1990). The acceleration, excess
pore pressure and uplifting of the pipe were well simulated
by the finite element procedure up to the stage of
liquefaction, but difficulties were encountered in modeling
the post-liquefaction behavior (Fig. 13). This was because
of the inability to reproduce soil-structure interaction, which
led to the development of tensions in the soil elements
around the bottom of the pipe affecting results, and because
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of the small-strain finite element procedure, which did not
allow analyzing large deformations, such as uplifting of the
pipe.

Some other studies referred to the analysis of
underground structures different from pipelines but they can
be used to highlight some specific features.

Liu and Song (2005) used the 2-D, effective-stress
based, fully coupled dynamic finite element code DYNA
Swandyne-I1 too. They investigated the dynamic behavior
of a subway station in saturated sandy deposit (some results
are in Fig. 14).
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(Zhuang et al. 2015)

For the analysis, the non-associated generalized
plasticity model of Ling et al. (2003) with 15 parameters
was used. This model is capable of simulating cyclic
liquefaction, cyclic hardening and pressure dependency of
sandy soil and is aimed at reproducing the behavior of sands
under monotonic and cyclic loadings at different mean
effective stress levels. The analysis was carried on
considering the soil-structure interface through a SLIP
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ELEMENT Il material model, which can describe the
slippage of interfaces simulating the separation and closure
behavior and allows the simulation of considerable
displacements. From the numerical analyses, the following
conclusions were obtained: the presence of the underground
structure caused the value of excess pore water pressure to
be modified; the heaving of the ground surface was smaller
than the uplift amount of the underground structure,
indicating deformation of the soil on top of the structure due
to earthquake-induced liquefaction; and, the increase of the
buried depth improved the safety.

Zhuang et al. (2015) used the general-purpose 2D finite
element program Abaqus to study the response of a subway
station. To simulate the liquefied-induced large deformation
of the ground, they used an arbitrary Lagrangian-Eulerian
(ALE) adaptive meshing method, thus maintaining a high-
quality mesh system for the soil throughout the analysis
process when large deformations or losses of soil occurred,
allowing the mesh to move independently. The advanced
numerical model reported in Yang (2000) was used to
reproduce the nonlinear static and dynamic coupling
interactions between the liquefiable ground and the
underground structure. One example of the analyses results
is shown in Fig. 15.

Overall, a large number of centrifuge shaking table tests
were performed during last years, allowing understanding
the behavior of liquefied soil and of buried structures. In
addition, numerous analyses with different computational
codes, soil constitutive models specifically chosen to best
simulate soil behavior in the case of liquefaction, proper
contour conditions both around the structure and at the edge
of the model were conducted giving generally satisfactorily
results. However, simple and easy to handle constitutive
models capable of describing exhaustively liquefaction
phenomena during and after earthquake excitation seem not
to exist nowadays. A large number of parameters and very
complex mathematical formulations characterizes the soil
constitutive models usually employed. Moreover, the need
to capture soil-structure interaction remains a problem
because of the meshing scheme: FEM suffers several
disadvantages because of mesh tangling, even when the
updated Lagrangian method is adopted. The adaptive
meshing method solves partially the problem of large
deformations but the procedure is quite complicated. These
main aspects require big computational efforts and the post-
liquefaction response remains a challenge to date with
conventional numerical methods.

5. SPH approach

Over the last few years, the Smoothed Particle
Hydrodynamics (SPH) method has been extended to a wide
range of problems in both fluid and solid mechanics
because of its strong ability to incorporate complex physical
concepts into a unique formulation. A variety of SPH
models have been proposed and applied to specific topics in
geo-disasters too, including dam breaks and coastal
engineering, flow-like landslides, the lateral spread of
liquefied soil, seepage failure, dynamic erosion,
underground explosions and rock breakage (Maeda et al.
2006, Bui et al. 2008, Pastor et al. 2009, Shao 2010, Bui et
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Fig. 17 Simulation of a granular flow passing an obstacle
through SPH (Ibrahim 2015)

al. 2011, Stefanova et al. 2012, Dai et al. 2014, Ibrahim
2015, Koneshwaran et al. 2015). In the following, there are
some interesting examples on the SPH method applications.
The first one refers to a numerical simulation of the seepage
process around a sheet pile (Fig. 16), with particular
attention to (a) the initial condition, (b) the yield of base
surface on downstream side and the sinking on upstream
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side, and (c) failure: curling up and scour.

The results of the simulation are shown together with
the experimental ones, thus allowing a comparison, which
results in a good simulation of the seepage failure in soil.
This is an important tool, considering that large-scale
deformation and hydraulic collapse of the ground, induced
by water flow through the ground, plays a significant role in
the destabilization of dam foundations during floods,
liquefaction and other catastrophic events.

The second example shows a comparison between
computation and experiment results at different time steps,
simulating the continuation of the time-dependent
development of a bow shock and a vacuum boundary (Fig.
17).

From the achievements of the studies here just recalled,
the SPH method has significant advantages over traditional
grid-based numerical modeling when dealing with geo-
disasters as reported by Huang and Dai (2014):

» SPH is suitable for problems where the material is not
a continuum, indeed objects are discretized into a series of
particles without using a grid/mesh;

« As particle method, it can process larger local
distortion because the connectivity between the particles is
generated as part of the computation and can change with
time, so that just an initial discretization is required and the
refinement of particles would be much easier to perform
than the mesh refinement, even for complex geometries;

» As a Lagrangian method, a SPH code is conceptually
simpler than grid-based methods and should be faster as no
convective term exists in the related partial differential
equations;

» The motion of the particles can be traced and the
features of the entire physical system can be easily
obtained. Therefore, it is easier to identify the free surfaces,
moving interfaces, and deformable boundaries using SPH
than by Eulerian methods. The time history of the field
variables at each material point can also be obtained in the
simulation;

« SPH guarantees conservation of mass without extra
computation since the particles themselves represent mass.
Pressure is computed from the weighted contributions of the
neighboring particles rather than by solving the linear
systems of equations;

» SPH allows the study of the behavior and interaction
of different materials (fluid, solids) and offers the capability
to include multiphase soil models.

Despite these good performances, SPH still suffers from
a number of shortcomings:

 Imprecision caused by the lack of particle coverage
near boundaries;

» Tensile instability when handling problems with
material strength;

» Zero-energy modes when field variables and their
derivatives are calculated at the same locations;

« In addition, 3D analysis approach, generally used for a
more realistic simulation, requires many particles
throughout the SPH region, and being a computationally
intensive numerical method, it needs extensive computer
memory and longer computational run times.

The technique of producing hybrid mixes of different
numerical methods is also possible (Wang et al. 2005, Holz

et al. 2009), thus improving computing efficiency and
extending the application of both methods.

Concerning liquefaction simulations, there are not
substantial studies up to now, but just few cases of lateral
spread and flow mechanism (Naili et al. 2005a, Naili et al.
2005b, Huang et al. 2011, Huang et al. 2013), none of them
including the soil-structure interaction. The absence of
simulation of complete case-histories of soil-structure
interaction in case of liquefaction using the SPH approach
is maybe due to the relatively young approach, which is still
not assessed at all and still used for simple simulations.
However, recently new approaches for modeling the
boundary between soil and structures in the framework of
SPH approach are developing, (see, for instance,
Niroumand et al. 2016), thus indicating the possibility to
join in the near future knowledges derived from the soil-
structure interaction framework and soil liquefaction
behavior using particles or coupled methods. Therefore,
looking at the other successfully applications of the method,
this would be an important tool to deepen improving
numerical results.

6. Conclusions

Liquefaction is a soil failure phenomenon, which occurs
under site-specific condition (loose saturated soils, high
seismic hazard), compatible to many coastal and fluvial flat
lands where usually onshore pipelines and plants are
located. Based on field post-earthquake observations, this
phenomenon represents a crucial issue for the risk
assessment of industrial components and lifelines. In this
paper, we recalled the main relevant aspects of the seismic
hazard of buried pipelines and the soil-structure interaction
in case of liquefaction. The problem of flotation affects the
behavior of a buried pipeline in the vertical transverse
section, when the liquefaction phenomenon occurs, because
of the development of excess pore water pressure in the soil
surrounding the pipe. This problem requires specific
remedial. The onset of floating of the buried structure is
associated to the unit value of a computed safety factor that
is, generally, evaluated in static conditions employing very
simple formulation of vertical equilibrium. However, to
consider all the main aspects of the phenomenon, advanced
analyses should be processed. In this field, soil exhibits
very complicated behavior under seismic loading, so that it
is quite difficult to reproduce the complete behavior of
embedded pipelines through FEM numerical analyses. New
kinds of analysis could be investigated and experimental
tests are required. In this paper, we clarified the mechanism
of flotation and we pictured the state of the art on
computational  methods  reproducing  soil-structure
interaction in case of liquefaction, providing an overview of
the numerical codes, constitutive models and procedures,
underlining their main limitations. Finally, we reminded a
new approach for a method recently adopted in geo-disaster
field, named Smoothed Particle Hydrodynamics SPH.
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