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1. Evaluation of Strength of Soft Clay Deposits

-A Review of Unconfined Compression Strength of Clay-

Takashi TsucHipA *
Hiroyuki TanAga **

Synopsis

For the design of earth structures on soft clay deposits, it is a fundamental problem
te evaluate the strength of the ground correctly. The undrained strength of soft clay
deposits is determined by the half of the mean unconfined compression strength g, in
Japan. Although this g, method has been used in practical design works for more
than 30 years, there are still some important problems fo be solved. One problem is
that the validity of the g, method highly depends on the quality of ‘“undisturbed” soil
sample, while there exists no accepted method to evaluate the sample quality. For this
reason, there are some criticisms to the use of g, among the professions in the inter-
national geotechnical society. Globally the g, method is not so common as in Japan.
In this report, the backgrounds of g, method are presented at first. Comparing the
strength of g, method with those from the field vane shear tests, SHANSEP method
and Recompression method, detailed discussions on the effectiveness of the methods
are made, and finally a newly proposed “Advanced g, method”, in which the quality
of sample and the reasonable undrained strength ¢an be evaluate at the same time, is

introduced and the applications are presented.

KEY WORDS: cohesive soil, shear strength, unconfined compression test, triaxial
compression test, vane shear test
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1. INTRODUCTION

The evaluation of undrained strength of clay is one of the most important subjects in the
geotechnical engineering. Although this theme has been studied since the beginning of the
geotechnical engineering, there are still some problems to be solved. The important point of this
theme is that this is not a special matter but a kind of a daily work for geotechnical engineers.
Therefore this theme should not be discussed only from the acadernical point of view, but should
be studied focusing on what are done by the practical engineers in the conventional design works.

As most of major seaports in Japan are located on soft alluvial deposit, the improvement of
soft clayer grounds are carried out in about 80% of port construction projects. When the structures
are constructed on weak clay deposit, the undrained strength of the ground has a great offect on
the cost of the project. It is said that the 30-60% of the construction cost of port structures are
paid for the ground improvement works.

Fig.1(a) is the average of unconfined compression strength, reported by two soil investigation
companies at a construction site of a reclaimed land. Because of the lack of the strength, the
replacement method was used for the foundation of the revetments. The designed cross sections
of revetments for the two depth-strength relationships are indicated in Fig.1(h). As shown in
Fig.1(h), the volume of the replacement of seabed is definitely different between the two cases,
The estimated cost for the replacement was 420 million yen for the use of A-line, and 740 million
ven for B-line. Another similar case is shown in Figs.2(a) and 2(b). In this case the deep cement
mixing method was used for the improvement, because the replacement method could not be used
by the lack of the disposal site of dredged soils. As shown in Fig.2, there is large difference in
the area of improvement between the use of C-line and D-line. The estimated total cost for the
construction were 22 million yen for C-line and 33 millien yen for D-line, The difference is due
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to the area of improvement, i.e. the undrained strength of the ground. Figs.l and 2 typically

show the importance of the undrained strength of soft clay deposit. The problem is how to deter-
minate the undrained strength of weak clay.

2. ¢, METHOD - Conventional Method in Japan

In Japan the undrained strength of soft clay deposots is determined by the half of the mean
unconfined compressive strength g,. The followings are the quotation from Technical Standard of
Port and Harbour Facilities, which is authorized by Port and Harbour Bureau of Japanese
Ministrpy of Transport, on the evaluation of the shear strength:

The shear strength of cohesive soils shall be calculated according to the formula
Cohesive soil (Sand content being less than 80 % )

Tr=Cu
where T¢  : Shear Strength
Cu :Apparent cohesion of cohesive soil

Soils with silt and clay content of 40% or more have the cohesive properties. For the soils
with the sand content of 60-80% belonging to the so-called intermediate region, many points
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are to be clarified yet, but here it is considered as a clay. The shear strength of clay is
expressed by the formula:
e = o = q,/ 2
where ¢, is unconfined compression strength.

On the evaluation of the undrained strength of clay, the above-mentioned standard is not only
for port and harbour facilities, but also for facilities of road, railroad and river.

The important evidence for the “g, method” was given by Nakase in 1960s. Nakase carried out
the back-analyses of several existing cases in which the slip failure of the soft ground had taken
place during the construction works of port and harbour. structures. Fig.3(a) and 3(h) show one
of the case studies analyzed by Nakase, where the revetments in a reclaimed land were broken.
The minimum safety factors F of the circle slip stability analysis were calculated using two
types of the strength-depth relationship shown in Fig.3(a). The strength indicated by line-2 was
determined by the maximum value of the g2 at each depth, with the consideration that g,
inevitably contains some effects of the disturbance and will underestimate the true strength. As
shown in Fig.3(h), the value of F calculated with the line-2 strength was 1.24, which means that
the strengih used was too large fo explain the actual slip failure in this case. The undrained
strength indicated by line-1 was given as the mean of the g, 2 at each depth. The value of F
based on the line-1 was 1.01 and succeeded in explaining the failure fairly well. Nakase showed
that the circle slip analysis using the mean of g2 as the strength gave the safety factor of
0.9—1.1 to all the cases in which the slip failure took place actually. In Nakase's study, it must be
careful that all the samples used in the unconfined compression test were taken by thin wall tube
sampler with fixed piston.

According to the Nakase's study, the undrained shear strength s.* which is to be used in the
circle stability analysis is given by the following equation.

S8 = Qe 2 (1)
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where, @,(meny i the mean of the unconfined compression strength. Although the g, method
have been used in the practical design works since 1960s, recent studies on strength of clay
clarified that several important factors must be taken into consideration in order to use the
unconfined compression strength for the stability analysis. The factors are the sample disturbance,
strength anisotropy, the rate of shearing, the obliquity of failure planes and the condition of
intermediate principal stress. The brief explanations of these factors are given as follows:

{1) Sample Disturbance

It is well-known that the strength of clay sample is desply dependent on the disturbances
during boring and sampling, and the more is the disturbance, the strength gets the smaller.
The fundamental studies on the effect of sample disturbance were carried out by Lambe and
Ladd (1963). Fig.4 illustrates a hypothetical effective stress path for a normally consolidated
clay element during tube sampling. The point P of the effective stress, oy corresponds to the
condition of perfect sampling, in which no disturbance except the release of in-situ deviator
stress has been given to the sample. During the process of sampling and testing, mechanical
disturbance, such as drilling, tube sampling, exirusion from tube and trimming, are given to
the soil sample and the pore water pressure within the specimen builds up. Finally, point F
with an effective stress of ¢, represents the residual effective stress of the specimen at the
beginning of unconfined compression test. Okumura (1974) carried out a comprehensive study
on the sample disturbance, and proposed a disturbance ratio, R, defined by the following

equation:
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R = oy / o/

Okumura showed that there exists a unique relationship between the reduction of strength
and the disturbance ratio for each clay. Fig.5(a) and Fig.5(b) are the relationship between the
disturbance ratio and the strength reduction ratio, SR, which is the strength of the sample
divided by that of perfect sample, for Boston Blue Clay and Yokohama Bay Clay. As shown
in Figs.5, two calys showed different R — SR relations.

Okumura directly measured the residual effective stresses of undisturbed samples of Kinkai
.clay and calculated the disturbance ratios which were 3-6. According to Jamiolcowski et al.
(1985), for the medium to soft clay samples of conventional tube sampler collected by
Massachusetts Institute of Technology, the mean value of ¢!/ ¢ were 0.2, i.e.,the mean
disturbance ratio was about 5, which is almost same as Okumura's results. However, Figs.o
show that, even if the disturbance ratios are same, the effects on the strength of sample are
.different. For example, when R=35, the reductions of strength are about 30% for Yokchama
clay and 40-50%F for Boston Blue Clay. Okumura made up the histogram of SR as shown in
Fig.6. Although the value of SR ranges from 0.2 to 0.9, the average value was about 0.7,
which means that the average of g, is 30% smaller than the strength of the specimen of perfect
sampling.

The effect of the disturbance is larger on the reduction of secani modulus than that of the
undrained strength. Fig.7 shows the reduction ratio of the secant modulus Es with the
disturbance ratio for both clays. As shown in Fig.5(b) and Fig.7, when a disturbance ratio of

" Yokohama Clay is 5, for example, the strength and the secant modulus will be 70% and 30%
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of that of perfect sample, respectively. Based
on these experimental results, Okumura 10 —
proposed a method of correcting the unconfined
compression strength to the strength of perfect
sample. Nakase et al. (1985) proposed a
method of the correction, which revised the
QOkumura's method for the practical purpose.

Recently, Tsuchida et al.(1990) found that
there are two types of the disturbance for

Frequency

unconfined compression strength, a remolding
type disturbance and a crack type disturbance.
Fig.8 (a) illustrated cracks of undisturbed
tube sample, observed by radio graph. When the
sample contains the cracks, most of which are o} -
not observed after samples are extruded from 0 0.2 04 0.6 68 |0
the tube, the value of g, is reduced as indicated Strength Reduction Ratio

in Fig.8 (b). There is a clear difference in the Fig.6 Histogram of Stremgth Reduction
stress-strain curve between the two types of Ratio {Okumura, 1974)
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Fig.8(a) Cracks in Undisturbed Tube Sample (Ishii, et al., 1987

disturbances. As shown in Fig.9, when the sample gets the remolding type disturbance, the
secant modulus reduced more than the strength and the strain at failure &, gets larger, while
in case of the crack type disturbance, the reduction of secant modulus is not remarkable
compared to that of strength, and &, is not changed. According to Tsuchida et al., the crack
type disturbance is seen in the undisturbed samples whose depth is 15m or more and as the
depth becomes greater, the crack type disturbance gets more dominant than the remolding
type disturbance. The correction method for g, proposed by Okumura (1974) or Nakase et al.
(1985) is valid only for the remolding type disturbance and not for the crack type disturbance.
Tsuchida alse showed that, for the crack type disturbance, the triaxial UU (Unconsolidated
Undrained) test does not reduce the strength so much as g,.
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(2) Strength Anisotropy

Anisotropy of shear strength of soil can be divided into two types, i.e.,the inherent an-
isotropy and the stress system induced anisotropy. The former results from the difference in
particle arrangement in the sedimentation and packing processes, and the latter from the
rotation of principal stresses during shear. Practically we use a concept of “combined anisotropy”
(Ladd, et al., 1977), since the separation of the two anisotropies is very difficult. Fig.10
ideally shows the types of shear strength mobilized along a slip surface. Strengths mobilized
at different zones are different from each other, and the difference is called the anisotropy.
Table 1 is summary of the undrained strength ratio of clays under different types of shear
reported by Bjerrum, Berre and Ladd (Hanzawa, 1982). As indicated in the table, among
compression, extension and simple shear, the undrained strength ratio of compression sw,p
is the highest and that of extension, su . p is the lowest. Accordingly the ratio between extension
and compression strengths represents the degree of strength anisotropy. The strength ratio,
Sue/ Suc are plotted versus plasticity index, I, in Fig.11, where data of Japanese marine clays
are included. Bjerrum (1972) emphasized that strength anisotropy becomes greater as the
plasticity decreases. However, it seems that a remarkable trend is not observed i the figure.
Considering the range of I, = 20 — 80, where most of Japanese clays are included, the
strength ratio is about 0.70.

Anisotropy in undrained strength should be considered in evaluating the stability of clay
ground. Strength to be used for the stability analyses after correcting the anisotropy depends
on the shape of the failure plane. Berre (1973} proposed the following strength, s., corrected
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Sup—[Sum + 2501 +Sutel) /4

[Sup=undrained strenqgth for
practical use)

T TR / P
T

Extension strength

Cornpression strength
Sute)

Suiel

Direct simple shear strength
Suts)

Fig.10 Strength Anisotropy (Hanazawa, 1982)

Clay Plasticity Normaiized undrained strength
index Compression Exlension Direct Shear

Bangkok 85 0.70 0.40 0.41

Matagami 47 0.61 0.45 0.39

Drammmen 28 0.40 0.15 0.30

Drammmen it 0.34 0.03 0.22

Vaterland 16 .32 0.09 0.26

Studenterluden 18 0.31 0.10 019

Portmouth 20 0.205 0.i3"

Haney 26 0.27 017

Boston Biue 20 0.33 0.155

AGS,CH 31 0.32 0.195

San Francisco 37 0.37 0.2¢8"

Bay Mud

Strengths are normalized by effective overburden stress or vertical
consolidation pressure.
*plane strain condition

Table 1 Summary of Nomalized Undrained Strength (Hanzawa, 1982)

on anisotropy for the case where a flat level clay deposit is subjected to a loading such as
embankment.

Su=(3uc + 25 + Sue)/4

Because that the simple shear strength, s, is almost the same as the average strength
between compression and extension strengths, the corrected strength is nealy equal to (Suet Sue)” 2.



Evaluation of Strength of Soft Clay Deposits —A Review of Unconfined Compression Strength of Clay—

{3) Strain Rate Effect

A lot of researches have been carried out
on the effect of strain rate on undrained
strength of clay. Bjerrum (1973) proposed a
correction coefficient for the effect of strain
rate on the field vane strength as indicated
in Fig.12. Bjerrum's correction coefficient
changes with [, ie., it decreases with

increasing value of J, and increase with
decreasing value of L. Fig.13 indicates the
change in undrained strength with strain
rate obtained from triaxial compression and
extension tests for clays of various plasticity.
As shown in Fig.13, it seems that the
effects of the strain rate on undrained
strength are not so much different among
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Fig.1l  Strength Ratio, swe./ss with

Plasticity Index

the clays. Based on this figure, which is not corresponding to Bjerrum's correction coefficient,
the strain rate effect seems to be almost same for the clay whose plasticity index is larger
than 20. Another important problem, which is not solved clearly, is how much is the strain
rate to be considered for the practical design of earth structures. According to the case histories
reported by Nakase, it took a few or serveral hours for most of observed port facilities to
complete the slip failures. Therefore, in the authors’ opinion, the strain rate of about 0.01%
min is proper for the stability analysis. Ladd et al. recommended the rate ranging from 0.008
to 0.015 9%, min, which is almost same as 0.0f %, 'min, while Bjerrum recommended the rate
ranging from 2 to 3X107°%.,/min, which seems to be too small.

(4) Obliguity of the Failure Plane

When strength of unconfined compression or unconsolidated undrained triaxial compression

1.0
1
ra L
S 0.8
]—
Q
kS
b 0‘6.....
&
= Estimated time effect,
5 oal- Hr
w
o
S
S o2k
oob—L L 1ol r g u
o] 20 40 60 80 100 (20
PLASTICITY INDEX IN %
Fig.12 Correction Coefficient for Effect of

Strain Rate on Field Vane Strength

{Bjerrum, 1973)
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Fig.l3 Change in Undrained Strength with
Strain rate
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tests (UU tests) are used for the stability analysis, the maximum shear stress, { 01~ Osdne.”2,
is adapted as the value of the undrained strength. This means the obliquity of failure plane
is 45 degree to the horizontal plane. Although it is difficult to obtain the exact failure plane
in the tests, it is observed that the obliquity of the failure planes are usually about 60 degree.
In this case, the strength ratio of shear stress on the failure plane to the maximum shear
stress in unconfined compression or triaxial test is given by 0.866.

(5) Strain Condition in the Field

In unconfined compression test and the conventional triaxial test, the strain condition of the
specimen is axi-symmetric. However, in the most of the practical problems, such as clay
beneath embankments, quay walls and revetments, the strain condition is plane strain. In
plane strain condition, where deformation is allowed only one direction, the shear strength is
larger than that in axi-symmetric condition. Reviewing the published data on the effect of the
strain condition, Hanzawa (1982) concluded that the average undrained strength in axi-
symmetric condition are 873 of those in plane strain condition.

Considering these five factors, the undrained strength to be used for design, si is presented by
the following eguation:

se= (g / Dt cios (2

where, er: correction coefficient for the reduction of strength due to sample disturbance.
¢z correction coefficient for strength anisotropy.
¢g: correction coefficient for strain rate.
¢q: correction coefficient for the obliquity of the failure plane.
¢s ' correction coefficient for sirain condition.
Combining Eq.(1) and Eq.(2),

C}'CQ.CQ'C,{'C(;=I (3)

is obtained.

Let us consider the value of each correction coefficient. Based on Fig.6 after Okumura, the
average of g, is 70 % of the strength of perfect sample. Accordingly the value of ¢; will be
1.0/0.7 = 1.43. In Fig.11 the strength anisotropy is presented as the ratio between the extension
and the compression strengths, and the average of the ratio for clays of I,=20—80 is about 0.70.
Because the mode of shearing of ¢, is compression, the correction coefficient for the anisotropy,
¢p will be (1.040.7),72 =0.85. Fig.13 indicates the effect of strain rate on the undrained
strength of various marine clays. Assuming that the strain rate to be used for the design is 0.0i
9./ min, the strain rate of the unconfined compression test, 1.0 %, min, is about 100 times. The
average of the correction coefficient ¢s for the difference of the strain rate is obtained as 0.85
from Fig.13. The following are the relationship among coefficients ¢, ¢z and cs:

Crecevcr = 1.03 = 1.00 4)

As mentioned above, by assuming the obliquity of failure plane in unconfined compression test
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is 60 degree, the value of correction coefficient for the use of maximum shear stress qu/ 2, ¢y,
becomes 0.866. While, according to Hanzawa (1982), the value of correction coefficient for sirain
condition,cs, i1s 1,/0.87 = 1.15. Therefore the effects of the failure plane and the strain condition
compensate for each other, i.e. the following equation is obtained:

Cy*Cy =1 (5)

As indicated in Eq.(4) and Eq.(5), the validity of Fq.(2) can be verified evaluating the value
of each factor. The factors affecting on the average of unconfined compression strength cancel
out totally for themselves. In Eq.(4), it is known that the reduction of unconfined compression
strength due to sample disturbance is almost same as the strength increase due to the anisotropy
and the strain rate effect. Matsuo (1984) called the relationships of Eq.(3) or Eq.(4) “Lucky
harmony”, and mentioned that careful considerations are necessary for correcting a single factor,
such as sample disturbance, because it may destroy the balance of Eq.(3) or Eq.(4).

The present technical standards for port and harbour facilities makes the sand contest of 80 %%
the boundary between sandy soil, which is designed with the angle of shearing resistance ¢4 in
drained condition, and cohesive soil, which is designed with the undrained strength obtained by

g, method, . However, for intermediate soils which have the sand content of 60~80% or the
plasticity index of less than 30, the effect of the disturbance gets much larger than those of
cohesive soil. It means that the balance indicated in Eq.(3) is not valid, and accordingly the q,
method is not available for the intermediate soils. To remedy the problem, the correction of g,

for the intermediate soils were proposed by

40 Nakase et al. (1972) and has been used in practice.

In this method, the corrected undrained
strength is obtained by the following equation:

N
je)

tr=a+(q.2)+08 Bo. (6)

Ciay Coatent, Ip
g
o

where, oy Is a in-situ overburden total stress of

o

the sample, including static water pressure, and
the correction coefficients a and 8 are given
by Fig.14 with the plasticity index or the clay
content. An example of the correction is
illustrated in Fig.15. Before the correction, the
values of g, 2 of samples whose depth is
more than 25m was decreasing due to the low
plasticity and the increased effect of the sample
disturbance. By correcting the strength by
Eq.(8), part of the reduction of strength due to

40
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Clay Content , lp

the disturbance is recoverd.
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Fig.14 Correction Coefficients for Plasticity
Index and Clay Content
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3. PROBLEM OF ¢, METHOD

Summarizing the above mentioned discuussions, the validity of the present g, method depends
on the existences of the balance among the various factors governing the undrained strength of
clay. However, there are two important problems in the g, method. One is that, although this
method is common in Japan, it is not always accepted in other countries and there are some
criticisms to it among the professions in gectechnical engineering. Another problem is that the
effect of the sample disturbance is highly depends on the method and techniques of the sampling.
Therefore, if the sampling method is different from the conventional method in Japan, there is no
guarantee on the validity of Eq.(3) and the g, method.

A problem of g, method is that the effect of the disturbance (c: in Eq.(3) or Eq.(4)) is not
always constant, but depends on the various conditions, such as the plasticity of soil, the depth
at which sample is obtained, and particulary sampling technique. For the same reason, there are
strong criticisms to the g, methed among the professions in the geotechnical engineering. For
example, Lambe and Whitman (1968) noted in their well-known textbook that, “Because of
sampling disturbance, unconfined compression tests on even good quality samples usually somewhat
underestimate strength, often by a factor of 2 or even more ”. In the state of the art report of
the Oth International Conference on Soil Mechanics and Foundation Engineering, the reporter’s
comment on unconsolidted-undrained compression {(UUC) tests, including unconfined compression
test, were as follows:

“To some extent, the errors associated with UUC testing are self-compensating, i.e., disturbance
offsets strength anisotoropy and strain rate effects. But these three factors are highly variable
and hence ¢, data involve significant uncertainty. UUC tests are therefore considered unsuitable
for design practice with low safety factor unless based on evaluated experience for specific
depeosit and sampling procedure”.

Although the g, method has been commonly used in Japan, the evidences given by Nakase
{1967) were empirical ones for Japanese marine clays. Considering the recent trend of the
globalization in the field of technology, the additional theoretical back-ground is necessary for
the g, method, and especially the relationship between the strength obtained by the g, method
and those obtained by other methods should be clarified.
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The thin-wall tube sampler with fixed piston, whose structure is shown in Fig.16, is commonly
used for undisturbed sampling of soft clay in Japan. However, the use of the fixed piston sampler
is not so common in other countries. For example, Osterberg and Murphy (1979) noted on the
current practice of undisturbed sampling in North America that:

“The vast majority of undisturbed sampling is done with 3-inch (76mm) open tube samplers,
some with ball checks and some without. Piston samplers are seldom used routinely for

undisturbed sampling of clay. They are either used when it is difficult to obtain good recovery
with the ordinary open tube sampler or when actually required by the geotechnical specialist

ordering the work."”

The above-mentioned open drive sampler is called Shelby-tube and the structure is shown in
Fig.17. It seems to be true that, from a global point of view, Shelby-tube is most commonly used
for undisturbed sampling, mainly because the procedure of sampling is much simpler than that
of fixed piston sampler.

Tanaka et al. (1992) carried out sampling with both the thin-wall sampler with fixed piston
and the Shelby-tube sampler. The comparison of unconfined compression strength is indicated in

Fig.18. It is clearly seen that the g, of samples from Shelby tube are smaller than those from
piston sampler. Fig.19 indicates the comparison of the strain at failure &, The samples from
Shelby-tube showed the larger &£, than those from piston samplers; which means the samples
from Shelby-tube got much remolding type disturbance.

According to the study of Tsuchida et al. (1988), it was made clear that, even if the specification
of sampling is same, there can be some difference in the value of g, probably due to the difference
of techniques of the operators. Fig.20(a) is the comparison of the average g, reported by 5
companies which carried out the soil investigation at the same place under the same specification.

Sampler Head Sampler Heoad-~—

I %Adopter Ball Check Valve
‘Water Exhaust Hole
T ~Screw

-

Rubber Seat\ .

———Sampling Tube

|__——Inner Diameter 75£0.5mm

E .

I - . Stainiess Steel 3t 0Jmm

9 e Thickness { grqgs  20+01mm

=

[ Piston Rod

c

3 Thin Wall

Sampling Tube\

Screw for Ventilation Hole

@&—Pocking

Piston Base

Fig.16 Thin-Wall Tube Sampler with Fixed .
Piston {Adachi,1979) Fig.17 GShelby-Tube Sampler
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As shown in Fig.20(a), there exist remarkable
differences in reported g, values. Especially, the
g, of A company was 30% larger than that of B
company. Fig.20 (b) showed another comparison,
in which the g, of F company was also 309 larger
than that of & company. It is considered that the
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differences of ¢, value were due to those of the sampling techinique of the companies. Figs.18 and
Figs.20 indicate that the value of correction coeficient ¢; in Eq.(3) is highly dependent on the
sampling method and the technigue and it is not always constant.

4, VANE SHEAR TEST - BJERRUM’S
METHOD

In-situ measurement is an alternative to avoid the problem of sample disturbance. Bacause of
its simplicity, the field vane shear strength is frequently used in stability analysis in Europe and
North America. However, it has been said that the field vane shear strength often overestimates
the average mobilized strength in situ as shown in Fig.21, where back-analyzed safety factors at
failure were calculated on the basis of field vane strength. In Fig.21, the calculated safety factors
tends to increase with the plasticity index. For the design purpose, Bjerrum proposed a well-known
correction factor for the field vane shear strength (Fig.22). The undrained strength s§ to be used
in the analysis of the stability of embankments and bearing capacity of footings on soft clay is
given by the following equation.

85 ™ Sy lvane) * 4 N

According to Bjerrum, the meanings of the correction were explained by the two factors, the
strength anisotropy and the time effect. With increasing the plasticity of clay, the strain rate
effect gets larger and the anisotropy of strength gets smaller, which makes the field vane
strength overestimate the strength for the design.

Because of the commeon use of the g, method, the field vane strength has been seldom used in
Japan. Recntly, Tanaka, H. et al. {1992) showed a set of data on vane shear strength of 12
Japanese marine clays. Fig.23(a) shows the vane shear strength normalized by the consolidation
yield stress Su(uane)/Dc versus the plasticity index, .. As shown in Fig.23(a), in the wide range
of L,=20—120, the value of Sy(uane)/P¢ is almost constant and not so much dependent on I, as
reported by Bjerrum. Fig.23 (b} shows the ratio of su(uane) to the strength of g, method i.e. a half
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of mean unconfined compression strength. It can be seen that the ratio, sutane.(0.5g,) is close
to 1.0, at least for clays whose plasticity indexes are larger than 20. The ratio of the field vane
strength corrected by Eq.(7) to strength of g, method is shown in Fig.28 (c), For the plasticity
index larger than 30, the strength obtained by Eq.(7) are smaller than those of the g, method.
It means that, the field vane strengths corrected
by Bjerrum’s method are more conservative
than those of the ¢, method, and that, if

Bjeruum's method for field vane strength is o Kurihama
valid for Japanese marine clays, the strength X f:’;":r::"g"’“
by g, method is overestimating the strength for 08 - & Kuwona
middle to high plastic clays. However, for these + Kowasaki
30 years, the use of g, has made little trouble & o5 ° ) i:;:g::e
on the stability of earth structures, even if the 3 %4r a 2o -
plasticity index of the ground is more than 60. 35_ 03 - °+a§5“"° W8, L .
Based on the experiences in Japan, it seems é ozl S * -
that the field vane shear strength does not 0.l |- .
overestimate the strength for design so much as Y S N N TS Y S T S S
reported by Bjerrum. More data in varicus ¢ 2 40 :5:: 80 100 120

regions are necessary to conclude this topics.
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5. SHANSEP METHOD AND RECOMPRESSION METHOD

Based on the extensive studies on sample disturbance, strength anisotropy and the strain effect,
badd and his co-workers proposed a new method for evaluating in-situ undrained strength of clay
in 1974, This method is named SHANSEP - Stress History and Normalized Engineering Properties.
The normalized engineering properties mean that the strength and the stress-strain curve of a
clay, normalized by consolidation pressure, indicates a unique cureve irrespective of stress level,
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when the overconsolidation ratios are same.
The procedures of SHANSEP to evaluate

the undrained strength are as follows: = ©lnsitust
. . n sty res:

(1) oedometer tests to obtain the profile go s
of conscolidation yield stress p. and 2 @ UUC Test
hence the OCR = p../po , wherep, is E @ Recompression
the 1n.s1tu effective overburden stress o & —8 SHANSEP
(see Fig.24). l CKoU Tests
(2) CKolJ shear testing having different
modes of failure, such as compression VERTICAL CONSOLIDATION STRESS, % (log scale )
under the central part of the embankment, Fig.24 Procedures of SHANSEP

direct simple shear where the failure

surface is close to horizontal, extension near the toe, on specimens consolidated beyond the in
situ p. to measure the normally consolidated soil (Points A and B in Fig.24) and also on
specimens rebounded to varying OCR to measure over-consolidated behavior (Points C and D).
For conventional slip-circle analysis of embankments, the average strength of compression and
extension strength can be used.

(3) evaluate and express the results in terms of normalized soil parameters such as s../p versus
OCR. The in-situ undrained strength is given as follows:

Susuanse?y =0.5 ((suc.” D) ocrt (Sue” D) 0cr) * Do’ (8)

where,{s. /ploce and (Sw ,/p)ocr is compression and extension strengths normalized by the
vertical consolidation pressure p at a given value of OCE at the field.

One of the problem of SHANSEP is how to determine the consclidation yield stress pe.

As the value of the p. is highly dependent on the conditions of consolidation test, the question,
what is the correlation between p. measured in the laboratory and that observed in the field ?,
is still important among the professions. Jamiolkowski et al. (1985) discussed the question in
their state-of-the-art report of ICSMFE, and summarized that “the writers recommend to evaluate
pe on EQP (end of primary consolidation) curve obtained from the conventional incremental
loading oedometer.” When the SHANSEP was proposed, the method to determine p. was not
shown definitely, however, recently Ladd (1990) concluded in his Karl Terzaghi Lecture that,

“the empirically developed BOP uniqueness concept still appears most reasonable for general
practice. For incremental oedometer tests, this means using compression curves plotted at or
shortly after the EOP rather than at 24 hours”. As shown in the above discussions, the use of
data plotted on EOP condition, instead of the conventional method, is getting popular. Fig.25(a}
shows the relationship between p. on ECP, p.eom, and the p. on the conventional 24 hours
loding, pe(sro), for iypical marine clays in Japan, where EOQP is determined by Taylor’s root-t
method. As shown in Fig.25{a), the consolidation yield stresses on EOQOF condition is 20—40%
Jarger than those of conventional consolidation test.

The ratio pesom/ Detsrpy of Japanese clays are plotted to the liquid limit wy in Fig.25(b),
showing that pecom Pewem is not dependent on w . The pesroy has been commonly used for the
practical design of consolidation settlements. In most of the case records of field measurements
in Japan, the value of p.(szp) have given good predictions of settlements, which means thai, as
far as Japanese clays are concerned, the use of p.(mory would not be correct, understimating the
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settlements. To use the SHANSEP method, more researches are necessary on the determination of p..

Bjerrum and his group in NGI (Norwegian Geotechnical Ingtitute) proposed the so-called
“Recompression” method of evaluating the undrained strength with taking accounts for the
effects of sample disturbance, strength anisotropy and the strain rate, In this method, a specimen
from undisturbed sample is first K,-consolidated at the same effective stresses in the field and
subjected to shear under undrained conditions. Jamiolkowski et al. (1985) stated in their State-of-
the-Art-Report of ICSMFE, that the Recompression method should be used to predict the in-situ
behavior of highly structured clays and cemented clays. Hanzawa (1977) modified the Bjerrum’s
method on the experimental procedures and used the strengths obtainned by this method for the
stability analysis of several practical problems. According to Hanzawa, the excellent agreements
were shown between the analysis and the field behaviors. In the Modified Bjerrum's method
proposed by Hanzawa, the effect of the disturbance is eliminated by reconsolidation at the same
stresses of the field. Further the strength is given as an average of the compression and the
extension strengths. The strain rate during shear of 0.01%4,/min is used and the reconsolidation
is carried out by the end of the primary consclidation.

There have been an important controversy on the effectiveness of SHANSEP method and the
Recompression method. Hanzawa and Kishida (1982) criticized the use of the SHANSEP to the
natural clays deposit, for the reason that most of natural clays has some additional strengths
due to so-called aging effects, however, the procedures of SHANSEP will make them disppear
durning the consolidation with the large pressure, and give the conservaitive strength. On the
other hand, Ladd and his co-workers pointed out that, after the recompression, the water
contents of the soil specimens have to get a little bit smaller than those in the field, and the
decrease of the water contents may give unconsevative strengths. It is considered that ,to give
the final conclusion on this problem, more data of various types of soil in different regions are
necessary.
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6. COMPARISON OF STRENGTH

4 series of laboratory tests were carried out in Soil Mechanies Laboratory in PHRI to compare
the undrained strengths of Japanese marine calys determined by different methods., The strengths
of g, method, su(e), Modified Bjerrum’s method, su(m.5) and SHANSEP method, s.(suansee),
were obtained, using more than. 300 undisturbed clay samples taken with the conventional fixed
piston sampler. In SHANSEP method, the consolidation yield stress, pc(srp), which was obtained
by the conventional 24 hour incremental loading, were used. The K. consolidation in triaxial test,
which is necessary in Modified Bjerrum’s method and SHANSEP method, were carried out with
the automatic control system (Tsuchida and Kikuchi,1991).

Fig.26(a) and Fig.26(b) indicate the obtained strengths with the depth at the site of Tokyo
International Airpert Project, where the large scale reclamation was carried out in Tokyo Bay.
Fig.26(c) and Fig.26(d) are the strengths with the depth at the sites of the Kansai International
Airport Project in Osaka Bay. Although the values of g, 2 showed larger variance than those of

Sutm .B), the average values of qu/2, Su(qu), were almost the same as those_of su(m.z) In both
Tokyo Bay Clay and Osaka Bay Clay. In the cases of Site-A of Tokyo Bay and Site-A in Osaka

Bay, the parts of the samples were disturbed due to some definite reasons of the operations. The
values of qu/ 2 of the disturbed samples were smaller than those of sq( 5. In most cases, the
strength from SHANSEP method was smaller than those from other two methods. With the similar
manner, the comparisons were carried out for the data from 8§ sites in Tokyo Bay and Osaka
Bay.

Fig.27 is direct comparison between sy¢q) and sy, .5). In Fig.27, the filled circles are the data
of samples which showed the effect of the serious disturbance clearly on the stress-strain relation
at the unconfined compression tests. As shown in Fig.27, when the disturbance is not shown
clearly, the relationship between s.(qu) and su.(ar.B) is obtained as follows:

Sulqu)y = 0.8~12 Su(M.B)

Taking an avernge Suws—Ssown relationship in Fig.27, it can be said that, when the sample
disturbance is not large, the strengths of ¢, method is almost same as those of Modified Bjerrum
method which is a typical Recompression method. According to Nakase's study, su(q gave good
sstimation of the undrained strength to explain the actual failures, and Hanzawa recommended
the use of s.(wm.p.) instead of g, method, based on the detailed case studies. The results of Fig.27
seems to agree well with these previous studies by Nakase and Hanzawa, namely, the g, method
and the Recompression {Modified Bjerrum’s method) will give the same undrained strength of
clay, when the effect of sample disturbance is within some extent., The results of Figs.26 and
Fig.27 suggest that, g, is dependent on the disturbance, while, the value of suw is not so
sensitive to the sample disturbance. By comparing the degree of the disturbance which is evaluated
by the conditions of samples and the stress-strain curves in the tests, with the Su(gw) —Su«(1.8)
relationship, the following relationships between the sample quality and the strength was
suggested:

(a) Sutquy>Suim.n) . disturbance is small.
(b) Sulgw)™Su(m.B) . disturbance is moderate. (9)
() sutay <sutm8) : disturbance is large.
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Considering the studied by Nakase and Hanzawa, in the case of sy(u) =suu.n) of moderate
disturbance, the level of sampling disturbance is proper for the g, method, which means the
reduction of strength compensate for the effects of the strain rate and the sirength anisotropy
in unconfined compression i.e. Eq.{(4) is valid. As long as the data taken by the fixed piston sampler,
Fig.27 showed that the sample quality used in the unconfined compression test is not so bad as
mentioned by Lambe and Whitman (1969). However, when the samples are taken by Shelby-tube,
the comments by Lambe and Whitman may be correct. The difference in the reliability on
unconfined compression strength seems to be due to the quality of undisturbed samples.

The comparisons between the strength of ¢, method and those of SHANSEP method are
indicated in Fig.28. The strengths from SHANSEP method are about 80% of those of g, method
in case that the sample disturbance was not large. When the consolidation yield stress in EQP
condition, pe(rorm, which are approximately 20309 larger than p.(sro (see Fig.25(h)), are used
in SHANSEP method, the strengths will become 15~25% larger. Accordingly, it can be said that
the strengths of SHANSEP method with p.(gor) are almost same as those of the g, method and
the Modified Bjerrum’s method, although the value of p.wwm is too large for the prediction of
consolidation setilement.
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Fig.27 Comparison between su(quy and sa(m.p5.) Fig.28 Comparison between Su(q)  and
8 u (SHANSEP)

7. ADVANCED ¢, METHOD

The results of Figs.26, Fig.27 and Eq.(9) show that the strengths of Modified Bjerrum'’s
method are more reliable and more stable than those of g, method. The strengths of SHANSEP
are, smaller and less dependent on the sample disturbance than those of g, method. However, in
practical point of view, a common deficit of Recompression methed and SHANSEP method is the
cost of the tests. At present, even the conventional triaxial CU (consolidated undrained) test
with the measurement of the pore water pressure costs 8 - 10 times larger than unconfined
compression test. In order to obtain the strength by Modified Bjerruum’s method or SHANSEP
method, the triaxial compression test and extension test have to be carried out after the
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K, consolidation, in which the specimens are consolidated in triaxial cell with the condition of
zero lateral strains. These tests will be more complicated, more time-consuming and far more
expensive than the conventional triaxial tests. The simple testing procedures and the low cost are
still significant advantages of the g, method. To make the Recompression method an alternative
of g, method in the practice, we have to consider the reduction of cost of testing.

Instead of the Modified Bjerrum’s method, the authors proposed Simple CU test as a practical
Recompression method. The strength of Simple CU test is named the Simple CU strength
{Tsuchida et al., 1988). The followings are the procedures of Simple CU test:

1. Specimen is consolidated under the isotropic consolidation pressure o’
for 120 minutes

2. o/ is the average of the in-situ effective stresses, which is (1+2K,) p.’ /3
(p- is the effective overburden stress).

3. After the completion of consolidation, the specimen is compressed with the strain rate of
0.1%./min.

4. The half of the maximum deviator stress in Simple CU test is the Simple CU strength.

Although the effects of the strength anisotropy and the strain rate are not taken into account
in Simple CU test directly, the simplified procedures reduce the cost of testing so as to be feasible
in the practice.

In Fig.26(a)—(b), the Simple CU strengths, su.(sct), are compared with the other strengths.
The values of sucqy are directly compared with sescry in Fig.29, where su(qy 1s usually 70 -
9096 of Su(eewy and Su(qu) gets apparently small when the samples are seriously disturbed.
Fig.30 shows the comparison between the strength from Modified Bjerrum’s method su(m.p) and
the Simple CU strength su.¢scy - As shown in Fig.30, there exists a good correlation between
su(m.z) and s.(scyy written by the following equation:

sumzy = 0.75 susowy (10)

Using Eq.(10), the strength of Modified Bjerrum’s methos is alternated by the Simple CU

(KNfn?)
T T T éa“ ] {kN/m?)
200} © Normal Condition :Jo ‘,woie&
& Serious Disturbance ¢ ,°?4°g"
@ B ®
1501~ P o 150~ °
kd
o} . b ]
5 o ao@’lpso@ﬂ“ 3 L S
= @»‘ = ) °
4 ook & a 1o 0l ";‘e“ °
-]
o s O [ 2 %
L3 ° e
& L)
80 -
¢ 50 Suth. 8 =0.755u(scU)
- 1 I i i 1 L !
0 50 {00 150 200 250 o) 50 Helel 150 200 250
Sutscuy { kNfm? ) Suseus (kNfm2)
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strength. The following relationship between s.(q) and s,owy is given for the sample quality
as follows by combining Eq.{10) with Eq.(9),

(@) Sutqwy > 0.75 suiscy) : disturbance is small.
(8) Sutgwy =0.75 sulsew) : disturbance is moderate. (1)
(e suqw <0.75 suiscoy : disturbance is large.

Based on the relationship of Eq.(11), the sample quality can be evaluated quantitatively by
comparing Su(quy With su(scey . The authors proposed the Advanced g, method (Tsuchida et al.,
1988), whose procedures are as follows:

Three unconfined compression tests and one Simple CU Test, in which a specimen is consolidated

isotropically for 120 minutes in 2,73 of the in-situ overburden stress and compressed with the

strain rate of 0.1%, min after the consolidation, are carried out on undisturbed samples with

each thin-wall sampler. By comparing the half of the mean unconfined compression strength

Su(q) to the Simple CU strength su(scvy , the quality of the sample and the undrained

strength to be used for the design, s.*, are determined as follows:

1) sucquy > 0.80 suesery (Grade 1),: The sample disturbance is too small for the g, method.
& =0),758. {(scLy

2) 0.80 sucscor> Su(qw) ~>0.70 s scn (Grade 2), : The quality of the sample is proper for the g
. method. si=s, ().

3) 0.708u sor>8 u(quy ~>0.605uscun) (Grade 3),: The sample disturbance is too large to use the
average of q,./2. s4=0.75s8. tscm.

4) sugw) <0.60suscvy (Grade 4),: The sample disturbance is very large. si depends on the type
of the disturbance. For the remolding type disturbance, s.*=
0.695. scwn, while s2==0.75s, sewy, for the crack type disturbance.

The reason for the use of 0.6%s5.sch in case
of Grade 4 is that, the decrease of the water

. Grade $,*
content accompanied with the reconsolidation 1 Uy, oF 0.75 Sugy,
may give larger strength than the original 2 Shyg, OF 0.753Uy,
one, when sample has a remolding type 3 °-755“|scu:( .
. . . . 4 0755upy, (crack type
disturbance. Fig.31 is a chart for evaluating 4 0BSsu, (remolding typs) &

the sample quality and determining the
strength for stability analysis. The cost of
laboratory iesting for the Advanced g,
method is 250% of the present ¢, method.
However, it will be much more inexpensive
than Modified Bjerrum’s method and
SHANSEP methods, and is practically within
the acceptable extent of the cost.

+ The effectiveness of the Advanced g, i
method was studied in Kinkai testing field
{Tsuchida et al.,1992). The undisturbed
samplings were carried out with the fixed

Meon of qy /2, Sug,

58 w\ 2 s
g N
Simple CU Strength Su(scu)

Fig.31 Chart for the Advanced g, Method
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piston sampler and the open drive sampler with no piston. Fig.32 indicates the comparison of
g, in which apparently the value of g, from the open drive samplers were smaller than those
of the fixed piston samplers. The Simple CU strengths of both samples are plotted in Fig.33. As
shown in Fig.33, there was not much difference and it means that the Simple CU strength was
not dependent on the sample quality. The evaluation of the sample quality is indicated in Fig.34,
where most of the data from the fixed piston sampler are evaluated as Grade 1 or 2, while more
than half of those from the open drive sampler are as Grade 3 or 4. The result of Fig.34 shows
that the evaluation of the sample disturbance by the Advanced g, method worked fairly well.
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8. QUALITY OF UNDISTURBED PLEISTOCENE CLAY SAMPLES TAKEN FROM
VERY DEEP GROUND

The laboratory tests were carried out with undisturbed pleistocene clay samples, which wers
taken from 50 - 400m depth at the site of Kansal International Airport Project. The location of
the borings are shown in Fig.35. Because of the importance of the investigation, the operations

of the boring and the sampling had been carried out carefully by the operators of excellent level.
The quality of the undisturbed samples was considered to be the highest that can be expected.
Tig.36{a) and (b) indicates examples of unconfined compression strength and the strain at failure
&r with the depth of samples. As shown in the figures, the values of g, had much variation,
while most of the values of &, were less than
4%, when the depth is larger than 20m, which
means that the type of disturbance of samples
from deeper than 20m were crack type as shown
in Fig.9. In case of the crack type disturbance,
the strength from triaxial UU test is larger than
the unconfined compression strength. Fig.37 is the

unconfined compression strength and the strength
of triaxial UU test of sample taken from Bore
Hole 56-6. As shown in Fig.37, at every depth,
the strengths of triaxial UU test were larger than

the unconfined compression strengths.
Fig.38(a) and (b) show the comparison between
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Su(gw) and the su(scyy on samples which were taken at 50-400m depth in Bore Hole No.56-8 and
No.57-30, respectively. In Fig.38(a), the relation suew =0.75s.cwy is observed, while in Fig.38(b),
most of values of su(gu) is smaller than 0.75s.(scvy . The regression analysis gave the relation of
8 wr=0.688, sevy for B.H. No.56-9. In the same manner, the regression analyses were carried out
for other 8 B.H. data, and the average ratios of su(qy .~ Su(scr) were calculated. Fig.3% is the
histogram of 84 (qu)./Su(scw). As-shown in Fig.39, most of the date give the ../ svwcwy smaller
than 0.75, which means that the qualities of the “undisturbed” samples were mostly evaluated as
Grade 3 or Grade 4, i.e.,the sample disturbance were large and that the g, method can not be
used for determining the strength of the samples taken from the deep layer.
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9. CONCLUSIONS

For the design of earth structures on soft deposits, the evaluation of undrained strength of the
ground is a fundamental work. In this report, various methods for determining the undrained
strength of soft clay were reviewed, focusing on the effectiveness of unconfined compression
strength, g, . In the final section, a new practical method is proposed. The conclusions of this
report are summarized as follows:

L. The undrained strength of soft clay deposits is determined by the half of the mean unconfined
.compression strength g, in Japan. An important problem to be solved in this g, method is
that the validity of the method highly depends on the quality of “undisturbed” soil sample,
while there exists no accepted method to evaluate the sample quality.

2. As long as Japanese marine clays are concerned, the q, method is valid, in case that, the sample
disturbance makes the average of qu/ 2 smaller than the undrained strength with no disturbance
by about 30%. In this condition, the decrease of the strength due to the disturbance is
balanced by the effects of the strain rate and the strength anisotropy.

3. The undrained strength of ¢, method depends on the method of the sampling. The strengths of
the samples taken with Shelby-tubes are apparently smaller than those taken with fixed piston
samplers. Even if the fixed piston sampling is carried out under the same specification, the
reported values of g, can be different due to the techniques of the field operator.

4. The field vane test is a practical method to evaluate the undrained strength of soft clay. It
seems that more data in various regions are necessary for the effectiveness of Bjerrum’s
correction coefficient of vane strength. As far as Japanese marine clays are concerned, the use
of Bjerrum's coefficient gives the conservative strength for plastic clays.

5. The strengths obtained by g, method, su(eu), are compared with those obtained by two other
methods, SHANSEP and Recompression. For most of undisturbed samples taken with the
fixed piston sampler, the strengths obtained by ¢, method were almost the same as su(u.5),
that was obtained by Modified Bjerrum’s method (Recompression method). However, when
the samples were disturbed for some reasons, su¢u get smaller than s, cm.5). In SHANSEP
method, the strength is dependent on the consolidation yield stress, p.. In Japanese marine
clays, pc on the end-of-primary is larger than p. on the conventional 24 hour incremental loading
by 20 - 30 %5. When the conventional p. is used, the strength of SHANSEP method is usually
sampler than that of g, method.

6. The g, method seems to be valid for typical Japanese marine clays, when the undisturbed
samples are taken with fixed piston sampler of JSSMFE standard, unless samples are
seriously disturbed due to some special reasons. For the samples taken with Shelby-tube, the
g, methed will seriously underestimate the undrained strength.

7. A new practical method named “Advanced g, method” is proposed. In this method, three
unconfined compression tests and a Simple CU Test, which is a standard consclidated

undrained triaxial test, are carried out with each thin-wall tube sample. By comparing the
average of g, /2 with the Simple CU strength, the quality of the undistrubed sample and the
strength to be used for the design are determined. The adaptability of the new method was
ascertained in the field test.

8. When clay samples are taken by the fixed piston sampler from deep Pleistocene layer, the
crack type disturbance has the dominant effect on g, , meaking the large variance. Adapting
the advanced method to the samples from 30~370m depth of the site of Kansai
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International Airport Project, it was shown that, even if the samples were taken carefully by
the fixed piston sampler or denison sampler, the strengths obtained by q, method were too
conservative.
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Symbols

£r :Strain at failure

£ Correction factor of vane shear strength

Ops : Bffective stress of sample without disturbance (perfect sample)
o, " : Residual effective stress of sample

Tr : Shear strength

¢. : Conhesive strength

¢: : Correction coefficient of g, for the reduction of strength due to sample disturbance.
¢z : Correction coefficient of g, for strength anisotropy.

¢y : Correction coefficient of g, for strain rate.

¢+ :Correction coefficient of g, for the obliguity of the failure plane.

¢ :Correction coefficient of g, for strain condition.

I, : Plasticity index

OCR : Overconsolidation ratio

p  : Vertical consolidation pressure

pe :Consolidation yield stress(or pre-consolidation pressure)
R : Disturbance ratio

sy : Undrained strength

st : Undrained strength to be used for stability analysis
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Sue @ Undrained strength in compression

swe : Undrained strength in extension

Sus : Undrained strength in simple shear

Su(vane) : Insitu vane shear strength

Su(qy : Undrained strength obtained by g, method, = g, .0y S8

Su{sHansEP) - Undrained strength.obtained by SHANSEP method

se(m.5) : Undrained strength obtained by Modified Bjerrum's method

suscwy : Simple CU strength, half of the maximum deviator stress in simple CU test..
g, : Unconfined compression strength

: Average of unconfined compression strength

u(mean)

(Received on November 20, 1994)
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2, Evaluation of Safety of Breakwaters by
the Reliability Based Design Method
(1st Report: Study on the Safety against Sliding)

Takashi Nagao*
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Synopsis

Port structures have been designed by the deterministic method, in which the
uncertainties such as estimation error of design variables have been considered
with only one safety factor. By that kind of method, however, it was difficult to
show the degree of safety for the structures explicitly.

Recently, probablistic design methods have been introduced : the reliability based
design method and the limit state design method. This present report aims at
applying the probablistic design methods to the design of breakwaters.

Safety indices against sliding of breakwaters designed with the present design
system have been calculated by the reliability based design method. Moreover, the
design way of breakwaters by using the reliability based design methoeds (levels 1
and 2} has beenestablished.

The main conclusions drawn from the study are as follows:

i) The way to evaluate the safety of breakwaters against sliding by the reliability
based design methods has been established. We have confirmed that the procedures
of thosse methods are more rational than that of the present design method.

2) It was made clear that the level 1 method is appliciable to the design of
breakwaters with the reasonable range of safety indices, though the level 1 method
is less precise compared to the level 2 method.

3)Bafety indices vary widely from 2.8 to 4.0 by the present design method. This
variation corresponds to 107% to 107° in terms of the failure probability.

4)The target safety index can be estimated to be 3.3~3.4 from the viewpoint of
calibration to the present design method.

5)Safety against the failure of structural members of a breakwater is considerably
higher than that against sliding. Estimated failure probability of members of a
breakwater is less than 107¢.

Key Words : Reliability Based Design Method, Limit State Design Method, Safety
Index, Sliding Failure, Breakwater
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