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Abstract The Liwan (Lw) gas field located in the northern slope of the South China Sea (SCS) is extremely complex for its sea-
floor topograghy, which is a huge challenge for the safety of subsea facilities. It is economically impractical to obtain parameters for
risk assessment of slope stability through a large amount of sampling over the whole field. The linkage between soil shear strength
and seabed peak amplitude derived from 2D/3D seismic data is helpful for understanding the regional slope-instability risk. In this
paper, the relationships among seabed peak, acoustic impedance and shear strength of shallow soil in the study area were discussed
based on statistical analysis results. We obtained a similar relationship to that obtained in other deep-water areas. There is a positive
correlation between seabed peak amplitude and acoustic impedance and an exponential relationship between acoustic impedance and
shear strength of sediment. The acoustic impedance is the key factor linking the seismic amplitude and shear strength. Infinite slope
stability analysis results indicate the areas have a high potential of shallow landslide on slopes exceeding 15° when the thickness of
loose sediments exceeds 8 m in the Lw gas field. Our prediction shows that they are mainly located in the heads and walls of subma-

rine canyons.
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1 Introduction

With the advances in exploration and exploitation tech-
nologies, oil and gas exploitation has gradually moved
towards deep-water areas. However, more risks and chal-
lenges are faced in exploitation of deep-water oil and gas
(Scheidegger, 1973; Van Eek, 1978; Jeanjean ef al., 2003;
Kvalstad et al., 2005), in particular, when the develop-
ment of deep-water oil and gas field is within a continen-
tal slope having complex seafloor (Jeanjean et al., 2003;
Solheim et al., 2005). For the development of deep-water
oil and gas field, a challenging problem is the instability
of seabed itself, which may result in subsea landslide and
turbidity current, damaging basic facilities (Hampton,
1996; Locat and Lee, 2002; Bruschi et al., 2006; Zakeri
et al., 2008, 2009). It is practicable to obtain engineering
geological parameters necessary for evaluating the stability
of seabed by sampling in shallow water, but it is infeasible
to conduct a large amount of sampling or in situ testing op-
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erations in deep water, owing to technological difficulty
and high expense. Critical sampling and careful evalua-
tion are generally carried out only in potential danger
zones in deep-water areas.

2D/3D seismic data are generally abundant in the oil
and gas fields and seismic attributes derived from seismic
data have been extensively used for the characterization
of hydrocarbon reservoirs (Rafipour, 1989; Chen and
Sidney, 1997; Gastaldi, 2000; Srivastava et al., 2004;
Sullivan et al., 2006; Ahmad and Rowell, 2012; Na’imia
et al., 2014; Farfour et al., 2015). Recently, the use of 3D
seismic techniques to image major continental slope mor-
phologies, deposit structures and geohazards has become
increasingly common (e.g., Nibbelink and Martinez, 1998;
Brand et al., 2003; Austin, 2004; Long ef al., 2004; Bulat
and Long, 2005; Mosher, 2006; Gee et al., 2006; Bull
et al., 2009).

Except for seismic acquisition system itself, the main
factor influencing seismic amplitude is the reflection co-
efficient of the interfaces between strata (Sheriff, 1975;
Steve, 2004). The relationship between seismic reflection
coefficient and acoustic impedance (the product of sediment
density p and P-wave velocity V) (Sheriff, 1975) can be
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expressed as:

R=(I,=1)/ (I, +1))
=0y Va—00- V) (o Va3 +0- 1), (1)

where R is seismic reflection coefficient (—1 to +1); / is
acoustic impedance, equal to the product of density p and
velocity V; p; and p, are the densities of medium above
and under the interface, respectively; and V| and V, are
the P-wave velocities of medium above and under the
interface, respectively.

In deep-water area, the sea floor often corresponds to
the first strong positive reflection, which is formed due to
large differences in the density and velocity between
seawater and sediments. As the density and wave velocity
of seawater change very little, both seismic amplitude and
acoustic impedance of the water body can be regarded as
constants. However, large changes in the density and ve-
locity of shallow sediments under seabed make their
acoustic impedance fluctuate dramatically. Consequently,
for each seismic trace, the peak amplitude of seabed has a
close relationship to the acoustic impedance of the shallow
sediments under seabed and is influenced comprehensively
by the seawater and the sediments within a certain thick-
ness under seabed. The thickness is related to the domi-
nant frequency of seismic records and is approximately
half of the dominant wavelength (equal to the velocity/the
dominant frequency) (Neidell and Poggiagliolmi, 1977).

Shear strength is a soil mechanical parameter, and an
index describing the shear resistance of soil mass (Bu-
chan et al., 1972). Previous research results show that
there is a close relation between the shear strength of the
subsea shallow soil mass and acoustic impedance (Brand
et al., 2003; Arthur Ayres et al., 2013).

The Liwan (Lw) gas field is located in the northern
slope of the South China Sea (SCS) with water depth of
200-2500m and is the first deep-water oil and gas field in
China. Previous research results show that a variety of
geomorphological units, especially a dozen of small-sized
slope-confined canyons, have developed here (Zhu ef al.,
2010; Zhou et al., 2015; Li et al., 2016), bringing challenge
for the gas filed development in this region (Fig.1). The
purpose of this paper is 1) to explore the relationships
among seismic amplitude, acoustic impedance and the
shear strength of subsea shallow sediments in the Lw gas
field; and 2) to use the above relationship to predict
slope-instability zones. The research results are expected
to provide beneficial help for oil and gas field develop-
ment in the north of the SCS.

2 Data and Methods

2.1 Seabed Peak Amplitude and Water Depth
Derived From 3D Seismic Data

Extensive 3D seismic surveys have been conducted in
the Lw gas field over the last decade. We derived the
seabed peak amplitude and the two-way travel time of the
seabed from the seismic data which have a dominant fre-
quency of 65Hz and a reflection bin of 12.5m*x25m. In
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the case of P-wave velocity of shallow sediments taken as
V=1600ms ', the half of dominant wavelength was 12m.
Therefore the seabed peak amplitude comprehensively
reflects the physical properties of sediments within a
thickness of 12m beneath the seabed (Fig.2). Water depths
were calculated from the two-way travel time (the sound
velocity in seawater was taken as ¥=1500ms ') and
processed into 50mx50m grid data (Fig.1b). Further, slope
gradients at the same grid interval were obtained.

110° 112° 114°

116°E

Fig.1 Bathymetric map and the location of sampling sta-
tions. (a) Bathymetric map of the north of the South China
Sea, plotted based on the USGS 30’ data; (b) Bathymetric
map of the Liwan gas field based on data derived from 3D
seismic data. Red stars denote the boreholes and red dots
denote gravity cores. HN, Hainan Island, PRM, Pearl
River mouth; SCS, South China Sea.

2.2 Geotechnical Test of Sampled Sediments
7 borehole samples with length of 40 m and 3 gravity

——
~12m

Fig.2 Seabed peak amplitude wavelet (Winggle-trace dis-
play). The dominant frequency of seismic data we used is
65Hz, so that half of dominant wavelength is 12m for a
given P-wave velocity of 1600m s ' in shallow sediments.
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cores over 3m in length have been obtained in the study
area. The sampling stations are shown in Fig.1. The shal-
low sediments are dominated by silty clay and clay.
Laboratory experiments and tests (e.g., natural unit weight
(density), P-wave velocity, and undrained shear strength)
were conducted. The ring sampler method was used to
measure the natural unit weight. The P-wave velocity was
measured by using a WSD-3 digital sonic instrument at an
interval of 0.5m, and an acoustic emission frequency of 25
kHz. An electric vane shear tester was used to test the
undrained shear strength. The acoustic impedance (p*V)
of the sediments was calculated from natural unit weight
and P-wave velocity. Means of these parameters for sedi-
ment samples from the uppermost 12m at all stations are
shown in Table 1.

2.3 Methods

In the study, the mathematical statistics method was

used for determining the relationships among soil mass
shear strength, acoustic impedance and seabed peak am-
plitude. We employed the limit equilibrium method
(Duncan, 1996; Zheng et al., 2010), the most common
method used to analyze slope stability. An infinite slope mo-
del was selected for calculation, in which it was assumed
that the fracture plane/slide plane was a plane and the
sliding resistance force and sliding force along this sur-
face were regarded as constants. This model is usually
applied to slopes with large area and gentle slope gradient,
including most subsea slopes (Nixon, 2005). Infinite slope
stability is usually indicated by safety coefficient (Fs),
whose calculation equation is often expressed as follows:

Sliding resistance force
Fs= g

downslide force
_(c+(y,Xz+ yxh)—u)cos> [ tan @)
(hy'sin B cos f)

; @

Table 1 Geotechnical test data for the uppermost 12 m of cores and the peak amplitude at each station

Station no. Sediment type Unit wej}ght \};;Ziﬁi Acoustic imPZeq?nce Undrained shear Pegk
(kNm ~) (ms™) (100gem “s ) strength (kPa) amplitude
DO1 Silty clay 17.05 1377.0 2395.7 11.80 115493
D02 Silty clay 14.35 1323.6 1938.2 4.70 137348
D03 Silty clay-clay 15.15 1480.3 2288.4 8.15 130320
D04 Silty clay 15.04 1456.8 2235.8 10.94 151185
D05 Silty clay 13.63 1394.3 1939.2 5.09 115207
D06 Silty clay 13.98 1427.6 2036.5 7.05 109153
D07 Silty clay-clay 14.34 1379.2 2018.1 8.03 123957
G04 Silty clay 13.16 1389.4 1865.7 5.17 115594
G06 Silty clay 15.42 1670.7 2628.8 8.24 126094
Gl10 Silty clay 13.06 1416.7 1888.0 3.38 128216

where ¢ and u are cohesive force and pore pressure, re-
spectively (kPa); y, y" and y,, are the unit weights of satu-
rated soil mass, underwater soil mass, and water, respec-
tively (kNm °); 8 and ¢ are slope gradient, and the inter-
nal friction angle of soil mass, respectively (°); z and / are
water depth, and sediment thickness, respectively (m). Fs

is the coefficient of safety, which is a dimensionless index.

If Fs<l, it indicates that slope failure is more likely to
occur; if Fs>1, it indicates that the slope is more likely to
be stable.

3 Results and Discussion

3.1 Relationships Among Seabed Peak Amplitude,
Acoustic Impedance and Shear Strength

Statistical analysis was conducted for the peak ampli-
tudes and the acoustic impedances and a relationship
chart was obtained (Fig.3a). The result shows that the
seabed peak amplitude increases with the acoustic im-

pedance and indicates a positive correlation between them.

This is consistent with the results from Du ef al. (2014),
who derived the relationship between seismic amplitude
and impedance using the convolution model and found
that there is a positive correlation between seismic am-
plitude and impedance when seismic wavelet shows a
little temporal and spatial variation and the wave imped-

ance of the upper layer also shows small changes. The
data points show a relative large scatter, which is possibly
because of less sampling stations and inappropriate dis-
tribution of core stations. In all the equations expressing
the relationship showed in Fig.3a, the linear equation
Yacoustic impedance:O~OO32)(seismic amplitude+l726 has the small-
est error (the mean difference of acoustic impedance at
each core station between measured values and calculated
values based on the equation) of less than 11%. It is ac-
ceptable in consideration of the large variation of seismic
amplitude. The seabed peak amplitude can be converted
into acoustic impedance according to the above trend
equation (Fig.4).

The relationship between shear strength and acoustic
impedance of shallow sediments is obtained by using the
same way and the result is shown in Fig.3b. The shear
strength increases with the acoustic impedance. Among
expressions for the relationship showed in Fig.3b, the
exponential equatiOIl YVshear strength = lE_08)(acousti(: impedance 2602
has the largest correlation coefficient (R*=0.58) and the
smallest error (the mean difference of shear strength be-
tween measured value and calculated value based on the
equation) of less than 25%. The acoustic impedance can be
converted into shear strength of soil mass according to
this trend equation.

Statistical analysis results in different deep-water areas
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Fig.3 Statistical relationship between seabed peak amplitude
and acoustic impedance (a) and the relationship between
acoustic impedance and shear strength of shallow sedi-
ments (b) Su denotes shear strength. All the cores were
grouped into two families. The acoustic impedances of
family I are less than 2100x100gcm *s ', whereas those
of family II are more than 2100x100gcm s .
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Fig.4 Seabed peak amplitude (a) and calculated acoustic
impedance (b) in the Liwan gas field.

(e.g., Brand et al. (2003) and Arthur Ayres et al. (2013))
show that there is a similar exponential relationship be-
tween the shear strength and the acoustic impedance for
shallow soils, whereas such relationship is likely affected
by the grain size of sediments (Arthur Ayres et al., 2013).
For fine-grained sediments (e.g., mud or silty mud), the
shear strength and the acoustic impedance exhibit an ex-
ponential relationship, but for coarse-grained sediments,
they exhibit high discreteness. Arthur Ayres et al. (2013)
speculated that coarse-grained marine soil particles have
small contact area, resulting in weak shear strength of soil
mass. The dominant sediments in the study area are silty
clay and clay and our result continues to confirm the ex-
ponential relationship between shear strength and acous-
tic impedance for fine-grained marine sediments.

The inherent nature of the seabed peak amplitude, the
concept of acoustic impedance and their statistical rela-
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tionship determine a qualitative association between the
seabed peak amplitude and the shear strength of shallow
soils obtained from cores. The shear strength can be cal-
culated from seabed peak amplitude through the above
two statistical equations and a positive relationship be-
tween shear strength and seabed peak amplitude can be
deduced. The error of calculated shear strength may be
big; nevertheless, the variation tendency of shear strength
of shallow sediments in the region can be found and the
calibrated seabed peak amplitude can be used to guide for
further sediment sampling design.

3.2 Classification of Cores by Acoustic Impedance

In order to conduct the slope stability analysis, cores
should be classified by the relationship between acoustic
impedance and shear strength (Brand et al., 2003). The
cores with similar acoustic impedance are grouped as one
family and slope stability analysis will be carried out for
each family. Fig.3b shows that all the cores can be
grouped into two families. Six cores in the first family
(family I) have mean acoustic impedance less than
2100><100gcm_2s_1 and these cores are G10, G04, D02,
D05, D06, and D7. For this family, the change in shear
strength with depth is shown in Fig.5a, and the appropriate
trend equation to describe the relationship iS Vsnear strength =
3.1504 +0.6526h4c, (Fig.6a). Four cores in the second
family (family II) have mean acoustic impedance more
than 2100x100gcm s ', ranging from 2200x100gcm s
to 2700x100gcm s ' and include G06, DO1, D03, and
DO04. For these cores, the change in shear strength with
depth of core is shown in Fig.5b, and the appropriate
trend equation is Ysnear strength = .0023 +0.91531gepn (Fig.6D).

ooogoy

Depth (m)
[=31

a) (b)
0 4 8 12 16 0 4 8 12 16
Uss (kPa) Uss (kPa)

Fig.5 Variation of shear strength with depth for two families.
(a) is for family I and (b) is for family II. Uss: undrained
shear strength.

The family I with low shear strength corresponds to the
area with acoustic impedance less than 2100x100 gcm 2
s '; whereas the family II with high shear strength corre-
sponds to the area with acoustic impedance more than
2100x100gcem s .
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Fig.6 Shear strength vs. depth diagrams. (a) is for family I
and (b) is for family II. Uss: undrained shear strength.

3.3 Slope Stability Analysis and Results

The slope stability analysis for the subsea shallow soil
mass was conducted by using the limit equilibrium
method, which is the most common procedure for assess-
ing the risk from instability (Duncan, 1996; Zheng et al.,
2010). Previous studies show that landslides in the study
area were mainly triggered by steepening of the slope due
to the erosion of ocean currents or turbidity currents (Qin,
2012; Zhou, 2015). A simple infinite slope model was
selected for the analysis and the total stress parameter,
undrained shear strength (Su), representing short-term
water drainage process, was selected for the calculation.
When total stress is selected as the parameter, =0 and c=
Su in Eq. (2), and the influences of earthquake action are
not taken into account, the slope stability or Fs can be
simplified into the following:

Fs = Su/(sin(f)*cos(f)*y+h), 3)

where Su is undrained shear strength (kPa); f is slope
gradient (*); y is the underwater unit weight of subsea soil
(kNm); and 4 is the thickness of sediments (m).

Eq. (3) indicates that the slope formed by soil mass with
low shear strength has poor stability. Further, it means that
the slope with low seabed peak amplitude has poor stability.

3.3.1 Fs versus the depth of slide plane at different
slope gradients

If the slope gradient (f) is assumed as a constant, we
can get the relation curve between Fs and the depth (%) of
slide plane in an area with homogenous shear strength.
We calculated safety coefficients for two kinds of slopes
with different shear strengths at a series of slope gradients
(10°, 15°, 20°, and 25°) according to Eq. (3). The results

are shown in Fig.7 and they indicate the following fea-
tures:

1) the Fs will decrease as the thickness of sediments
increases at a given slope gradient if only the gravity of
sediment itself is considered; 2) at a given Fis, the depth
of the slide plane will decrease as the slope gradient in-
creases; 3) at a given slope gradient, as the shear strength
decreases, the Fs curve will move towards smaller values
(i.e., the lower left corner of the coordinate system) and it
means that the stable zone (Fs>1) will diminish; and 4)
for the family I, when the slope gradient is more than 15°,
the critical depth of sediment instability (Fs=1) is 6 m;
whereas for the family II, the depth is 9m.

—+——5°

Depth (m)

Fig.7 Calculated safety coefficient (Fs) vs. depth of slide
plane at different slope gradients. (a) is for family I and
(b) is for family II.

3.3.2 Critical thickness and slope gradient

It is important to know the critical thickness of sediments
(h) when a specific slope is at the critical state of stability
because it can be used to estimate the size of potential
landslides (Scheidegger, 1973; Finlay et al., 1999; Masson
et al., 2006). We calculated the range of thickness of
sediments with the change of slope gradient at a given
shear strengths when Fs=1. The results are shown in
Fig.8 and indicate that, for the family I, the critical thick-
ness decreases from 48 m to 2m as the slope gradient
changes from 10° to 50°; whereas for family II, the value
decreases from >100m to 3 m. Comparison of these two
families evidently indicates that the critical slope gradient
and critical thickness in the family I (shown in Table 2)
represent the lower limit of slope stability in the study
area. Therefore, potential landslides are more likely to
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occur in the area where acoustic impedance is <2100x100
gem %s ', slope gradient is >15°, and the thickness of
loose sediment is >8 m.
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Slope gradient (°)
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Thickness (m)
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(b)

20 30 40 50
Slope gradient (°)
Fig.8 Slope gradient vs. thickness of sediments at critical

state (Fs=1) (a). (b) is the enlargement of dotted line box
in (a).

Table 2 Infinite slope stability analysis results

slope gradient (°) Critical thickness of sediments (m)
10 48
15 8
20 4.5
25 33
30 2.7
>35 2

3.4 Predicting Potential Landslide Zones (PLZs)
Based on the Slope Stability Analysis Results

For an area with a given shear strength, when Fs=1,
the critical slope gradient and the thickness of sediments
can be determined by the infinite slope stability analysis
results. Sub-bottom profile data reveal that the thickness
of shallow loose sediments accumulated on the slope is
generally <8 m in the study area. The thicknesses of sedi-
ments on slopes less than 15° are not as large as the
thickness predicted based on the infinite slope stability
analyses. Since the slopes are not carrying as much loose
sediment as they can, there was no need to investigate
flatter slopes. Due to time and budget constraints, it is not
necessary to concern the areas where the slope gradient is
less than 15° in assessing the risk of slope-instability.
PLZs can be determined through a multi-layer query of
the slope gradient map and acoustic impedance map of
the study area. For the family I, the areas where slope
gradients are >15° were considered as PLZs (pink zones
in Fig.9a), whereas for the family II, the areas where
slope gradients are >17° were considered as PLZs (blue
zones in Fig.9a). The results show that most PLZs are

a) Springer

located in heads and walls of the canyons where the sea-
floor often have large slope gradients due to erosion ac-
tivities of ocean bottom currents, mass movements and
turbidity currents (Li et al., 2015, 2016).

115.3°

115.7°E

20.2°N

20°

Area: 51300 m*
Slﬁﬂi‘gradicn: 17.82

3
19.8°

(b) 400 m

Fig.9 Predicted potential landslide zones (PLZs) (a) and
parameters of a PLZ on the slope (b). Pink and blue areas
are PLZs for family I and family II, respectively. See (a)
for the location of (b).

If a PLZ is selected to be assessed, we can obtain some
parameters (e.g., area, slope gradient and mean shear
strength) of PLZs. An example of PLZ assessment is
shown in Fig.9b. The area of the PLZ in the flank of a
canyon is about 51300 m’, the mean slope gradient is
17.8° and the mean shear strength (Su) of shallow soil is
4.57kPa. The area, volume, and strength of sediments for
each PLZ are provided as input parameters for further
analysis of volume, impact area, run-out and intensity of a
potential landslide.

4 Conclusions

In this paper, we have discussed the relationships among
seabed peak amplitude, acoustic impedance and shear
strength based on 3D seismic data and the geotechnical
test data in the Lw gas field, north of the SCS. The statis-
tical results show that the relationships among them are
consistent with previous studies although the number of
cores are limit and it can be used in the prediction of
PLZs. Infinite slope stability analysis indicate that there is
high potential of shallow landslide on slopes exceeding
15° when the thickness of loose sediments exceeds 8 m in
the Lw gas field. Most PLZs are located in heads and
walls of the canyons.
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