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ABSTRACT 

In general, the activities of harbour district, coastal construc- 
tion and re-transportation of tide and current are all possible 
to influence the stability of research area and sediment envi-
ronment in nearshore area.  It indicates that status of deposit 
property of seabed and variability of sediment environment 
are important factors to stability and safety for the path of un- 
dersea gas pipeline.  An assessment procedure and approach 
for the prediction of the wave-induced and earthquake-induced 
liquefaction potential and erosion potential are proposed for 
marine engineering practice. 

The soil sample of this study is obtained from deposit zone 
of gas pipeline of seabed in Taiwan Strait.  A series of Atter-
berg limit test, direct shear test and cyclic triaxial test were 
performed to investigate the soil properties of research area 
and also provided important information for the evaluation.  
On the other hand, the physical characteristic and particle size 
of sediment and deposit area for gas pipeline of seabed are also 
investigated.  Finally, the analysis and evaluation for erosion 
potential, dredging feasibility and pipeline stability were dis-
cussed.  From the results, useful information is provided to the 
basis of detailed design and to the evaluation for the feasibility 
of laying gas pipeline of seabed. 

I. INTRODUCTION 

In recent years, due to marine engineering grew up gradu-
ally in Taiwan, every kinds of marine engineering are under 
construction continually, including undersea signal commu-
nication cable, fiber cable, electric cable, undersea pipeline, 
reclaimed land, and wind energy etc.  To transport oil gas, CPC 
Corporation laid the undersea gas pipeline which diameter is 
36 inches and the length is 238 kilometers from Yung-An to 

Tong-Siao, and planned to lay the undersea gas pipeline in 
2007 which diameter is 36 inches and the length is 135 kilo-
meters from Taichung Harbor though Tong-Siao to Taoyuan. 

Most of the rivers in Taiwan’s west coast, such as Ta-chia 
River, Ta-an River, Hou-long River and Tou-chien River, ex- 
ports a large amount of suspended sediments to Taiwan Strait 
every year.  These suspended particles of coastal river are in- 
fluenced around the ocean transport and sediment by ocean 
current and wave action, and this phenomenon also causes 
significant influence to deposit area of undersea gas pipeline 
from Taichung to Taoyuan coastal area.  However, whether is 
natural coast or artificial coast such as reclaimed land, coast 
area belongs to sandy coast to be possible induced liquefaction.  
The liquefaction takes place in the sea bed which may cause 
the submarine pipeline of sea floor to sink, so that the subma-
rine pipeline may be destroyed due to out of shape.  Conse-
quently, it could indicate that status of deposit property of 
seabed and variability of sediment environment are important 
factors to the stability and safety for the path of undersea gas 
pipeline. 

A series of 2-D hydraulic model tests proposed by Chang 
et al. [5] were carried out to investigate the duration behavior 
of seabed stresses induced by progressive waves.  Due to the 
anisotropic property of natural deposit seabed soil, the pro-
gressive waves induced vertical stress and horizontal stress 
have different transmit speeds and phase shift between them.  
The DMT-based methods developed by Kung et al. [11] also 
have the potential to be an alternative to the existing procedure 
of liquefaction evaluation, such as the SPT and CPT evalua-
tion methods, to practically obtain a more accurate liquefac-
tion resistance of soils.  Liquefaction occurred frequently in 
shallow water zone, near shore area, continental slope, even 
in deeper seabed.  Therefore, the major purpose in this study is 
to evaluate the seabed stability by wave, including the as-
sessment of erosion potential, dredged feasibility and pipeline 
stability respectively, and is to avoid occurring instable dis-
aster continually. 

II. STUDY METHOD 

This study includes two parts.  The first part is carried out 
the general physical tests for the soil sample by collection in  
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Fig. 1. The path of undersea gas pipeline. 

 
 

Taiwan Strait.  A series of Atterberg limit test, direct shear test 
and cyclic triaxial test were performed to investigate the soil 
properties of research area.  The second part is to simulate 
the slope stability by earthquake force and wave induced 
loading from the coastal geotechnical engineering viewpoint.  
According to the soil properties in study area, the analysis and 
evaluation for erosion potential, dredged feasibility and pipe-
line stability were discussed.  Useful information is provided 
to the basis of detailed design and to the evaluation for the 
feasibility of laying gas pipeline of seabed. 

III. TEST PLAN 

1. Soil Material 

The path of undersea pipeline begins south from liquefied 
natural gas (LNG) receiving terminal in Taichung Harbor, 
along the coastal area of Taiwan western to north.  The landing 
point is in Data coast of Taoyuan, and the length of pipeline is 
about 130 kilometers.  The soil material is obtained from the 
second undersea gas pipeline area from Taichung Harbor to 
Taoyuan; the path is illustrated in Fig. 1.  This study is carried 
out thin-tube sampler according to the pre-buried path of un-
dersea pipeline, including 32 drilling positions.  The sample 
depth is below from seabed surface about 3.8 m.  The sam-
pling positions along the path of undersea pipeline are illus-
trated in Fig. 2. 

2. Test Plan 

The main testing in this study includes the following items. 
(1) Atterberg limit test includes the liquid limit, the plastic 

limit and the plastic index.  The testing procedure of the liquid 
limit is based on ASTM D4318, and the testing procedure of  
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Fig. 2. The sampling holes along the path of undersea pipeline. 

 
 

Table 1.  Testing item for this study. 

Testing item Sets 
Atterberg limit test 30 
*Direct shear test 30 

*Triaxial cyclic test 10 
Soil classification 30 

*Using remolded specimen 
 
 

plastic limit and plastic index is based on ASTM 4318.  (2) 
Direct shear test, the major purpose is to determine the shear 
strength such as the cohesion and friction angle of soil, the 
testing procedure is based on ASTM D3080-72.  (3) Triaxial 
cyclic test, it can simulate the internal variation of pore water 
pressure by earthquake and wave for soil, and further plot the 
liquefation resistance curve by the basis of testing results.  (4) 
Soil classification, the data from partical-size analysis and At- 
terberg limit test are classfied by unified soil classification 
system (USCS) to offer relevant reference for follow-up analy- 
sis and evaluation.  Remolded specimens for every testing 
are abided by ASTM criterion.  Testing item for this study is 
shown in Table 1. 

IV. TEST RESULT FOR SEABED SOIL 

1. Atterberg Limit Test (ASTM D 4318-84) 

Results show that 26 groups belong to Non-Plastic.  Besides 
previous results demonstrated that 16 groups belong to poorly- 
sand (SP), 8 groups belong to poorly-sand/silts-sand (SP-SM), 3 
groups belong to low-plasticity silt (ML), and one group for 
low-plasticity clay (CL), silts-sand (SM) and low-plasticity 
clay/low-plasticity silt (CL-ML) respectively by unified soil 
classification system. 
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Fig. 3. Liquefaction resistance strength of seabed soil. 

  

2. Direct Shear Test (ASTM D 3080-72) 

The main purpose is to obtain the strength parameter for the 
seabed soil, including cohesion “c” and friction angle “φ” in 
this test.  The analysis of 30 sets shows that cohesion, c, ranges 
about from 28.5 kPa to 80.4 kPa, and friction angle, φ , ranges 
about from 15.2° to 37.3°.  The results can be referred to sea-
bed bearing capacity, slope stability and feasibility of pipeline 
excavation. 

3. Cyclic Triaxial Test (ASTM D 3999-91, D 5311-92) 

In the Chien’s cyclic-triaxial testing system [4], the com-
puter programmed electronic signal for rate and magnitude of 
loading is applied to the electro pneumatic transducer, which 
then controls pneumatic amplifiers for the application of load- 
ing.  The control system was compiled by Visual Basic, and 
the process of testing was displayed on the monitor at any 
stage.  Cyclic triaxial tests on saturated sand are used in this 
study to simulate the seafloor soil under wave action.  We used 
the moist tamping method that the soil sample divided into 5 
layers to prepare specimens to simulate the seabed soil condi-
tion under the same relative density.  After the specimen con-
solidated, a series of liquefaction test evaluated the properties 
of wave-induced liquefaction behaviors. 

Soil liquefaction resistance strength can be expressed as 
cyclic shear stress, CSR, is defined as 

 
'
3

CSR =
2

dσ
σ⋅

 (1) 

where σd is the deviator stress (kPa) under cyclic loading, σ '
3 is 

the effective confining pressure (kPa) for specimen bearing 
capacity. 

Specimens are made by the moist tamping method and a 
series of undrained triaxial compression test were performed.  
The confining pressure is 30 kPa and the frequency of earth-
quake is 1 sec.  10 sets of tests were performed.  Based upon 
CSR, it can be plotted versus the number of cycle (Nc) causing 
liquefaction as shown in Fig. 3 [6].  Seed and Idriss [14] de-
veloped the evaluation method suggested Nc = 15 as number 

of equivalent cycle, Neq.  For a given, Neq, the corresponding 
value, CSR, can be obtained from Fig. 3. 

Because Seed [15] proposed the pore water pressure exci-
tation mode, which is assumed to be based on the earthquake 
caused the pore water pressure dissipation behavior, usually 
the period for a few seconds, it can not fully simulate the proc- 
ess of pore water pressure generation under wave loading for a 
long time.  Therefore, Chien et al. [6] re-modified the mode 
and proposed a reasonable mode to predict waves induced 
the behavior of pore water pressure generation for seabed soil 
under wave loading.  If the wave is considered as the main 
acting force to the seabed, “Neq” should be equal to Nc = 1000, 
for a given Nc = 1000.  The corresponding value can be iden-
tified in Fig. 3, i.e., CSR1000. 

Based on above test results, the cyclic shear stress ratio, 
CSR15, is about 0.2 to 0.33 under the depth below 1 m at sea-
bed surface.  Since the soil sample contains shell debris, the 
CSR15 of No. 1 hole is greater than 0.45.  Under the depth 
below 2 m from the seabed surface, the CSR15 is about 0.17 to 
0.44.  The minimum CSR15 is 0.17 which occurs in hole of No. 
19 at the middle section of undersea gas pipeline.  The CSR 
value can offer information for liquefaction potential analysis 
of seabed soil. 

4. Soil Classification (ASTM D 2487-85) 

Based on USCS, this study is performed with general physi- 
cal tests including measurement water content, Atterberg limit 
test, specific gravity test and particle-size analysis test respec-
tively, and further to obtain the particle-size distribution curve.  
These results can be used to classify soil property.  In this study, 
these seabed soils belongs to SP with SM, CL and ML mostly 
by test results.  With the engineering property viewpoint, it 
belongs to sandy layer with better permeability mostly. 

V. ASSESSMENT AND STABILITY ANALYSIS 
FOR THE UNDERSEA GAS PIPELINE 

1. Assessment of Dredged Feasibility 

1) Analysis Method 

For the dredged task, it should be obtained the relevant 
strength parameters about seabed soil in-situ, and choose the 
dredged machines to be fit for in-situ advantageously.  This 
study is carried out direct shear tests with remolded specimens 
in laboratory; this test can obtain the shear strength, τ, and 
internal friction angle, φ. 

A SPT-N value in-situ can be calculated from empirical 
equations as follows.  We use Table 2 [12, 17] to assess what 
dredging machines could be adopted in-situ. 

 c = 0.6N (t/m2) (2) 

 φ = 27 + 0.3N (3) 

where c is cohesion of soil, φ is friction angle of soil, and N  
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Table 2.  N-φ relationship. 

internal friction angle, φ 
SPT-N value 

Peck Meyerhof 
<4 <28.5° <30.0° 

4~10 28.5°~30.0° 30.0°~35.0° 
10~30 30.0°~36.0° 35.0°~40.0° 
30~50 36.0°~41.0° 40.0°~45.0° 
>50 >41.0° >45.0° 

 
 

Table 3.  Suggestion for dredger type. 

Water 
depth 

Dredger type Fit for soil 

>10 m Trailing Suction Hopper Dredger Soft sandy soil/silt 

<10 m 
Cutter Suction Dredger/ 

Backhoe Dredger 
Any soil property 

 
 

Dredge Head

Universal California  
Fig. 4. Schematic showing the dredger for THSD. 

 
 

value is obtained from standard penetration test. 
The design unit adapted dredgers during construction ac-

cording to water depth; it can be separate higher or below 10 m 
as Table 3: 

 
a. When the water depth is large than 10 m, the Trailer Suction 

Hopper Dredger (TSHD) is selected as shown in Fig. 4.  
The dredged depth of each layer is about 10-50 cm and de- 
pends on equipment and efficiency.  The large-sized ma-
chines can reach dredging depth greater than 110 m for each 
layer depth. 

• Dredge Head - its form of cutter 
included tip, rake face, etc.

 
Fig. 5. Schematic showing the dredger for CSD. 

 
 

Van Oord Hippopotes

 
Fig. 6. Schematic showing the dredger for BD. 

 
 

b. When the water depth is below 10 m, the Cutter Suction 
Dredger (CSD) is selected as shown in Fig. 5.  The dredged 
depth of each layer is about 0.5-1.5 m and depends on equip- 
ment and efficiency, and the large-sized machines can reach 
dredging depth greater than 30 m for each layer depth.  Other 
opinion such as the Backhoe Dredger (BD), as shown in 
Fig. 6, can also be selected for the dredged depth of each 
layer is about 1.5-3 m and depends on equipment and effi-
ciency, and the large-sized machines can reach dredging 
depth greater than 15 m for each layer depth.  The dredger 
type for this study is suggested in Table 3. 

2) Analysis Results 

A. Water depth > 10 m: The main soil layer belongs to 
sandy sand, so that THSD can fit the SPT-N value lower than 
twenty in sandy soil and also fit the SPT-N value lower than 
thirty in mixed gravel-sand soil.  Results in previous section 
show that mostly SPT-N values of drilling positions are smaller  
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Table 4. Wave condition and estimation of erosion depth 
at each coastal region. 

 
T 
(s) 

L 
(m) 

d 
(m) 

H 
(m) 

D 
(m) 

URP 
S 

(m) 

Taichung 
Harbor 11.3 165.0 31 7.3 0.914 425.16 0.46 

Kwun-Tong 12.9 216.8 41.5 9.4 0.914 653.32 0.55 
Hsinchu 12.7 152.4 17 9.1 0.914 4258.5 1.18 
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Fig. 7. Relationship between erosion depth and water depth for Kwun- 

Tong area. 

 
 

than four.  It belongs to extreme loose and soft layer, and hence 
the adaptability of dredger is better. 

B. Water depth < 10 m: Based on collected sono-probe re-
sults presently, except for the sandy seabed at the coastal re-
gion in Taoyuan, the algae-reef as hard as rock still distributes 
around the pipeline area.  But the coastal region in Taichung 
still belongs to sandy seabed mainly.  Thus it can be known 
that BD can fit the geology more in Taoyuan, but on the con-
trary both CSD and BD can fit the geology in Taichung Har-
bor. 

2. Assessment of Erosion Potential 

1) Analysis Method 

Viewed in seabed erosion aspect around the undersea pipe-
line, because the pipeline is laid in the seabed, its existence 
causes up-lift force effect near the flow field, and induces ero- 
sion and scour on the seabed surface.  The variability of flow 
field induces eddy current nearby pipeline to cause these 
phenomenons. 

In this study, the better analysis method is to determine 
erosion directly.  Based on the proposed result by Cevik and 
Yüksel (1999) [3], the relative erosion depth (S/D) nearby 
undersea pipeline corresponds to modified parameter, URP, the 
relevant equations are as follows, 

 3 2 3 2=RPU H L d D  (4) 

 0.41= 0.042 RP

S
U

D
 (5) 
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Fig. 8. Relationship between erosion depth and water depth for Hsinchu 

area. 
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Fig. 9. Relationship between erosion depth and water depth for Taichung 

Harbor area. 

 
 

where S is erosion depth, D is outside radius of undersea 
pipeline, H is wave height, L is wave length, and d is water 
depth. 

In order to understand the influence and behavior of un-
dersea pipeline during typhoon action, three different typhoon 
waves with 50 years of return period were evaluated, including 
Taichung Harbor, Kwun-Tong and Hsinchu.  The wave con-
dition and the estimation of erosion depth at each region are 
shown in Table 4.  The source data for wave condition are 
obtained from [120.39°E, 24.3°N], [121.03°E, 25.10°N] and 
[120.87°E, 24.86°N] respectively, and the major typhoon 
wave direction is North-NorthEast in the return period.  And 
the maximum erosion depth is about 1.2 m in Hsinchu, the 
other place is about 0.4 m to 0.6 m. 

2) Analysis Results 

Based on the analysis method with erosion seabed in pre-
vious section, the erosion depth above the water depth of 25 m 
can be estimated using (4) and (5) from the typhoon wave data 
in Taichung Harbor during 1940-2006. 

The plots of the erosion depth versus the water depth from 
typhoon wave data are illustrated in Figs. 7 to 9, respectively. 
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(a) the excavated design section below 25 m of water depth

(b) the excavated design section above 25 m of water depth  
Fig. 10. The design profile for excavated pipeline of seabed. 

  

3. Assessment of Pipeline Stability 

1) Analysis Method 

The pipeline stability includes two parts mainly in this sec-
tion.  First, using the numerical program, STABL, the general 
solution of slope stability problems by two-dimensional lim-
iting equilibrium methods was evaluated [1, 2, 7].  It allows 
the analysis of reinforced soil slopes with geosynthetics, nailing, 
and tiebacks using the Bishop, Spencer and Janbu methods.  
STABL features unique random techniques for generation of 
potential failure surfaces for subsequent determination of the 
more critical surfaces and their corresponding factors of safety.  
One technique generates circular; another, surfaces of sliding 
block character; and a third, more general irregular surfaces 
of random shape.  Specific trial failure surface can also be 
specified by the user. 

Second, the main object is to evaluate the liquefaction po-
tential of seabed soil after buried undersea pipeline.  In general, 
it must be considered two factors, including water depth of 
buried pipeline and main outer force action.  Hence this study 
is adopted earthquake force and wave force separately to as-
sess both earthquake and typhoon wave loading induced the 
liquefaction potential.  Detailed procedures are presented in 
the following paragraphs. 

A. The excavation of slope stability analysis 
The design profile for excavated trench before buried the 

undersea gas pipeline are illustrated in Fig. 10.  STABL pro-
gram is used to analyze slope stability for excavated section in 
Fig. 10 and the analysis does not consider the factor of seepage 
and pore water pressure in this study. 

Nine positions were adopted to analyze at pipeline path 
from Fig. 2, and the choice of hole position is corresponding 
to triaxial cyclic test.  The north region selects No. 1, 4, 9, 
the center region selects No. 13, 19, 24, and the south region 
selects No. 28, 30, and 32.  These positions are all above 25 m 
of water depth. 

• Establish environmental parameters:
Wave depth, Depth of soil layer, Moist unit weight, Unit weight of water

• Calculate CSRsoil value:
Calculating values based on formula

• Calculate CRRsoil value:
Adopted by cyclic triaxial test results to calculate values

• Compare with CSRsoil and CRRsoil value to judge liquefaction:
When CSRsoil > CRRsoil, seabed may be liquefied

Step 1

Step 2

Step 3

Step 4

0 0
 0

max
h

d
σ
σ

τ
σ

γ= 0.65A  ′ ′

 

 

 
Fig. 11. Flow chart assessing earthquake loading induced liquefaction. 

 
 
B. Liquefaction assessment after buried undersea pipeline 
Seed and Idriss [14] developed the simplified assessment 

for soil liquefaction, this approach is based on the CSR and 
cyclic resistance ratio (CRR) induced by earthquake loading to 
evaluate for liquefaction potential.  In addition, Ishihara and 
Yamazaki [10] proposed an approach to evaluate the seabed 
soil liquefaction.  This approach is based on the CSR induced 
by wave loading.  In this section, both two approaches are 
adopted to evaluate liquefaction after buried undersea pipe-
line. 

(a) Earthquake loading induced liquefaction 
According to Seed and Idriss [14], Seed [13], Youd et al. 

[19], and Idriss and Boulanger [9], the earthquake-induced 
maximum ground surface acceleration (Amax) may be used to 
estimate the CSR through Step 2 in Fig. 11, but it does not 
consider the magnitude scaling factor.  When CSR > CRR, it is 
possible to liquefy.  In this study, CRR is obtained from results 
of cyclic triaxial test in previous section to assess and analyze 
soil liquefaction. 

The CRR is the in situ cyclic undrained shear strength of the 
soil mobilized for the equivalent number of stress cycles de-
veloped due to the earthquake and CSR is the average shear 
stress level developed in the ground duo to earthquake loading 
at the depth under consideration.  According to the simplified 
method, the flow chart of assessing earthquake induced liq-
uefaction is shown in Fig. 11. 

(b) Typhoon wave loading induced liquefaction 
Ishihara and Yamazaki [10] developed an approach called 

the seabed liquefaction-potential assessment approach based 
on small-amplitude wave theory.  When the wave acts on the 
seabed, the pore water pressure can be generated from the 
cyclic loading induced by wave.  The cyclic shear stress ratio 
is obtain from wave induced shear stress and mean effective 
confining pressure. 

However, the approach has limitations.  First, An adopted 
value of Nc = 100 is used for Neq, which leads to inaccuracies 
in calculating CSR for triaxial testing.  Second, this approach 
does not account for the fact that different relative density 
begin to exhibit number of cycle behavior at different strain 
level.  Chien et al. [6] proposed that if wave loading is the 
main acting force to the seabed, “Neq” should be equal to Nc =  
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• Establish environmental parameters:
Wave height, period, Moist unit weight, Unit weight of water, Depth of seabed

• Calculate CSRwave value:
Calculating values based on formula

• Calculate CSRsoil value:
Adopted by cyclic triaxial test results to calculate values

• Compare with CSRwave and CSRsoil value to judge liquefaction:
When CSRwave CSRsoil, seabed may be liquefied

Step 1

Step 2

Step 3

Step 4

vh
waveCSR

τ
σ

=
′

 
Fig. 12. Flow chart assessing wave loading induced liquefaction. 

 
 

1000.  In addition, this method is also considered seabed soil 
characteristic and wave condition in-situ.  In this study, this 
method is an integrated and more general approach than the 
conventional method for wave induced seabed liquefaction 
problem.  Hence, the method established by this study makes it 
possible to accurately evaluate liquefaction under wave load-
ing. 

Sumer and Fredsøe [16] proposed a simplified analytical 
solution which the condition of the horizontal seabed is as-
sumed to be unlimited thickness.  This popular analytical 
solution of the stresses is for isotropic, poro-elastic media of 
seabed under the assumptions of fully saturation, and linear 
wave’s action is developed by Yamamoto et al. [18].  And 
Chang [5] also indicated that the results of hydraulic model 
test are smaller than the results of analytical solution for as-
sessment model by Yamamoto et al. [18] and Hsu and Jeng [8].  
Therefore, this study adopted the analytical solution of Ya-
mamoto et al. [18] to assess the internal dynamic stresses in- 
duced by wave loading in the field, although this method is 
comparatively simple, but the influence on every stress of each 
parameter is easier to observe in the formula. 

The dynamic stress of surface seabed is influenced by the 
wave height and period mainly.  Period, T, and water depth, 
h, are taken into the dispersion relation equation to calculate 
the wave length, L.  In order to estimate the dynamic stress of 
surface seabed induces by wave, this research use the undrained 
shear strength data from cyclic triaxial test. 

In accordance with the demand of testing results, the theo-
retical solution of Yamamoto et al. [18] can be obtained the 
vertical shear stress and the mean effective stress at any depth 
below the seabed surface, as shown in Step 2 of Fig. 12. 

The stability or liquefaction under wave loading can be 
evaluated by comparing wave induced cyclic shear stress ratio 
with liquefaction resistance strength as identified in Fig. 3 
from test results.  The flow chart of assessing wave loading 
induced liquefaction is shown in Fig. 12. 

2) Analysis Results 

A. Results of slope stability 
Using circular slide of Janbu method in STABL program to 

analyse slope stability, it can be obtained safety factor in each  

Table 5.  Parameters and results of slope stability analysis. 

No. 
z 

(m) 
h 

(m) 
γsat 

(kN/m3) 
c 

(kPa) 
φ 

(degree) 
FS 

(Janbu) 

32 1-1.2 25 19.37 0.284 30.54 1.57 
30 1-1.2 51 19.73 0.294 24.66 1.21 
28 1-1.2 54 20.76 0.438 37.31 2.18 
24 1.8-2 54 20.42 0.383 30.55 1.57 
19 1-1.2 57 20.23 0.371 32.76 1.84 
13 0.9-1.5 69 19.37 0.395 25.45 1.34 

9 2.1-2.4 81 19.98 0.145 20.35 0.91 
4 2.1-2.4 72 20.27 0.464 27.61 1.47 
1 1.8-2 38 20.19 0.456 34.76 1.94 
 
 

excavation profile and listed in Table 5. 
φ and c of the seabed soil have a great impact for slope 

stability analysis.  It can be found that when the difference of 
soil cohesion is limited as shown in Table 5, the variation of φ 
has a larger influence on safety factors, indicating a greater 
impact on φ than soil cohesion.  In addition, soil samples have 
a lot of content with silt or shell sand because in-situ samples 
sent to the laboratory was subjected to disturbance and water 
content dissipation.  It may raise unexpected errors of satu-
rated unit weight and water content and may affect the varia-
tion of strength parameters of remolded specimens. 

The variation of water depth in this research area ranges 
below from 25 m to 81 m.  From viewpoint of undersea slope 
stability, as a result of slope failure may be occurred at very 
gradual slope, hence the chosen drilling hole in previous sec-
tion belong to toe-circle failure.  However, the excavation depth 
is only 2.1 m, it is possible to cause shallow layer sliding or 
floating, and to make soil strength diminish to failure.  This 
behavior may be a reason among usually inducing undersea 
pipeline destruction.  Based on the design profile for exca-
vated trench of Fig. 10, this study chooses a cross-section 
between 450 m and 550 m, and adopts different gradient and 
water depth to simulate slope stability of seabed. 

Based on different water depth in each drilling hole, the 
relevant parameters from physical test and sea level are given 
in program to perform slope stability analysis.  The results of 
slope stability analysis are shown in Table 5.  The safety factor 
of No. 9 is lower than 1.  It can be illustrated the higher slide 
possibility in this position than others, as shown in Fig. 13. 

It is well known that the strength parameter of the soil plays 
an important role for the slope stability.  Since the soil property 
in No. 9 is classified as the silt with a very low strength pa-
rameter, it should pay attention to the stability and safety 
measures during construction.  The safety factor of No. 28 is 
the highest and more safety than other position as shown in 
Fig. 14. 

B. Results of pipeline stability 
(a) Earthquake loading causing liquefaction 
Results show that the CRRs induced by seabed soil in cen- 

ter and south region of pipeline are lower than CSRs induced  
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#  FS
a 0.91
b 0.92
c 0.93
d 0.94
e 0.94
f 0.96
g 0.98
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i 0.98
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Fig. 13. Safety factor (0.91) of No. 9 and its slide circle. 
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Fig. 14. Safety factor (2.18) of No. 28 and its slide circle. 

 
 
Table 6.  Results of earthquake causing liquefaction. 

No. 
z 

(m) 
ρ 

(g/cm3) 
σ ' 

(kPa) 
σ total 
(kPa) 

Amax 
(g) 

CSR CRR 
●liquefied 
○non-liquefied 

1 1 20.59 10.49 20.59 0.23 0.29 0.45 ○ 
3 1 20.75 10.65 20.75 0.23 0.29 0.33 ○ 

10 1 19.93 9.83 19.93 0.33 0.43 0.33 ● 
13 1 20.38 10.28 20.38 0.33 0.42 0.20 ● 
19 2 20.74 21.27 41.48 0.33 0.41 0.17 ● 
23 2 20.06 19.89 40.12 0.33 0.42 0.33 ● 
28 2 19.90 19.59 39.80 0.33 0.42 0.44 ○ 
30 1 19.49 9.39 19.49 0.33 0.44 0.23 ● 

1 21.06 10.96 21.06 0.33 0.41 0.26 ● 
32 

2 21.06 21.91 42.12 0.33 0.4   0.36 ● 
 
 

by earthquake loading.  It is possible to occur liquefaction of 
seabed.  On the other hand, CRRs of No. 1 and No. 3 in north 
region and No. 28 in south region of pipeline are all higher 
than CSRs, Hence these position does not occur liquefaction 
phenomenon.  The analysis results are shown in Table 6. 

If considering the analysis area under sea surface, the maxi- 
mum acceleration, Amax, can be reduced by half base upon 
deterministic seismic hazard analysis (DSHA).  The analysis 
results are shown in Table 7.  The liquefaction only occurs in 
center region of pipeline, not in other regions of pipeline. 

(b) Typhoon wave loading causing liquefaction 
Results show that the CSRs induced by seabed soil at the  

Table 7. Results of earthquake causing liquefaction (Amax 
reduced by half). 

No. 
z 

(m) 
ρ 

(g/cm3) 
σ ' 

(kPa) 
σ total 
(kPa) 

Amax 
(g) 

CSR CRR 
●liquefied 
○non-liquefied 

1 1 20.59 10.49 20.59 0.12 0.15 0.45 ○ 

3 1 20.75 10.65 20.75 0.12 0.15 0.33 ○ 

10 1 19.93 9.83 19.93 0.17 0.21 0.33 ○ 

13 1 20.38 10.28 20.38 0.17 0.21 0.20 ● 

19 2 20.74 21.27 41.48 0.17 0.20 0.17 ● 

23 2 20.06 19.89 40.12 0.17 0.21 0.33 ○ 

28 2 19.90 19.59 39.80 0.17 0.21 0.44 ○ 

30 1 19.49 9.39 19.49 0.17 0.22 0.23 ○ 

1 21.06 10.96 21.06 0.17 0.20 0.26 ○ 
32 

2 21.06 21.91 42.12 0.17 0.20 0.36 ○ 

 
 
Table 8.  Results of wave action causing liquefaction. 

No. 
h 

(m) 
L 

(m) 
P0 

(kPa) 

Shear 
Stress 
(kPa) 

CSR CRR 
●liquefied 
○non-liquefied 

1 38 210.9 27.74 0.80 0.08 0.39 ○ 
3 71 246.3 15.12 0.38 0.04 0.28 ○ 

10 77 249.3 13.37 0.33 0.03 0.24 ○ 
13 69 238.8 14.58 0.37 0.04 0.09 ○ 
19 57 230.3 18.59 0.96 0.05 0.10 ○ 
23 57 230.3 18.59 0.96 0.05 0.20 ○ 
28 54 188.7 11.89 0.74 0.04 0.26 ○ 
30 51 186.9 12.86 0.42 0.04 0.11 ○ 

0.92 0.08 0.19 ○ 
32 25 153.7 23.50 

1.77 0.08 0.16 ○ 
 
 

whole undersea pipeline are higher than CSRs induced by wave 
action, so it can not easier occur liquefaction phenomenon.  
The results are shown in Table 8. 

VI. CONCLUSIONS 

In this study, a method is proposed to assess the wave and 
earthquake induced liquefaction potential for undersea gas 
pipeline using the strength parameters from the cyclic triaxial 
test and the direct shear test in the laboratory. 

Based on the analysis results, SPT-N value are all lower 
than thirty for study area at water depth large than 10 m.  The 
adaptability of TSHD can be fitted dredging request.  For study 
area at water depth below 10 m, because CSD and BD can be 
suitable for any soil properties, it also can be fitted dredging 
request.  Because the SPT-N value is obtained from general 
empirical equation, it may have some difference with in-situ 
results ,but the dredgers can be adopted in general condition. 

According to 50 years return period of typhoon wave con-
dition along the undersea gas pipeline, results show that the 
maximum erosion depth is about 1.18 m at Hsinchu coastal 
area.  The erosion depth both at Kwun-Tong and Taichung 
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Harbor coastal area are about 0.46 m and 0.55 m respectively.   
The safety factor of No. 9 at Hsinchu coastal area is lower 

than 1, it can be illustrated the higher slide possibility in this 
position, and soil property in No. 9 belong to silt.  It should 
pay attention to stability and safety measures during construc- 
tion.  The safety factor of No. 28 near by Taichung Harbor 
reaches 2.18, and the safety factor of No. 1 near by Taoyuan 
reaches 1.94.  It can be shown that undersea gas pipeline is 
difficult to cause failure. 

Under cyclic earthquake loading, CRR larger than 0.44 is 
difficult to cause liquefaction failure.  But under typhoon wave 
loading, CSR at each drilling hole induced by wave forces are 
all lower than 0.1 except for No. 32.  Because the water depth 
is between 38 m and 80 m,  it may not induce liquefaction.  All 
three section of pipeline don’t occur liquefaction under wave 
action, but it is possible to occur liquefaction under earthquake 
loading except for No. 1, 3 and 28.  It should pay attention to 
soil improvement and safety measures of pipeline stability. 

If considering the analysis area under sea surface, the maxi- 
mum acceleration, Amax, can be reduced by half base upon 
DSHA. 

Results show that CRR is greater  than 0.23 and it may not 
able to occur liquefaction.  But the liquefaction risk is high in 
center region of undersea pipeline due to the low CRR value.  
In addition, results obtained show that other regions have no 
liquefaction phenomenon.  Since the predicted buried path of 
undersea gas pipeline may encounter existing fault conforma-
tion, it must pay attention to near-fault effect. 

As a result, this method provides an accurate analysis tech- 
nique for evaluating wave induced seabed liquefaction.  This 
proposed approach may be easily applied to practical marine 
engineering problems involving soil-pipeline interaction such 
as wave action and earthquake loading analysis. 

Finally, although the present method is only investigated 
into pipeline stability by wave inducing soil liquefaction, it 
provide a reasonable assessment for deep undersea pipeline.  
Using a similar approach, the interaction between wave, un-
dersea gas pipeline and soil liquefaction can be studied in the 
future. 
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NOTATION 

The following symbols are used in this research: 
c = soil cohesion 
φ = soil friction angle 
σd = the deviator stress 
σ3 = the effective confining pressure 

Nc = number of stress cycle 
M = earthquake magnitude 
Neq = number of equivalent cycle 
CSR = cyclic shear stress ratio 
CRR = cyclic resistance ratio 
N = number of standard penetration 
URP = the pipe Ursell number 
H = wave height 
L = wave length 
d = water depth 
D = outside radius of undersea pipeline 
S = erosion depth 
Amax = the peak horizontal acceleration 
τh = the horizontal shear stress 
σ0 = the initial stress 
σ' = the effective stress 
γd = the stress reduction coefficient 
z = the depth below ground surface 
FS = slope safety factor 
γsat = saturated unit weight 
ρ = seabed soil unit density 
σtotal = the total stress 
P0 = the surface wave pressure 
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