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In this study, the soft marine silts under a rubble-mound
breakwater in Ma-Zu of west Taiwan are adopted as a test
sample. The specimens were prepared by a new, remolded
method at dry density and consolidated stresses. Tri-axial
shear-strength tests were performed to evaluate the pore-
water pressure and the shear strength. The test results
show that the pore-water pressure increases gradually and
is close to the critical values as the axial strain increases.
In addition, under isotropic and K consolidation, both
the c and ¢’ of the soft marine silts were 0 kPa, which
means that the silts do not have any shear resistance, just
like fluid under a rubble-mound breakwater. Based on

the linear-elasticity and the one-dimensional consolida-
tion theory, the model of the settlement and stability was
evaluated in SIGMA/W. The results show that the soft
marine silts at the breakwater induced a displacement,
greatly increasing with the filling rubble-mound loading.
The figures and results can be referenced for a stability
evaluation of the silt soil deposits under the rubble-mound
breakwater. The results are useful for marine silts mechan-
ics and a stability analysis for the planning, design, and
related research on near-shore engineering.
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1 INTRODUCTION

In 1995, the geo-structure of the rubble-mound break-
water settled gradually during the construction of Beigan
in Ma-Zu. The silt layer at the front section of the rubble-
mound breakwater had heaved. When the breakwater

at the Fuao Commercial Port of Nangan, Matzu was
expanded in 2002, serious settlement and lateral displace-
ment appeared during the construction. Meanwhile,
marine silts caused the foundation settlement of near-
shore structures due to the inferior nature of the works,
and the settlement quantity is the variable that changes
with time, due to unpredictable factors such as storm
waves, which are the main reason for the cause of disasters
to the shore and harbor engineering (Chien et al., 2007).

In 2005, the breakwater in the north dock named Bai-
Sah in Ma-Zu County was extended. The actual amounts
of mound were different from the original design. As a
result, the extended harbor geo-structure stopped work-

ing properly.

Chen (2004) studied the topic of a mound breakwater
by physical testing, micro-fabric analysis and mechanics
properties, and evaluated the possible factors and stable
mechanism. Chien et al. (2005) studied an improved
model using the mixing method. Furthermore, the bear-
ing capacity was promoted by using cement-mixed soft
silt clay, which also increased the shear strength of the
soft clay. Mayne et al. (1990) studied the specimen stress
and the corresponding model of the field under different
structural loadings.

In order to further discuss the disasters factor caused by
marine silts, the ongoing expansion of the breakwaters
at the Fuao Port of Ma-Zu was the research area in this
study. A static experiment and a numerical analysis were
performed to evaluate the factors causing the breakage
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silt soil deposits under the rubble-mound breakwater.

A1
A-2
A-3
A4
A-5

1.1 ANALYSIS OF RESEARCH AREA g
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Based on the near-shore exploration work, the locations
of the borings and the soil sampling in Ma-Zu County
are shown in Fig.1. From the near-shore exploration
data, most of the mean SPT-N values of the profile below Py i
12 m of the seabed were near 1, and a few of them were \

7. The relationship between the SPT-N value and the
depth of the exploration at the rubble-mound breakwa-
ters are shown in Fig. 2.

Depth(m)

1.2 BASIC PHYSICAL PROPERTIES OF + o ° " o
THE SOIL ¢

20 + E

The liquid limit (LL) of the seabed soils at five different

locations ranged from 42% to 47%, the plastic limit (PL)
from 26% to 31%, and the plasticity index (PI) from 12%
to 20%, based on the results of the Atterberg limit tests. 2 S

According to x-ray diffraction of the soft marine silts in
Fuao) Matzu and the possible elements judged bY EDS, Figul‘e 2. Relationship between the SPT-N value and the depth
the main chemical compositions of the soft marine below the rubble-mound breakwater.
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Figure 3. X-ray diffraction of marine soft silts (S-3).
silts are SiO, (78.1%) and Al,O, (9.1%). The minor The particle-size-distribution curves are plotted for
components are K,0 (4.3%), MgO (2.6%), Fe,0, (2.2%), seabed soils taken from five locations (see Fig. 4).
FeO (2.1%), Na,O (1.2%), and CaO (0.4%). The results According to the results, the approximate contents were
of the x-ray diffraction test are also shown in Fig. 3. The gravel and sand (2%), silt (45%), and clay (53%).

specimens were judged as weathered deposits, on the
basis of the work of Wright (1981).
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Figure 4. Particle-size-distribution curve of the soils in this experiment.
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2 METHODOLOGY

A series of experiments was performed in this study,
including one-dimensional consolidation and tri-axial
compression tests. In order to understand the soil’s basic
properties, soft marine soils were prepared by a new
method according to the saturated clay density, depend-
ing on the water content.

In addition, it was necessary to comprehensively analyze
the soil-bearing capacity and the stability related to the
slip and breakage of the foundation. The limit equilib-
rium method was applied to evaluate the stability of the
soft ground foundation. The critical slip surface and the
corresponding safety factor of the soil foundation and
the relevant stress and strain of the interior slip surface
can be found from the critical slip surface. The safety
factor could also be found by analyzing the possible
breakage mechanism.

The study analyzed the in-situ data related to stratum
drilling and steel-pipe pilings. As well as the geological
sampling, in-situ and laboratory experiment analysis,
the density and compressibility of the soil at the soft
ground were obtained from these results. The breakage
of the soil layer was caused by the loading and the possi-
ble amount of settlement was evaluated by a suitable
numerical model developed for the prediction of the
settlement stability of soft marine ground. The results are
very useful as a reference for the marine silts’ stability for
the planning and design of near-shore engineering.

2.1 TESTING ITEMS

The shear strength of the soft silty clay was obtained from
the tri-axial test. Moreover, the specimen was prepared
according to the in-situ density. Because the remolded
specimen of lower unit weight was too soft, the specimen
could not be set up for the tri-axial test. Therefore, a new
remolding method was developed in this study. The test’s
controlled conditions and sets are shown in Table 1.

Table 1. Testing conditions and sets.

. Dr}.l Consolidation Axial pressure
Testitems  density Stress (kPa) velocity
y, (t/m3) (kPa/min)
list the axial stress
CIU 1.00. 1.05 15. 20. 30. velocity recom-
1.10. 1.15 40. 45 mended by Lambe
(1951)
1.00. 1.05
CK,U 1.10. 115 30. 60. 90 0.5
Torvane
shear test 0-88~1.04 B o
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2.2 TESTING METHODS FOR THE
REMOLDED SPECIMENS

It is difficult to control the degree of saturation by using
the moist temping method on marine silts. However,
the shear strength was decreased with the water-content
increase by applying back water pressure to the speci-
men in tri-axial space. The purposes of the remolded
method for producing a saturated specimen were
twofold: one is that the behavior of the saturated speci-
men was more easily controlled than the unsaturated
one, and the other is that the shear strengths of the soft
marine silts on the seabed were simulated.

In order to remold the very soft specimens, a new
remolding method was developed in this study. The
specimens were prepared using the constant volume
method with dried silt clay and water contents ranging
from 1.0 to 2.0%. In the specimen remolded process,

a soil water content of about 200% was adopted in the
test. The specimens were mixed for about 5-10 minutes
at low velocity in a mixer until they became like a fluid.
The soils were infiltrated into the remolded specimen
instruments (7.0 cm in diameter and 20.0 cm in height)
that connect with vacuum pressure. The sedimentation
behavior was induced rapidly. The stresses at different
steps were applied to remold the specimen gradually to
reach the in-situ density, when the sedimentation stops.
The remolded specimen-preparation steps are presented
in Figs. 5 (a)-(d).

The C.K.C. Automatic Triaxial Test System was applied
in this study, as shown in Fig.6. The test system has
great advantages in stress, strain and stress path
control (Chien, 2002). According to whether it is stress
controlled or strain controlled, the air pressure and

oil pressure can be adopted for the pressure system

in the experiment. All the experimental procedures
are performed through a human-computer interface

to provide an easy and convenient operating environ-
ment.

As for the normal consolidated clay, the failure envelopes
were calculated from the strength parameters without
conducting a consolidation and drainage test. Therefore,
the undrained shear strength according to half of the
maximum axial differential stress (o, - 03),,,, could be
determined. When the axial strain exceeded 15%, but
did not reach the maximum axial differential stress,

the undrained shear strength can be defined according
to 15% of the axial differential stress. Chien (2002)
studied the effect of the fines content on the liquefaction
strength by using the moist temping method at different
relative densities and fine contents.
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(a) The vacuity before sedimentation

(c) Applying the steps loading (d) Reaching the design density

Figure 5. The marine clay remold, specimen-preparation steps.
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Figure 6. Sketch of the tri-axial test system.
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The computer software SIGMA/W was applied to
analyze the stress-strain conditions in the silt deposits,
induced by the construction of the rubble breakwater
structure. In order to evaluate the influence of long-term
effects and excessive pore-water pressure on soft marine
silts, the settlement caused by the breakwater at the Fuao
Port of Ma-Zu was analyzed through a consolidation
analysis and SEEP/W. The real-time consolidation and
settlement caused by the rubble-mound breakwaters are
predicted.

EXPERIMENTAL ANALYSIS AND
RESULTS

3.1 DENSITY CHANGE AFTER ISOTRO-
PIC AND K, CONSOLIDATION

There were four kinds of density soils selected with
different initial densities for the isotropic and K|, consoli-
dation experiments in this study. The changes of the
mean dry density (y,;) can be obtained through different
consolidation stresses, and the relationships are shown
in Fig.7 and Fig. 8.

During the 45-kPa confining-pressure isotropic-
consolidation process, the soil’s dry density changed
from an initial value of 1.10 t/m3 to a final value of 1.22
t/m3. This was an increase of 10.85%. Under the K|,
consolidation with the axial direction consolidation
pressure ranging between 30 and 90 kPa, the soil’s dry
density increased from 1.7 to 13.4% when the initial dry

density was 1.15 t/m? and from 1.9 to 14.0% when the
initial dry density was 1.10 t/m?>.

The increase in the dry density was more under the
isotropic consolidation (4.6 to 11.5%) than under the
K, consolidation (1.7 to 6.4%), when the consolidation
stress was equal to 30 kPa. The reason for this result was
that the axial stress applied during the K, consolidation
did not promote consolidation in the radial direction.

3.2 PORE-WATER PRESSURE INDUCED
UNDER ISOTROPIC AND K,
CONSOLIDATION

According to the isotropic and K|, consolidation under
undrained conditions, the relationship between the
induced excess pore-water pressure (Au) and the strain
(¢) is shown in Fig. 9 and Fig. 10. The figures illustrate
that the initial value increased gradually, and the exces-
sive pore-water pressure increased and approached to
a positive critical value as the strain increased. This
phenomenon was consistent with the definition of speci-
men breakage by the critical state theory: the critical
state was reached when the soils deformed under stress
loading.

In order to further understand the induced pore-water
pressure at rest, this study also discussed the relationship
between the pore-water pressure ratio ((u/0),) ) and

. P max K
the strain (), where o/, is defined as the mean consoli-
dation stress:

O e :g(al'i'az +03> (1)

140 y—————— S A A
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Figure 7. Dry density changes after isotropic consolidation.
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Figure 8. Dry density change after K, consolidation.
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Figure 9. Relationship between Au and € curve for isotropic consolidation under undrained conditions.
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Figure 10. Relationship between Au and ¢ curve for K, consolidation under undrained conditions.
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Figure 11. Comparison of the pore-water pressure model for isotropic and K under undrained conditions.
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Figure 12. Relationship of Ao - € for isotropic consolidation under undrained conditions.

The comparison of the pore-water pressure between

the isotropic and K, consolidation processes is made

in Fig. 11. The effective stress decreased gradually with
the axial strain increased under static loading. However,
the pore-water pressure increased more slowly during
the K, consolidation process than during the isotropic
consolidation process.

3.3 ISOTROPIC CONSOLIDATION TEST
RESULTS

Fig. 12 presents the relationship between the devia-

toric stress and the axial strain under isotropic with
undrained conditions. For the results of the tri-axial
compression testing for marine silts, the deviatoric stress
increases as the confining pressure increases. Further-
more, the axial strain was plastic destruction, which,

84 ACTA GEOTECHNICA SLOVENICA, 2009/2

analyzed from the relationship, has no peak strength
between the stress and strain.

The results of the soft marine silts experiment illustrated
the total stress and effective stress path. Under the differ-
ent isotropic consolidation stresses, the final stress path
and the failure lines approached consistency. Further-
more, all the failure lines passed through the original
point. The relationship between the different initial dry
densities and the shear strength parameters is shown in
Table 2.

As for the total stress strength (short term), the param-
eters of the effective stress strength (long term) were
smaller, as shown in Fig. 13 and Fig. 14. The parameter
¢ is approximately half of the parameter ¢". This is
consistent with the results on the consolidated clay soils
reported by Holtz and Kovacs (1981).
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Table 2. Shear strength parameters for soils that underwent
isotropic consolidation.

Pty cqen 90 <G 90
1.15 0 20.37 0 43.26
1.10 0 17.21 0 35.87
1.05 0 14.73 0 25.38
1.00 0 15.36 0 30.01

3.4 K, CONSOLIDATION EXPERIMENT
RESULTS

Due to the intrinsic anisotropy produced by the particle
arrangement considered in the traditional CIU test the

anisotropy produced by the K, consolidation (K, # 1)
cannot be responded. Furthermore, anisotropic consoli-
dation may affect the evaluation of the shear parameters
related to the soft marine silts (Mayne, 1985). The basic
mechanical behavior under K, consolidation is discussed
below.

The experimental results (total stress and effective stress
path plots) are shown for the soft marine soil in Figures
15 and 16. Under the different K, consolidation stresses,
the initial value of the stress path lay below the state of
the K, consolidation. Furthermore, all the failure lines
passed through the coordinate origin. The relationship
between the different initial dry densities and the shear
strength parameters are shown in Table 3.

50 L L L L
Initial Dry Density
45 T — — " 1.00tnv
1.05t/m?
40 1T — — 1.10tn?
— — — — 1.15tn®
35 &
B0
© ! ! ! !
I R
= o
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L S
L e S
R
51 [
= |
0 e ¥
0 5 10

15 20 25 30 35 40 45 50 55 60 65 70 75
p (kPa)

Figure 13. p - q diagram for soils that underwent isotropic consolidation.
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Figure 14. p’ - q' diagram for soils that underwent isotropic consolidation.
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Table 3. Shear strength parameters for soils that underwent K,

consolidation.
1.15 0 23.58 0 34.06
1.10 0 21.71 0 30.01
1.05 0 16.26 0 23.58
1.00 0 20.49 0 26.75

According to Skempton and Sowa (1963), the shear
strength of the clay can be correlated to the water
content. Figure 17 presents the shear strength vs. the
water content relationships for various tests performed
in the present study. The following formulas describe the
relationships mathematically:

CIU: Su =1.02w + 64.55 (4)
CK,U: Su =1.28w + 79.68 (5)
Where
Su:  shear strength under undrained conditions (kPa)

w:  water content (%)

The marine silts were classified as extremely soft soils,
based on the shear-strength results and ASTM D1586.
It was also found that the shear strengths obtained from
various tests were ranked as CIU > SUU > Torvane.

The same ranking of shear strengths was observed in a
separate study (Lin, 1988). This outcome indicates that
the undrained shear strength was high for the CIU soils,
since the specimens consolidated completely during the
CIU test procedure. However, it was apparent that the

Torvane: Su = 0.065w + 6.2 (2) - -
undrained shear strengths were lower for the SUU soils,
SUU: Su = 0.325w + 25.8 (3) since the effective stress was zero.
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Figure 15. p - g diagram for soils that underwent K, consolidation.
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Figure 17. Undrained shear strengths resulting from different test methods.

4 NUMERICAL SIMULATION
ANALYSIS

4.1 PARAMETERS FOR NUMERICAL MODE

The slope gradient was 2H:1V on the sea side and 1.5H:1V
on the land side, and the crest width ranged from 18 m near
shore to 21 m offshore, according to the breakwaters’ design
standard. For the convenience of the numerical simulation
analysis, these seven sections were taken vertically across
the cross-section of the structure (AA~GG). The section of

27.0m B = 18.0~21.0m

the rubble-mound breakwater is shown in Fig.18 (B is the
width of the breakwater crest, h is the depth of water and d
is the thickness of the soft marine soils).

The marine soils were assumed to be anisotropic, elastic
material during the simulation, and simplified as a single
layer. Therefore, the relevant experimental parameters,

such as the effective friction angle and the slope of normal
consolidation line, were obtained from experimental results.
According to the numerical mode requirement, the stratum
condition and the soils’ property parameters are shown in
Table 4.

36.0m

HEAU DD

de
1

EE

i EL. +9.00

FF GG gl

MLWL.+1.00

Figure 18. Sketch profile of the simplified rubble-mound breakwater.
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Table 4. Parameters used in numerical simulation.

Linear Elastic

A (pore pressure parameter) 0.78#
B (pore pressure parameter) 1.00#
E (elastic modulus) 5 MPa, 8 MPa* (Soft silt)
399 MPa (Rubble mound)
v (Poisson’s ratio) 0.4 (Soft silt)
0.3 (Rubble mound)
K, (coeflicient of earth 0.60, 0.60*

pressure at rest)

¥, (bulk unit weight) 16.4, 16.7 kN/m? (Soft silt)
19.6 kN/m? (Rubble mound)
Modified Clay
C. (compression index) 0.313,0.297%
Cs (swelling index) 0.0507, 0.0496*
A (slope of normal 0.136, 0.129*

consolidation line)

« (slope of swelling line) 0.0220, 0.0215*

¢ (effective friction angle) 25.38° 35.87°*

M (slope of critical state line) 1.00, 1.46*
I (specific volume) 2.648, 2.527%
OCR (over consolidation ratio) 1.00

Consolidation

k (hydraulic conductivity) 2.07 x 104 m/day

1.42 x 10 m/day*

3.70 x 10" 1/kPa
3.65 x 103 1/kPa*

m,, (coefficient of volume
compressibility)

Note:

1. The condition of filling rubbles for breakwater meets
the port structures’ design standard issued by the
Ministry of Communications and the parameters

selected from the numerical mode Jeng et al. (2001).
2. “#":'These parameter values reflect the initial proper-
ties that existed at the beginning of the construction.
3. "*".These parameter values reflect the properties that
existed at the end of the construction when the unit
weight of the marine soils increased to 16.7 kN/m?.

4.2 MODE PREDICTION AND RESULTS
DISCUSSION. SIMULATION OF
RESULTS AT DIFFERENT PHASES OF
THE STRATIFIED GEO-STRUCTURE

Seven sections of the rubble-mound breakwater were
analyzed to determine the maximum settlement induced
during the construction steps. The settlement quantity
of the soft marine silts increased with the increasing of
the construction height (as shown in Fig 19). The seabed
slightly up-heaved at the toe (at section GG) on the

sea side. From the analysis, the largest settlement was
detected near the sea-side toe (section BB), not at the
core (section DD) of the breakwater, as shown in Fig.

20. The whole soft silts are stable before the construction
height reached 6m, but when the height exceeded 9m,
the vertical displacements were found over a large area
of the soil layer and the phenomenon of upheaval was
induced on the seabed. The settlement quantity increased
with the increase of the thickness (h) of the soil layer and
the width (B) of the breakwater. It can be concluded that
the thicker soil layer may have a larger settlement.

The soft silt layers experienced lateral displacements
due to the extrusion caused by the rubble-mound
construction. The displacements were more obvious on
the land side than on the sea side, as shown in Fig. 21.

Y - Displacement (metres)

Fill thickness (metres)

Figure 19. Settlement quantities of different sections of rubble-mound breakwaters under different construction steps.
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Figure 20. Thicknesses of different soil layers and the settlement quantity of rubble-mound breakwater under different construction steps.
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Figure 21. Side displacement of the different sections of breakwater under construction.
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Figure 22. Settlement and upheaval of seabed under construction.

The behaviors of the seabed for filling the rubble mound
under different loading were analyzed (as Fig. 22). The
soft marine silts experienced larger lateral displacements
under the increasing loading coming from the rubble
mound, the front toe of the breakwater up-heaved due
to extrusion. The area affected extended to about 40m
(equivalent to four times the soil layer thickness) beyond
the toe. It could be predicted that the slope of the soft
marine silts suffered asymmetric loading. The bearing
capacity of the soft silts cannot resist and the possible
partial breakage mechanism and slip may occur.

4.3 RESULTS OF SEABED UPHEAVAL IN
RUBBLE FILLING DISTANCE

When the length of the filling rubbles on in-situ reached
0k+250 m, an unreasonable settlement of the rubble-
mound breakwater occurred. In order to evaluate the
upheaval height caused by side displacement before the
breakwater, the different seabed sites were analyzed at an
interval of 120 m when filling the rubbles. The relevant
stratum, mode configuration and landform before the
breakwater are shown in Fig. 23 and Fig. 24.

The results of Fig.25 show that the extrusion of the
seabed is most serious when the rubble filling reached
Ok + 120 m. The upheaval was about 7.3 m at the other
mileages of the filling rubbles and a side displacement
occurred due to the construction of the breakwater.
Furthermore, the slope of the stratum speeded up the
slip of the slope of soil layer and the thickness of the
nearshore seabed was small but a large-area upheaval
occurred on it. This phenomenon coincided with the
upheaval during the construction of the Baisha Port
in 1995, particularly the side settlement at mileages of
ok+120 m during the construction on the site.
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5 CONCLUSION

In order to further discuss the disaster factors caused
by marine silts, the ongoing expansion of breakwaters
at the Fuao Port of Ma-Zu was chosen as the research
area. A series of experiments, including one-dimen-
sional consolidation and a tri-axial mechanical test,
were performed in this study. The in-situ data related
to stratum drilling and steel-pipe piling as well as
geological sampling on in-situ and laboratory analyses
to evaluate the breakage and possible amount of settle-
ment of the soil layer caused by loading. A suitable
numerical model was also developed for a prediction
of the settlement stability of the soft marine ground in
this study.

According to the isotropic and K, consolidation without
drainage, the initial value increased gradually, and the
excessive pore-water pressure increased and approached
the positive critical value as the strain increased. This
phenomenon was consistent with a definition of speci-
men breakage by critical state theory: the critical state
was reached when the soils deformed under stress
loading.

The relationships between different tests were

CIU > SUU > Torvane, which coincide with the study of
the shear-strength evaluation of a silts specimen under
different tests (Lin, 1988). These evaluations indicated
that Su values were an over estimation and may be the
result of the specimen consolidated completely in the
CIU test. However, it was apparent that the Su were an
under estimation and the effective stresses were zero,
which reduced by the specimen saturated by back pres-
sure in the SUU test.
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Figure 23. Landform and boundary conditions in the mode for analysis of the filling construction.
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Figure 24. Landform change results of seabed before the simulation breakwater in the filling rubbles mileage.
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Figure 25. Rise of the front seabed in different construction mileages.
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The soft marine silts at the breakwater induced displace-
ment, greatly increasing with the filling rubble-mound
loading, and then the front toe of the breakwater may
experience upheaval due to extrusion. This could

be predicted when the side slope of soft marine silts
suffered asymmetric loading. The bearing capacity of the
soft silts cannot resist and the partial breakage mecha-
nism and slip may occur.

From the simulation results of seabed upheaval in
rubble-filling mileage, the extrusion of the seabed is the
most serious when the rubble filling reached 0k+120 m.
The upheaval was about 7.3 m at the other construction
of filling rubbles. The side displacement occurred on the
near-shore due to the construction of the rubble-mound
breakwater. Furthermore, the slope of stratum speeded
up the slide of the slope on the soil layer. The thickness
of the seabed at the near-shore was small but large-area
upheaval occurred on the seabed. This phenomenon
coincided with the disasters during the construction of
Baisha Port in 1995, particularly the side settlement at
mileages of ok+120 m during construction on the site.
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