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Study on Determination of Undrained Strength of Clayey Ground
by Mean of Triaxial Tests

Takashi TSUCHIDA*

Synopsis
The determination of the undrained strength of in-situ soft marine clays is an important
work for the off-shore and on-shore construction project, because it often gives great effects on
the term and the cost of the project. In this study, after pointing out several problems of the
present method of the strength determination, a new rational method was proposed. The content
of this study is summarized as follows:

In chapter 1, literature review was made on the determination of undrained strength of clays.
In present, the undrained strength of soft clay deposits is given by the half of the mean unconfined
compression strength q,,. Although this ¢, method has been commonly used in the practical
design work, the following problems can be pointed out:

1) The q, method is reasonable only when the quality of the soil sample is within some
extent. However, there exists no accepted method to measure the level of the sample
disturbance.

2) Among the international society of the geotechnical profession, there exists a lot of
criticisms to the q,, method because of the large effect of the sample disturbance. The
4,, method is not so common in other countries as in Japan.

3) Due to the sample disturbance the g,, value often has large variation. This characteristic
of q,, is not appropriate for the fundamental design parameter.

In Japan, soil investigations are carried out by more than 150 companies. Because sample
disturbance is an important factor of the ¢, method, it is predicted that there exists a differences
of sampling techniques among the companies and they give the innegligible influences on the re-
ported data. In chapter 2, unconfined compression strengths q,,investigated and reported by various
companies at a same site were analyzed statistically. The results of the analyses were summarized
as follows:

1) There were remarkable differences in the average of q,, among companies. For example,
in the case of X port, the reported q,, of a company was 30% smaller than that of another
company. These differences seemed to be due to the degree of the sample disturbance,
namely the sampling techniques.

2) In previous studies, it was said that the secant modulus £ 50 reduces more than q,, does
when the sample is disturbed. However, the idea was not available in most of the cases of
this study.

According to the analyses, it seemed that the existence of cracks in soil sample makes an

important effect on the q,,. A series of laboratory tests were carried out to study the effect of
cracks on the g, , and the following conclusions were obtained:

* Chief of Runway Laboratory, Geotechnical Engineering Division



1)
2)

3)

When the sample had a crack of 50—70 degree to the horizontal direction, the q;, reduced
sharply, and E 5 also reduced as much as q,,.

There exists two types of sample disturbance making great effects on q,,- One is the
“remolding” type disturbance, and the other is the “crack” type disturbance. In the

" previous study of the disturbance, only the remolding type had been focused on. How-

ever, it was found that, in some cases, the crack type disturbance were major cause of
the scatter of 4,

The strength of the unconsolidated undrained triaxial test (UU test) was not affected by
the existence of cracks. As for the samples with the crack type disturbance, UU test is
effective to compensate for the disturbance.

The reproduction of the in-situ K stress condition in the triaxial cell is a funcamental tech-
nique to inspect the undrained strength of natural clay samples. In Chapter 3, the technique of
Ko consolidation of undisturbed samples were discussed in detail. The following conclusions
were obtained.

1)
2)

3)

4)

By the automatic controlled triaxial test machine developed in this study, it was possible
to consolidate clay samples keeping the lateral strain within 0.01%.

Without the correction of the water drainage absorption characteristics of the side-drain
paper, K -value was underestimated by the automatic controlled consolidation test. The
effect of the correction was large in the over-consolidated region and small in the normal-
ly consolidated region. In order to reproduce the in-situ stress condition of undisturbed
samples by the automatic consolidation test, the drain paper correction is necessary.

The isotropic consolidation pressure p which makes the initial stress condition of the
undisturbed sample before K consolidation affected the measured K, value. The smaller
ps gave the smaller K values. For undisturbed samples, it is appropriate to use the one-
sixth or one-eighth of the consolidation yield stress as the initial isotropic consolidation
stress.

K, values of Japanese marine clays tested in this study ranged from 0.4 to 0.5 in the
normally consolidated region. The techniques developed in this chapter were used in all
triaxial tests carried out in the following chapters.

In Chapter 4, the effect of aging on the strength-deformation characteristics of marine clays
were discussed. The conclusions were summarized as follows:

1)

2)

3)

The compression index C, and the secondary compression index Ca of natural aged
clays showed peak values clearly when the consolidation pressure is-1.5—2.0 times greater
than the consolidation yield stress. The C, of the reconstituted and reconsolidated clays
were almost constant in the normally consolidated region.

The compression index ratio 7, was newly introduced in this study to represent the aging
effect of natural clays. The 7, of Japanese alluvial marine clays ranged from 1.0 to 3.0,
which were smaller than that of East Canadian clays well-known as aged clay. The diluvial
clays in Osaka Bay had larger 7, than alluvial marine clays. Comparing the shearing
characteristics of the natural aged clay with that of the reconstituted clay, T, was con-
sidered to be an useful index of the aging effect.

By consolidating clay slurry -at high temperature (75°C), were produced reconstituted
clays whose strength-deformation characteristics simulated natural aged clays; both
compression and shear behavior of high temperature consolidation (HTC) samples were
similar, to those of natural aged clays. The procedure of HTC seems to be useful for
carrying out laboratory soil tests and model tests, when one intend to simulate the
behavior of natural clays, whose r,, is less than 2.0, by using reconstituted clays.




4) It is considered that the main cause of the aging effect of clays dealt in this study is a
natural cementation, and the consolidation at high temperature accelerated the process
of the cementation of reconstituted samples.

In chapter 6, the undrained strengths of several clayey grounds were obtained by 3 existing
method, the 4, method, Modified Bjerrum method, SHANSEP method, and one newly proposed
method, which was named “Simple CU (consolidated undrained) Test method”. The following
conclusions were obtained:

1) The undrained strengths obtained by SHANSEP method, were smaller than that of
the present 4, method,s,. It seems that SHANSEP method underestimates the strength
of natural clays.

2) As far as the relation between 5, and the undrained strength obtained by Modified
Bjerrum methed, s, , following three cases were observed:

@) s, > Sy1

(®) 5, =Su1

© 3y, <Sui
When the depth of the deposit was less than 30m, the S, was almost same as s, (case
(b)). Generally s,,; showed much smaller scatter than S

3) Because sy was more sensitive to the sample disturbance than sy ], the following relations

between three cases and the level of the sample disturbance were suggested:
(a) -s; >s,7 Sample disturbance is small.
(b) s, =5,7 Sample disturbance is “appropriate”.
(¢) s,<s,; Sample disturbance is large.

4) When the sample disturbance is “appropriate”, the reduction of the average of q,, due to
the sample disturbance cancels out the overestimation of the strength due to the strength
anisotropy and the quick compression rate. In this sense the ¢, method is valid only
when the sample disturbance is appropriate.

5) There existed the following relation between the strength of Simple CU Test s, and s,,;
in Japanese marine clays:

Su.

Sul = 0.75su 2
With this relation, ;5 can be a substitute for 5,1 which is obtained by the complicated
testing.

In chapter 7, a new practical method for determination of the undrained strength of clayey
ground was proposed. In this method, 3 unconfined compression tests and one Simple CU Test
are carried out with each thin wall tube sample. By comparing the half of the mean unconfined
strength qu/2 to the strength of the simple CU test s, 5, the quality of the sample and the strength
to be used as the design parameter S, * are determined as follows:

1) Gradel :4,/2>0.80s,,

The sample disturbance is small. qu/2 may overestimate the undrained strength due to
the strength anisotropy and the quick rate of the compression. The S, * should be 0.75
$,,2- However, because qu/2 is widely used in Japan with the safety factor 1.2 or more,
the use of qu/2 should be permitted with the sufficient safety factor.

2) Grade 2 :0.80s,5, > qu/2 >0.70s,,»

The quality of the sample is appropriate. It is considered that the sample disturbance
cancels out the effect of the strength anisotropy and the quick compression rate. The
q,,/2 seems to be appropriate as the undrained strength of the ground. The 5t is qu/2.



3) Grade 3: 0.70s,,>4q,,/2>0.60s,»
The sample disturbance is large. The 4,,/2 underestimates the undrained strength. The
st is 0.75s,,5-
4) Grade4: qu/2 <0.60s,,»
The sample disturbance is very large. The qu/2 underestimates the undrained strength.
However the 0.75s,,, may give too large strength is case that the disturbance is remolding
type. The Sy * is given as follows:
s, * = 0.65sy7 (in case of remolding type disturbance)
s, * = (.75sy2 (in case of crack type disturbance)

Because the water depth of construction site is getting larger and larger in recent off-shore
and on-shore projects, it is important to study the strength-deformation characteristics of deep
grounds. In chapter 8, a series of laboratory tests were carried out with undisturbed clay samples,
the depth of which ranged from 50 to 400m. The test results were summarized as follows:

1) The unconfined compression strengths g,, had large scatter, and the strengths of triaxial

UU test were larger than q,,. The results of stress-strain relation clearly showed that most
of the disturbance of the samples were crack type.

2) Using the new method proposed in chapter 7, the qualities of the undisturbed samples

taken from 50—400m depth were mostly estimated as Grade 3. The q,, method cannot be
used to determine the undrained strength of the deep clay soils.

Chapter 9 summarized concluding remarks.

Key Words: Cohesive Soil, Shear Strength, Triaxial Compression Test, Unconfined Compression
Test, Sample Disturbance, Anisotropy, Soft Ground, Sampling
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HDOAEENM 60"~ 65 DFEfRichsEEI NS, 6 =
60°L 0 =65 DENFRDOEBICBVT, TXVED
AEE4 LRELTT =q,2¢F3 2 et 3

— 156 —
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Undisturbed San 88
Francisco Bay Mud 45 0.35 0.945 - -
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HITHBSEOREE I L EERMICR T 2 bicid,
WL OIEHU T B2 EFICRBE L 7 BB 2 E
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(1.8) KD &S iciibxh 3,
ci ez =1 1.6)
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ETHBRERAFEPHENROEBLE S (5 v A8
ERTWBIEiIKkBEEZLGNS,
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bd, R T OEMEEIR16m» S 324m TH D,
ZOBEREES 22455 1.0 DEVWERISH L TWY
3, 1, HDASHERI, 56-1-D-27T18%, 57-16
D-10T2T%TH BT XTIBLUTTH 30
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£—8. 1(@ CIURBRAVLENOFE & LBRS & & CYERE

= H % 56 -8,T-4 56-8,T-10 56-1,D-2
® E(m) 4.9 13.9 16.4
TRXS Ac Ac Ma
WHERA (%) 103.0 83.9 90.0
BHRA (%) 34.5 27.3 39.7
BRI 68.5 56.6 51.3
BR&EKH (%) 10.85 78.6 58.6
WAEER (%) 1.0 2.0 0.0
HELHEOE ( kgf/cm® ) 0.2 0.7 1.4
EHEBRES ( kgfcm® ) 0.3 0.7 3.3

£-8. 1) CIURBKAVLAMOEE L TERY & L UYERGH

S SR 56-8,D-4 57-1,D-6 57-1,D-16
#® E(m) 38.4 33.9 59.9
TEXS5 Mal2 Mal2 Ma9
MR (%) 103.0 97.8 89.3
BHIER (%) 37.5 31.7 30.6
WK 65.5 66.1 58.7
BREKHE (%) 80.2 ' 85.6 58.0
wasER (%) 0.0 1.0 0.3
#ELH O E ( kgf/cm® ) 2.9 2.3 4.3
E#ERARES ( kgfcm® ) 3.3 3.1 6.9

F—8. 1(c) CIURBRICHAWRRORE & TERS 6 L CYERT

E S R4 76-16,D-4 57-16,D-10 57-30, T-41
#® E(m) 39.9 51.9 56.6
TEX5 Mal2 Docl Dtc
WHEERRR (%) 109.9 79.1 77.5
BHRA (%) 38.9 27.6 26.2
ISR 71.0 51.5 51.3
BREKH (%) 89.0 49.1 53.9
BWASER (%) 1.0 27.0 1.0
HELHOE ( kgfcm® ) 2.8 3.6 3.9
E#ERRRES ( kgf/cm?® ) 3.2 5.6 4.5

£-8. 1d CIURBAVIAHOEE L LBXS S &L UYERE

X B £ 57-30,D-26 57-30,D-42 56-6,T-79
®E E(m) 76.5 104.7 147.6
TS Mal2 Docl -
HRHEERRA (%) 84.2 71.0 92.0
BHBRR (%) 30.5 30.6 28.7
PR 53.7 46.4 63.3
BRE&KHE (%) 55.1 50.4 48.7
BaEsER (%) 0.6 1.1 0.8
HEL O E ( kgfcm® ) 5.1 7.3 10.9
E#ERBARES ( kgf/cm’ ) 6.0 8.3 13.3
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£—8. 1(e) CIUARIAVALEMOEE L LERS S L UYEKT

2 8 & 57-30,T-106 57-30,T-182 56-9,D-53

# E(m) 191.0 204.1 294.7
TEX 5% - Ma3 -
HRHERA (%) 89.7 91.0 69.1
BHRA (%) 32.4 31.7 29.5
R 57.3 59.3 39.6
BRE&KK (%) 50.8 39.5 28.1
BAsER (%) 0.8 2.8 1.2
HETHOE ( kgf/cm’® ) 14.1 14.9 22.3
18.1 21.8 32.5

E#FRBRRES ( kgf/cm’ )

®—8. 1(f) CIUARAVWAFENORE L TERSY S L UYESHE

2= 8 2 56-9,D-86 5-9,D-92
# E(m) 319.3 324.9
TREXs5 - -
HRHERRAR (%) 54.8 61.6
BHRR (%) 32.4 24.3
ichiRicE S 22.4 37.3
BRE&EKHK (%) 3.1 21.5
wheaER (%) 0.7 2.9
HELHOE ( kgfcm? ) 26.2 26.2
EFRBRES ( kgf/cm?® ) 38.5 38.5
®R—-8. 2 FHERcAVWAENOSER®HE
= ® & 56-6,T-18 56-8,D-8 56-6,D-21
E BE(m) 25.4 44 4 75.9
TERS5 Docl Ma8 Dtc
REERA (%) 7.4 80.3 90.0
BHRBA (%) 33.9 36.7 39.7
BEE 43.5 43.6 51.3
BRE&EKH (%) 58.0 55.4 58.6
WREER (%) 3.0 12.0 0.0
HELHOE ( kgf /cm? ) 1.7 3.2 9.5
E&RBRRES ( kgf/cm® ) 2.1 4.0 7.5

BLH LA, BE®35cm, =& 8.0cm icAEREL K
L, ZHARBIct - PEhTVS, BREE 248
MISHESE L tkic, 0.03%./min DU ¥ % HE T
TKESFL 726
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KELEABEOKREZED Ny 2Ly Yo —%fHWSEC
EMEELY, L L, ZHRBREBORLPHASOH
BEOoRPSERADE, KEXNRy I F vy ve—2HL
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E-8.12(a), (b)id, EERlick T 5, QIFEHEME DO
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5%, B8—-8.13(a), (b)id, EO—-8.12(a), (b) it 3
553 tkoMiFEKELMEE DBRTH 5, E—8.13
2%5&, BEO/NS OB+ 56-6+T-18 0B4
i3, SRERNORIF EKEDH0.30kef /ecm LLEIRiE 3
& BEEIZIZIZ 1.0 (ZLfEf) K3, ThicdlT,
BHEENEH TN 4.0m, 15.5m TH 3 56-6° D-
8, D-21 D2 >DPEE T TR, BRAKRORMIT &K
EH0.70kgf /cm* icEL 2RI BREEMEIR 1.0k
Moo, ESICHIES ERSEEE, BHRHIETL
TD-87T092 D-20Ti30.90 THEBBFVTLE -
oo D& DI, HIES &K UMM & KEOMIC X -
TBHEEMHETIIEAR, Z-20bhoiid -1,

Wiz, E-8.14(a), (b), (C)ZER2IcH 58K T
BHOBUTH ~ BERS, MFEKESRTS 3,
¥9, Ny Py vy —%1.00kgf/cm?, 3.00 kgf
/cm?, 6.00 kgf/cm’ & L # /A pPEKL56-6T
S8R ESLBE, P HEIRIISDE 4B 508,
AER R OBRFABEIEALTRE, v 7 vy Ve —iC
XBEREL, BE—TBIRNU--TW3B, £/, BiFs
KE~OFHBGROBE—BLTEBY, ~y s 7Ly
Yy —DBVILBZEN ~ VTFHBR~NOREBE/hE
WEEZSh3, A8 D-8&D-21 0FB&R, £h¥E
N 1.00kgf/cm*, 3.00kgf/ cm’, 6.00 kgf/cm* &
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ENY I Ty Ve — B LI E, 2ELLTYy
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BRUATWVWEEEIGNSE, LhL, D-21 0K TR
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em’ & LBy, D-21 OFBHCBWT Ny 7 P Ly v v —
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HERERICR, ThalHEEUENLOhEL-/, C
hoDERLYD, SEOHRBEETR Y I T Ly vy —
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MBS SN, X5, ER 2 0= CIU HER i
B BEBUKEREHH LD, RABOHKED 2 20
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