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Abstract This paper addresses the deformation response of
seabed sands subject to underlying normal fault movement.
This problem is relevant to the design of overlying offshore
structures and subsea oil/gas pipelines connecting offshore
platforms to the shoreline. The mechanism of the fault propa-
gation in overlying seabed deposits is examined using 2D
finite element modeling. Abaqus© is used as a numerical plat-
form in modeling this complex problem, while accounting for
nonlinear soil behavior with strain softening. Different dip
angles and vertical fault displacements of up to 10% of the
soil layer thickness were considered. The results include the
effect of the relative density of the seabed sands and the soil
layer thickness on the extent and magnitude of ground surface
deformations. The required bedrock displacement/offset for
the rupture to reach the surface and the length and location
of the distorted zone are also investigated. Based on the para-
metric analyses and results presented in this paper, observa-
tions related to the potential magnitudes and extents of surface
deformations for various conditions of seabed densities and
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thicknesses are provided. These would be of importance in
determining likely effects of distortion/loading on pipelines
and offshore structures crossing the fault zone.

Keywords Normal faulting - Offshore geotechnics -
Finite element analyses

Introduction

Historically, earthquakes that were triggered by dip-slip fault
systems (normal or reverse) have caused significant damage
to structures, human lives, and the environment. Specific ex-
amples of cases of normal faults include the Manhattan earth-
quake (1867), Atalanti earthquake (1894), L’Aquila earth-
quake (2009), Hamadori earthquake (2011), and Norcia
earthquake (2016) among many others. Damage of onshore
oil and gas facilities by normal faults could lead to large
economical losses due to service shut down, business inter-
ruption, property losses, and replacement costs. A notable
example is the damage suffered by the largest refinery in
Korfez, Turkey as a result of the 1999 Kocaeli earthquake
(Bendimerad et al. 2000). Despite the significant knowledge
garnered over the years in reference to offshore pipelines, the
understanding of their response when subjected to permanent
ground deformations resulting from the propagation of the
fault movement through seabed deposits is still insufficient.
This is in part due to the fact that most of the well document-
ed offshore projects have been constructed in non-seismic
zones, e.g., the North Sea, Western Australia, and the Gulf
of Mexico. As such, there is a clear need for efforts aimed at
investigating the mechanism of fault movement propagation
through overlying soil deposits, in order to quantify the extent
and magnitude of the strain and stress fields, which will affect
pipelines resting on, or buried within, the seabed deposits.
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The risk of offshore pipelines crossing faults is relevant
and potentially critical in several locations in the world.
One specific example is the case of the Eastern
Mediterranean where oil and gas reserves have been prov-
en and where only recently have efforts at actual exploita-
tion and extraction been initiated. Another example of such
geo-risks is that of the Japan-Sakhalin Gas Pipeline which
intersects an active normal fault offshore Chiba prefecture,
to the east of Tokyo (Trimintziou et al. 2015). Likewise,
subsea pipelines potentially vulnerable to active normal
faulting are located in the Euboean Gulf in Greece and in
the Caspian Sea.

Normal faults are classified as “low-angle” normal
faults or lags (Park et al. 2013) when their dip angles are
less than 45°, otherwise they are characterized as “high-
angle” normal faults. Cases of shallow normal faults are
the Gulf of Corinth (Rietbrock et al. 1996) and Papua New
Guinea (Abers 1991). Limited research was done to inves-
tigate the propagation of low-angle normal faults in subsea
sediments in relation to pipeline design and stability. The
possibility that offshore pipelines could cross active nor-
mal fault zones necessitates special design considerations
to ensure the safety and stability of these systems. Several
research studies targeted this problem using experimental
programs. Sanford (1959), Belousov (1961), Emmons
(1969), Horsfield (1977), Cole and Lade (1984), Lade
et al. (1984), Bray et al. (1993), and Johansson and
Konagai (2004) conducted 1-g small scale experiments,
while Bransby et al. (2008a, 2008b) used centrifuge exper-
iments to model dip-slip fault propagation. Other re-
searchers approached the problem using numerical
modeling and analysis methods. Scott and Schoustra
(1974) simulated vertical fault propagation through a
800 m deep, dry, cohesionless alluvium using numerical
analysis. Roth et al. (1982), Scott (1987), White et al.
(1994), Nakai et al. (1995), Loukidis (1999), and
Loukidis et al. (2009) used the finite difference method
to tackle similar problmes. Bray et al. (1994), Taniyama
and Watanabe (2002), and Lin et al. (2006), and
Anastasopoulos et al. (2007) conducted experiments
coupled with finite element models.

The present paper extends previous research on fault
propagation which was limited to one relative density
(Johanson and Konagai 2007), low bedrock displacements
(Loukidis et al. 2009), onshore cases (Anastasopoulos
et al. (2007), and steep dip angles, to include the effect of
various sand relative densities (20, 50, and 80%), dip an-
gles (15°, 30°, 45°, 60°, and 75°), and fault displacements
as large as 10% of the thickness of the soil layer overlying
the faulted rock. The effect of different soil layer thick-
nesses (H = 10, 20, 40, and 80 m) is also assessed. The
offshore fault propagation problem is realistically investi-
gated through a numerical finite element analysis that
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accurately depicts the geometry, boundary conditions,
and soil properties, while ensuring that the proper effective
stress state is considered. It is worth noting that hidden
faults are not studied in this article.

Numerical modeling

The displacement response of offshore sands that overly
normal faults is analyzed numerically using the advanced
computational tool Abaqus v.6.13. The adopted model
simulates the behavior of the saturated sand using effec-
tive stress analysis by considering eight node plain strain
quadrilateral, biquadratic displacement, bilinear pore ele-
ments (CPE8P) assuming quasi-static loading. Drained
conditions are assumed for the sand, and a density of
1120 Kg/m® is considered for the seawater. It is worth
noting that given drained conditions, the depth of the sea-
water does not influence the effective stresses and the
numerical results.

Model geometry, mesh, and boundary conditions

A 2D plain strain model of dimensions 20 m x 140 m is
adopted to simulate the normal fault propagation mecha-
nism in the offshore sand sediments overlying a “seismic
substratum” or rocky ground. The theoretical model is
shown in Fig. 1 and illustrates the (1) overlying soil layer
(thickness H = 20 m as a base case), (2) applied fault
displacement, and (3) adopted finite element mesh. In
the zone near the fault where the fault rupture and large
deformations prevail, the mesh is comprised of
0.5 m x 0.5 m quadratic elements. The mesh becomes
coarser in the zone that is further away from the fault.
The following steps have been adopted in the simulation:
(1) application of the self-weight and water load and (2)
application of fault displacement by subjecting the exter-
nal nodes of the moving part to displacement-controlled
loading in the direction of a pre-set dip-angle. To cater for
discontinuity and convergence problems, the fault dis-
placement was applied within a width of 1 m. At any
displacement increment, a linearly-varying fault move-
ment is forced along this 1-m width, by fixing the right
end of this width and moving the left end in accordance
with the applied fault displacement.

Soil constitutive model and properties

Relevant material characteristics used in our analyses are
presented in Table 1. Elastoplastic material behavior that is
based on a modified Mohr-Coulomb model that is capable
of modeling strain softening is used to model the sand
behavior. The strain-softening response was modeled by
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Fig. 1 The a un-deformed and b deformed shape of the 2D finite element model showing dimensions and mesh size

reducing the peak friction and dilation angles as a function
of the deviatoric plastic strain such that:
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Sands with three relative densities (20, 50, and 80%) were
considered in the analysis to represent loose, medium dense,
and dense sands, respectively. Round-shaped, uniform, medi-
um sand with a coefficient of uniformity C, = 3, and a typical
specific gravity of G5 = 2.67 was adopted. The maximum and
minimum void ratios were estimated as a function of the rel-
ative densities based on Youd et al. (1973) as per the EPRI
design manual (Kulhawy and Mayne 1990). The stiffness and

shear strength properties as reflected in the modulus of elas-
ticity (£), the peak friction angle (Ppcax), the peak dilation
angle (Wpeax), and the Poisson’s ratio (v) of the three sand
classes vary with increasing confining pressure and therefore
with depth (z) as indicated in Table 1.

Typical values of E, of 15,600, 22,000, and 33,000 KPa
were assumed at the surface, and the stiffness was increased
with depth based on Schanz and Vermeer (1998). Schanz and
Vermeer (1998) noted that the exponent m in eq. (3) attains
values ranging between 0.4 and 0.75 based on oedometer and
triaxial tests for different sands compared with previous re-
searchers. So, a typical value of 0.5 was assumed for the
exponent m in this article. In equation 3, o, represents the
vertical stress and o, stands for the atmospheric pressure.

E=E, (Z—)m (3)

The critical friction angle was assumed equal to 30° based
on Koerner (1970). The peak friction angle (¢,) was

Table 1  Shear strength properties of the saturated dense, medium dense, and loose sand

Density Dense Medium dense Loose

RD 80% 50% 20%

Ky 0.35 0.42 0.5

E 11209/z 73004/z 5063+/z

(KPa)

C (KPa) 2 2 2

P,(°) 51—-2.41n(6.85z) <42 42-1.51n(6.9z) 30

Dres (°) 30 30 30

v 0.49—0.036 In(6.85z) 0.355-0.02251n(6.92) 0.18

7, (%) 26.25 -3 1In(6.852) 15-1.881n(6.92) 0

Pres(®) 0.1 0.1 0.1
0.1 0.1 -

s
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calculated from Bolton (1986) as ¢peak = Per=3(D,[10 —

In(100P/P,)] — 1). It is worth noting that the upper bound of
the peak friction angle was taken as 42°. The dilation angle (¥)
was estimated from Bolton’s (1986) equation as
Upeak = (@peak — $r)/0.8. Poisson’s ratio was estimated based
on EPRI (Kulhawy and Mayne 1990) as vg = 0.1 + 0.3¢.¢
where ¢rel = (Ppear—25)/(45-25).

Numerical results

In Section 3.1, a model with a height of 20 m and length of
140 m is analyzed. As a base case, finite element analyses
were performed for a dense sand layer subjected to a normal
fault having a dip angle of 45°. The relative density of the sand
was then varied to include medium-dense and loose cases in
Section 3.2. In Section 3.3, the results of the base case model
were compared with cases where the dip angle of the normal
fault was considered to be 15°, 30°, 60°, and 75° to assess the
effect of the fault dip angle on the propagation mechanism.
The combined effect of relative density and fault dip angle is
then studied in Section 3.4. Finally, in Section 3.5, the height
of'the overlying soil layer is varied from A =20 to H = 10, 40,
and 80 m to investigate the influence of the sand layer thick-
ness on the fault propagation mechanism. In all the analyses,
vertical bedrock displacements (U) up to 10% of the soil layer
thickness are enforced. The results include an analysis of the
vertical ground surface deformation profile (y), the horizontal
distance (S) from the location of the shear band to the center of
the fault (O) (see Fig. 6), the critical inclined bedrock displace-
ment required for the shear band to reach the surface (d.;), the
length (L), and center (C) of the distorted zone. In the results
section, most of the predefined parameters are normalized
with the soil layer thickness H.

The base-case model (H = 20 m, dense sand, and « = 45°)

Figure 2 shows the deformed shape of the finite element mod-
el describing a dense sand layer of thickness H = 20 m sub-
jected to a normal fault of dip angle 45° at a vertical bedrock
displacement of U = 10%H. The deformed shape indicates the
formation of primary and secondary shear surfaces within the
sand layer as a result of the normal fault movement in the
underlying bedrock. The primary shear plane propagates with-
in the footwall block while the secondary shear band forms
within the hanging wall, resulting in the formation of a graben

Fig.2 The deformed shape of the
reference model (dense sand, dip
angle = 45°, soil layer thickness
H=20m)
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structure having an inverted triangular shape. The formation
of grabens in normal faults has been reported in several pub-
lished experimental and numerical studies (Anastasopoulos
et al. 2007; Loukidis et al. 2009; and Nollet et al. 2012).

Normalized ground surface deformation profiles depicting
the variation of the normalized vertical ground surface defor-
mations (y/H) along the model width are presented in Fig. 3
for vertical bedrock displacements ranging from 0.5 to 10% of
the soil layer thickness (H). These surface deformation pro-
files provide essential input for mitigating the fault rupture
geohazard which requires accounting for fault-induced
ground surface deformations (Kelson et al. 2001 and Chang
et al. 2015). At a low bedrock displacement of 0.5%H, the
hanging wall is displaced in the direction of the dip angle, and
a primary shear band forms and propagates to the surface
forming a scarp of height s,~0.5 % H. At U = 1%H, a sec-
ondary shear band forms and propagates to the surface induc-
ing the formation of a graben structure as a second scarp
appears on the hanging wall. At this stage, the length of the
graben is approximately L, = 1.2H and the graben scarp height
is s,=0.05 % H. Subsequently, with increasing bedrock dis-
placement, the graben displaces in the downward direction
and its height increases to a value of s,= 2.3%H and its length
to L, = 1.45H at U = 10%H.

Extent and location of the shear surface/band

The mechanism in which the shear band forms and propagates
to the surface is illustrated in Fig. 4. As the hanging wall is
moved in the dip angle direction, shearing occurs between the
footwall and the hanging wall, and the earliest signs of a shear
band are observed at a vertical fault displacement as small as
1 cm (Fig. 4a). With additional fault displacement, a fully
developed primary shear band with a spiral shape is observed
as the fault propagates to the surface at vertical displacements
ranging from 1.4 to 1.5 cm (Fig. 4 b, ¢). The horizontal dis-
tance from the center of the fault to the location of the primary
shear surface/band could be estimated to be around S = 0.59H.
With increasing bedrock displacement, large deformations are
induced, and the shape of the shear band transforms from
spiral to straight (Fig. 4d). These results indicate the signifi-
cance of understanding the fault propagation mechanism and
its impact on the resulting surface deformations which could
affect the design of overlying structures.

Based on the results of the base case model, it could be
concluded that the primary shear band reaches the ground
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Fig. 3 Normalized ground surface deformation profile ()/H) of the
reference model (dense sand, dip angle = 45°, soil layer thickness
H =20 m) for vertical bedrock displacements ranging from U = 1%H
to U= 10%H)

level at an inclined bedrock fault displacement in the order
of 0.085%H (at a vertical bedrock displacement of
0.012 m). This critical bedrock displacement d_;; will be
referred to as the critical fault displacement in the balance
of this paper. The criterion adopted to determine d.;, is the
instance at which the yield points of the primary shear band
reach the ground surface level. Upon fault rupture and de-
pending on the magnitude of the fault displacement, the
shear band could propagate to the surface resulting in risk
of potential damage to overlying structures (Chang et al.
2015). Since the critical bedrock displacement d; is ex-
pected to be a function of the thickness of the sand cover,
its accurate determination for any given offshore project
will be highly dependent on the reliability of the site in-
vestigation and the variability in the depth and thickness of
the sand cover layer above the basement fault.

Length and center of distorted zone

Prior to propagating to the top surface, the shear strains in the
overlying sand layer may lead to distortion of the soil medium
and increasing inclinations in the ground surface. In the zone

Fig. 4 Shear band formation at
different vertical bedrock
displacements (U =a 0.01, b
0.014,¢0.015,and d 0.2 m for the
reference model (dense sand, dip
angle = 45°, soil layer thickness
H=20m)

(a) U=0.01m

(c) U=0.015m

affected by the fault propagation, the soil is expected to suffer
from softening and strength loss, compromising the stability
or serviceability of any structure (ex. pipeline) that is support-
ed on the soil. Therefore, a proper delineation of the distorted
zone that is affected by the fault propagation mechanism is
essential to locate the lateral extent of zones that would ensure
minimal interference with the fault propagation mechanism.
The distorted zone (L) was defined by Loukidis et al. (2009) as
the length of the zone within which the ground surface incli-
nation (slope) exceeds 0.2%. It should be noted that the incli-
nation of the ground surface deformation profile (B) is insig-
nificant along the ground level except for the zones in the
vicinity of the shear band locations that are associated with
peak values (Fig. 5a). The inclinations are low at U = 0.05%H
and afterwards they start to increase in a steep manner at the
shear band locations.

Figure 5b shows the increase of the normalized length of
the distorted zone and the location of the center of the distorted
zone with increasing vertical bedrock displacement U. The
center of the distorted zone (C) is defined as the horizontal
distance between the fault center and the midpoint of the
distorted zone. At low bedrock displacements, the length of
the distorted zone is negligible. With the formation of the
primary shear band, the length of the distorted zone increases
to a value of 0.3H at U = 0.085%H, with the center of the
distorted zone being located at 0.6H on the side of the primary
shear band. With the formation of the secondary shear band
and the associated graben, the length of the distorted zone
increases to 1.3H, and the center of the distorted zone drifts
toward the fault center. Beyond that stage, the length and the
center of the distorted zone vary at a slow rate, with the length
showing a slight increase in an almost steady manner to a
value of 1.53H at U = 10%H, and the center of the distorted
zone drifting slightly toward the fault center to a location of
— 0.05H.

Effect of relative density

The results presented in section 3.1 pertain to the case of fault
propagation through dense sands. To investigate the effect of
relative density on the fault propagation mechanism, the

I}

(b) 0.014m

(d) 0.20m
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Fig. 5 For various vertical 064 (a) 18 (b)
bedrock displacements U (%H). a 05 U=10%H 1.6 L R
Inclination of the ground surface 04 — - U=6%H 1.4 R S S a8
profile and b variation of the B Bt U=2%H 12 at
normalized length (L/H) and = U U=0.05%H Z 10
center (C/H) of the distorted zone £ 02 2 ’
for the case of the reference model E 0.1 S 08
(dense sand, dip angle = 45°, soil 2 00 E 0.6 %
layer thickness H = 20 m) ' Vs 04,8
-0.1 Y 0.2
02 00 & o000 . . . .
-0.3 -0.2
-1.0 0.5 0.0 0.5 1.0 0% 2% 4% 6% 8% 10%
horizontal distance from center (x/H) U(%H)

relative density is varied from RD = 80% to RD = 50% (me-
dium dense sand) and RD = 20% (loose sand). The effect of
relative density on the normalized ground surface deformation
profiles (y/H) is illustrated in Fig. 6a for vertical bedrock dis-
placements of U = 2, 6, and 10% of the soil layer thickness
(H). Results indicate that the inclination of the ground defor-
mation profile in the shearing zone is the greatest for dense
sands and decreases in the medium dense and loose sand
cases, respectively. As a result, the outcrop location of the
ground surface profile is the farthest for the loose sand and
becomes closer to the center of the fault as the relative density
increases. In fact, the distance S (see Fig. 6b) increases from
about 0.6H for the dense sand case to 0.8H for the medium
dense sand case and to 0.9H for the loose sand case. An in-
vestigation of the extent of the zone of concentration of plastic
strains within the propagating shear band (Fig. 6b) indicates
that the shear bands are the widest and farthest for the loose
sand case, and become narrower and more inclined as the
relative density increases. These results are realistic since plas-
tic strains/deformations are expected to be more localized and
concentrated for dense sands which are stiffer and more dila-
tive in nature, compared to loose sands which are softer and

Fig. 6 For normal faulting (a)
dipping at 45° for cases of dense,
medium dense, and loose sand. a
Ground surface deformation
profiles (y/H) for vertical bedrock
displacements U = 2, 6, and
10%H. b Spatial variation of

2% 4

-6%

Dip 45°

amenable to larger contractive volumetric strains during shear
band formation.

Effect of fault dip angle

The fault propagation mechanism is expected to be sensitive
to the dip angle of the normal fault in the base rock. Figure 7a,
b show the ground surface deformation profiles ()/H) and the
accumulated plastic strains due to fault movement for different
values of dip angles (15°, 30°, 45°, 60°, and 75°) at a vertical
bedrock displacement U = 10%H.

Results on Fig. 7 indicate that shallower dip angles increase
the likelihood of the formation of graben structures as the fault
propagates upward through the sand layer. These grabens de-
crease in length for steeper dip angles up to a dip angle of 60°
where only one primary shear band forms. For the steepest dip
angle of 75°, multiple secondary shear bands form on both
sides of the fault, resulting in a multi-step deformation profile
on the ground surface.

By comparing the curves on Figs 6 and 7, it is noticed that
the ground surface deformation profile and the shear bands
locations are more influenced by the dip angle than the relative

(b)

plastic strains within the shear == TR I WO A
bands at U = 10%H >
U=10%H
-10% +
7777777777777777 Loose
ffffffff M. Dense
Dense
-14% T T T T T !
-1.5 -1 -0.5 0 0.5 1 1.5
normalized horizontal distance from center (x/H)
S
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Fig. 7 Seabed dense sand layer (b) S
of thickness A = 20 m subjected B =

to normal fault of dip angles 15°, 2% ]

30°,45°,60°, and 75° at a vertical . N-D-15

bedrock displacement U = 10%H.
a Normalized ground surface
deformation profiles. b Spatial
variation of plastic strains within
the shear bands 1
-14% -

-18% 1
-22% 1
26% 1

-30%

normalzied ground surface deformation (y/H)

234% 1

N-D-60

-1.5

normalized horizontal distance from center (x/H)

density. For the ground surface deformation profiles, the out-
crop locations are farthest from the center of the fault for the
shallowest dip angle of 15° (S = 0.75H) and closest for the
steepest dip angle of 75° (S = 0.4H). The length of the graben
is largest for a dip angle of 15° as it attains a length of
Ly = 1.5H and a scarp height of s, = 20.5%H on the hanging
wall side at U = 10%H. The length and scarp of the graben
decrease with increasing dip angle to attain a length of
L, = 1.45H and scarp height = 2.3%H for a dip angle of 45°.
Beyond this dip angle of 45°, a graben does not form.

Combined effect of relative density and dip angle

Extent and location of the shear surface/band

The predefined location of the shear band with respect to the
fault center (denoted by “S”) was normalized by the soil thick-

ness “H” and plotted on Fig. 8a for all the cases analyzed. The
results are presented for a normalized fault displacement of

-1

-0.5 0 0.5 1 1.5

N-D-75

2.75%H to allow for comparison with results of fault propa-
gation from previous published studies (Loukidis et al. 2009
and Anastasopoulos et al. 2008).

Results on Fig. 8a indicate that the normalized locations of
the primary shear bands of normal faults seem to be sensitive
to the sand relative density and to the dip angle. The distance
to the shear band is farthest for the loose sand case as the
corresponding values range from S = 0.62H at a steep dip
angle of 75° to values of 0.78H at a dip angle of 15°. For
the shallowest dip angle of 15°, S decreases from a value of
0.78H to 0.59H as the sand relative density is changed from
loose to dense. Loose sand is characterized by lower strength
and stiffness properties that allow the shear band to extend
over a larger distance. The distance to the shear band S for
cases with different relative densities differs by a range of
0.1H to 0.2H. As the dip angle of the fault increases, the
normalized distance to the shear band is found to slightly
decrease, irrespective of the sand relative density. From a dip
angle of 15° to 75°, S decreases in a parabolic manner to lose

Fig. 8 Variation of a normalized 08 & 04 1 b
primary shear band locations at a @ @) 4Dense (b)
. . o ) O OM. Dense
vertical bedrock displacement o a
U =2.75%H compared with 0.6 A A A 8 ¢ 034 oMo ®
previous researchers and b 1 _
normalized critical fault e s o
displacements versus the fault dip Z 04 - O E. 020 o (0]
angle (15°,30°,45°, 60°, and 75°) 172 A = O
A A 0 O m|
A
0.2 1 ADense OM.Dense 0.1 A A A A
OLoose A DS Anastasopoulos
®LS Anastasopoulos A DS Centrifuge
o DS Loukidis LS Loukidis 00 | | | |
15 30 45 60 75 15 30 45 60 75
Dip Angle (°) Dip Angle (°)
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almost half of its value from 0.755H to 0.42H for loose sand
and 0.6H to 0.3H for dense sand. The decrease in S for steeper
fault angles is expected given that smaller values of S are
indicative of steeper shear bands which go hand in hand with
steeper dip angles.

A comparison between the results presented in Fig. 8 and
similar published results indicate that the published normal-
ized shear band locations for cases with loose sands are in the
range of values obtained in our study. The same applies to the
centrifuge tests that were conducted with dense sands. For the
case of published numerical studies involving dense sands,
results on Fig. 8a indicate differences with the results of our
study, with the published results showing normalized shear
band locations that are consistently smaller than our results.
The difference in the results between our model and other
published models is expected to be associated with how the
soil parameters were defined in the finite element analysis. In
our study, all soil properties (modulus of elasticity, dilation
angle, and friction angle) were assumed to vary with depth
to provide a realistic model of soil behavior for granular ma-
terials that are dependent on confining pressure. A sensitivity
study done by the authors demonstrated that the stiffness,
dilation angle, and the friction angle of the sand are critical
factors that govern the fault propagation mechanism and shear
band formation.

The variation of the normalized critical bedrock displace-
ment (d./H) that is required for the shear band to propagate to
the ground surface is plotted in Fig. 8b as a function of the dip
angle of the normal fault for dense, medium dense, and loose
sand cases. Results indicate that the required bedrock dis-
placement for the rupture to reach the surface is relatively
small (< 0.4%H), with minor variations for different fault
dip angles (difference in the order of 0.03%H) except for the
case of a dip angle of 75° where maximum differences in the
order of 0.13%H are observed in d./H for the case of loose
sands. This can be explained by the fact that larger dip angles
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require a larger inclined bedrock displacement for the shear
band to propagate to the surface. The higher bedrock displace-
ments that are required for the shear bands to reach the surface
in loose sands could be attributed to the formation of wider
and multiple shear bands that require larger fault displace-
ments to force the fault rupture to propagate to the surface.

Length and Center of Distorted Zone

The numerical results are analyzed to determine the length (L)
and center (C) of the distorted zone normalized with respect to
the soil layer thickness H. The normalized values of L and C
are plotted as a function of the fault dip angle for all the ana-
lyzed cases at a vertical bedrock displacement of 10% of the
soil layer thickness H (Fig. 9). Results on Fig. 9 indicate that
the normalized length of the distorted zone for normal faults is
more affected by the dip angle of the fault than it is affected by
the density of the soil. The range of the difference in the length
of the distorted zone between the dense sand cases and the
loose sand cases is 0.3H—0.4H which is relatively low.

For a normal fault with a dip angle of 15°, L/H ranges from
about 2.1 to 2.4 for the loose and dense sand cases, respec-
tively. These numbers decrease for steeper dip angles,
reaching values as low as 0.9 to 1.3 for dense and loose sand
cases with a steep fault dip angle of 60°. The larger values of
L/H for lower dip angles (15°, 30°, and 45°) are related to the
formation of graben structures which magnify the length of
the distorted zone by a factor of about 2.0 compared to the
cases where these structures do not form. The secondary shear
bands which form in the opposite direction to the primary
shear band propagate to the surface and shift the location of
the center of the distorted zone toward the center O.

As the dip angle increases, the distance to the shear bands
decreases and therefore the length of the distorted zone de-
creases. It is noticed that the centers of the distorted zones for
the cases where grabens form coincide for sands of different
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Fig. 9 Normalized length (L/H) and center of the distorted zone (C/H) versus the normal fault dip angle (15°, 30°, 45°, 60°, and 75°) for cases of dense,
medium dense, and loose sand at a vertical bedrock displacement U = 10%H (H = 20 m)
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relative densities. For the dip angle of 60°, only one primary
shear band forms, and the center of the distorted zone is lo-
cated on the footwall side. As the dip angle is increased be-
yond 60° (dip angle of 75°), L/H increases from 0.88 and 1.3
for dense and loose sand, respectively, to 1.34 and 1.58 at a dip
angle of 75°. The 75° dip angle case is associated with the
formation of secondary shear bands on the hanging wall side.
These secondary bands increase the length of the distorted
zone and shift its center toward that hanging wall side to
C/H =- 0.1 and 0 for dense and loose sand, respectively.

Effect of thickness of overlying sand layer

Since the majority of the results of the previous sections were
presented in a normalized form (normalized with respect to
the height of the overlying sand layer), it is important to in-
vestigate whether the results of the fault propagation analysis
remain valid for different soil overburden heights. For this
purpose, the finite element analyses that were conducted in
the previous sections with a soil height of 20 m were repeated
for cases involving soil thicknesses H of 10, 40, and 80 m.
An investigation of the sensitivity of the normalized
ground surface deformation profiles to the height of the over-
lying sand layer (not presented for length limitations) leads to
the conclusion that the normalized ground surface deforma-
tion profiles are relatively insensitive to the thickness of the
sand layer, particularly for smaller dip angles (15°, 30°, and
45°). A comparison between the normalized shear band loca-
tions for different sand layer thicknesses (Fig. 10a) indicates
that the normalized locations of the shear bands are not sensi-
tive to the soil layer thickness. The shear band locations are
relatively similar with maximum differences in the order of
0.1H (for dip angle of 60°). These minor differences are at-
tributed to the fact that the soil properties that govern the
propagation mechanism depend on depth. This may affect
the process of shear band formation leading to small variations
in the resulting shear bands in layers of different thicknesses.

On the other hand, the normalized critical inclined bed-
rock displacements (d.,/H) that are required for the shear
band to reach the surface seem to be highly sensitive to
the sand layer thickness as indicated in Fig. 10b. Results
show that the normalized critical bedrock displacement is
larger for larger soil layer thicknessess. The difference
between the critical bedrock displacements increases with
the sand layer thickness and the dip angle in a non-linear
manner. This indicates that normalizing the required dis-
placement by the height of the overburden soil is not
associated with a constant d./H value for the different
case scenarios investigated. The lack of normalization is
explained by the fact that soils at larger depths exhibit
higher stiffness and lower peak friction and dilation an-
gles since the soils are more confined and constrained. As
a result, a higher bedrock displacement is required for the
shear bands to reach the surface. It could be concluded
that for the cases involving normal faults, the thickness of
the overlying soil plays a role in defining the bedrock
displacements that are required for the fault to physically
propagate to the surface. In fact, the required normalized
bedrock displacements for a sand thickness of 80 m is
almost double to triple that of the displacements required
for a sand thickness of 10 m (see Fig. 10b).

Conclusions

In this paper, a comprehensive investigation of the mech-
anism of fault propagation in offshore sand deposits that
overly dip-slip normal faults is conducted. The investiga-
tion was conducted using the finite element method with a
model consisting of a sand layer that is modeled using the
Modified Mohr Coulomb constitutive model that is capa-
ble of modeling strain softening. The cases considered
included different cases of sand relative density, fault
dip angle, and sand layer thickness. The soil strength
and stiffness properties were modeled to vary with depth
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to incorporate the effect of confinement on the fault prop-
agation mechanism. Based on the results, the following
can be concluded:

* The normalized ground surface deformation profiles for
normal faults are more sensitive to the dip angle than the
relative density.

» Grabens are more likely to form with normal faults having
shallow dip angles. The width of the graben is larger for
cases with small dip angles.

*  The primary shear band locations are farther from the center
of the fault for loose sands and smaller fault dip angles and
vary slightly between the different soil layer thicknesses.

* The shear band reaches the top surface at small values of
bedrock displacement. The normalized bedrock displace-
ment required for the rupture to reach the surface is slight-
ly larger for lower relative densities, shallower dip angles,
and larger soil layer thicknesses.

» The dip angle is a more critical factor to the length of the
distorted zone compared to the relative density. Cases that
include graben formation show distorted zones with
lengths that are twice the lengths for cases where only a
primary failure plane forms. In the former, the center of the
distorted zone is shifted toward the center of the fault. The
normalized length of the distorted zone is slightly larger
for cases of lower relative densities.

» Except for the normalized critical bedrock displacement,
the results of the fault propagation study for normal faults
could be presented in normalized format since the normal-
ized results are relatively insensitive to the height of the
overlying soil layer.

The findings and conclusions presented above cover a wide
range of cases and are of direct relevance to the design of
pipelines that are supported on sand deposits overlying normal
dip-slip faults. For any combination of design fault displace-
ment, sand layer thickness, and sand relative density, the
charts could be used to predict the location and extent of the
distorted zone that will be affected by the fault propagation
process. Since the thickness of the sand layer could vary lat-
erally across the fault plane/zone that is crossed by pipelines,
there is a need for estimating the location and extent of the
distorted zone for different values of normalized fault dis-
placement, since each value represents a combination between
the anticipated fault displacement and the potential sand layer
thickness at the locations where the pipeline crosses the later-
ally varying fault plane. As a result, a comprehensive and
reliable site investigation should be designed and executed
to allow for (1) establishing realistic stratigraphic sections that
show the variability in the thickness of a cohesionless sand
cover in reference to the location of the faulted basement bed-
rock and (2) determining the soil properties of the cover layer
(with particular emphasis on the relative density) and any

@ Springer

expected spatial variability that might govern the uncertainty
in the relevant soil properties that may affect the analysis.
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