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ABSTRACT

The influence of strain rates on pore pressures of cohesive soils in consolidated-undrained
triaxial tests was experimentally studied. Three types of cohesive soils were used; Kawasaki
clay with plasticity index of 30 and two artificial mixtures of Kawasaki clay and Toyoura sand
with plasticity index of 20 and 10. Pore pressure measurements were carried out by small
transducers at the centre, bottom and periphery of triaxial specimens. It was found that at
low strains the pore pressure at the centre was larger than that at the bottom and periphery,
while at high strains the difference was less significant. The difference in pore pressures at
the three different locations was smaller for lower strain rates and for soils with lower
plasticity index. Pore pressures in undrained triaxial specimens of soil with plasticity index
up to 30 were considered to be uniform at the strain rate of 4%/h. It was concluded that
the test duration given by Blight was satisfactory from the standpoint of pore pressure
equalization.
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mately 5m. The plasticity index was 39.
INTRODUCTION

1t is well-known that cohesive soils show

He observed that the magnitude of pore
pressure at failure in undrained triaxial
tests was different for different strain rates.
In order to look into this problem, he

different pore pressure response to different
strain rates even in undrained triaxial tests.

It has been shown by several research work-
ers that pore pressure distribution is not
uniform in triaxial specimens in undrained
tests.

Crawford (1959) conducted comprehensive
studies on Leda clay. Samples in his experi-
ments were taken from the depth of approxi-

carried out undrained triaxial tests with two
different strain rates, 2%/h and 0.4%/h.
Crawford stopped increasing the axial stress
in each test when the deviator stress reached
one-third of the maximum value and held
it constant for several hours. For the first
five hours the increase of pore pressure was
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larger in the test with the strain rate of
2%/h than in the other. This trend can be
more clearly seen in his plot of the pore
pressure change versus the change in axial
strain. The rate of increase of pore pressure
with the increase of axial strain was constant
for his slow tests, whereas it was larger
for the quick test. The rate became identical
at the axial strain of 0.03%, five hours after
he stopped increasing the axial stress. This
led him to infer that considerable pore pres-
sure gradient arose in the quick test. After
the tests he measured the profile of water
content of the specimens by slicing them
into five segments. He found that the water
content at the centre was about 2% lower
than that at the end. This might imply
that the flow of water took place from the
centre towards the ends of the specimen.
Whitman (1960) observed the similar profile
of water content in a triaxial specimen. He
concluded that non uniformity in strain in
the triaxial specimen, larger in the middle
and smaller at the ends, was responsible for
the local variation in water content. He
also obtained interesting relationships be-
tween pore pressures and axial strains in
undrained triaxial tests. The pore pressure
at the centre was higher than that at the
ends and the pore pressure at the ends was
higher in slow tests than in quick tests.
Bishop et al. (1960) measured the pore
pressure in the specimens of compacted shale.
The strain rates they employed were 2.5%/h
and 0.17%/h. In both tests they observed
the higher pore pressure at the base of the
specimens. The difference in pore pressure
at the centre and at the ends of the specimen
was larger for the test with the former
strain rate. They pointed out that the pore
pressure gradient might arise due to a tenden-
cy to narrow zone failure in some samples.
Henkel (1960) also referred to narrow
failure zone. He indicated that in undisturbed
samples failure was likely to take place
along a thin band and stressed the importance
of employing low strain rates in order to
achieve reasonable equalization of pore pres-
sure in triaxial specimens. Crawford (1963)

attempted to measure the pore pressure
inside the triaxial specimen of Leda clay by
using hypodermic needles. He conducted two
types of triaxial tests; one with constant
strain rate of 0. 5%/h, and the other changing
the rate from 0.5%/h to 2.5%/h at 1.0%
axial strain. In the former test there was
a tendency for the pore pressure at the
centre to lag slightly behind the pore pres-
sure in the lower quarter. The difference
was of greater significance at low strains
than at failure. The other test showed that
the more rapid loading increased the pore
pressure gradient from centre to base. As
Crawford himself admitted, these observa-
tions cannot explain the higher water content
at the ends of the triaxial specimens meas-
ured by Crawford (1959).

A research work similar to that of Craw-
ford (1963) was conducted by Akai (1965).
He measured the average pore pressure in
a triaxial specimen by using a thin needle
with many holes and compared it with the
pore pressure at the base. The pore pressure
at the base was considerably higher than
the average pore pressure and the difference
became negligible at high strains. He observ-
ed the highest pore pressure at the midpoint
between the centre and the end of the speci-
men.

Blight (1963 a) presented an interesting
discussion on the pore pressure distribution
in triaxial specimens. Combining Filon’s
solution on an elastic cylinder with assumed
variations of pore pressure coefficient A,
he demonstrated that practically all sorts
of distributions could be produced. He con-
firmed this half-theoretical deduction by con-
ducting pore pressure measurements in triax-
ial specimens. He showed that at low strains
the pore pressure at the centre was greater
than at the ends, while at high strains this
profile was reversed.

It seems to be almost certain from research
works performed so far that nonuniform pore
pressures arise in triaxial specimens even in
undrained conditions. Blight (1963 b) empha-
sized the importance of measuring the accu-
rate pore pressure in a triaxial specimen and
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proposed the use of a suitable test duration Table 1. Physical properties of soils
calculated from a desired degree of equaliza- tested
; , : LT sen
tion of pore pressure in the specimen. He e M 30 M 20 M 10
gave an equation for calculating the test _ Properties — ,
duration for achieving 95% equalization as Poorine Gravity of Soil |, g 2.68 2.67
a function of the height of the specimen Liquid Limit (LL) 55.3 42.7 27.6
and the coefficient of consolidation. Seki- gasm L“?itd(PL&) igi fg'j :i'j
. . asticity Index (Jp N X 3
guchi et al. (1981) conducted finite element Sand 161 342 60.4
1 1 — 1 i Fraction of Soil :
an‘aly‘51s of partially dr‘amed ar.1d undrame'd oo o (%){ Silt 61.6 8.7 29.9
triaxial tests. As their undrained analysis Clay | 22.3 17.2 9.7
: A t of To r -
was for perfectly smooth platens, nonuni- Sand added (meight %) 0 0.23 0.57
form pore pressure was n t derived. Fraction of Particles
p - P . ot derived finor than 2um (%) 14.8 11.4 6.4
The soil mechanics group of Tokyo In- Coefficient of Consolida-
. . 1 2 i - —
stitute of Technology has been engaged in f;l‘i’r‘l‘egv;f‘n%/,‘;‘iggdeefj;; 1.13x102 | 1.69x 1072 | 3,38x 102
comprehensive researches on intermediate ~all around drainage e

soils these couple of years (Nakase et al.,,
1978; Kimura et al., 1982). In the course
of various experiments it was strongly felt
that the suitable test durations must be
determined for each cohesive soil with dif-
ferent plasticity index. In the present paper
the authors attempt to establish suitable
strain rates for undrained triaxial tests on
various cohesive soils normally consolidated
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Percent finer by weight (%),
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in K, condition on the basis of pore pressure Ui oo - "
measured by small transducers at the centre, Diameter (mm)

at the periphery and the base of triaxial Fig.”1. Particle size distribution of Ka-
specimens wasaki clay, M 30 and T.I.T. mix-

tures, M 20 and M 10

EXPERIMENTS AND THE RESULTS

Three types of cohesive soils were used in [ 3
experiments. One was Kawasaki clay and 4
the other two were artificial mixtures called
T.L T. mixture (Nakase et al., 1978; Kimura L0 CElL
et al, 1982; Nakase et al., 1983). Physical POROS HETAL
properties of the three cohesive soils are N A
given in Table 1, where they are named M

30, M 20 and M 10 refering to their plasticity
indices (I,). Their grading curves are shown
in Fig.1. Soil was mixed with water into
slurry at the water content of 70% for
M30, 609% for M20 and 409% for M10 and
consolidated under the preconsolidation pres-
sure of 69kN/m? in a consolidometer with
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SPECIMEN
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the diameter of 200 mm and the height of o

270 mm. A triaxial specimen with 150 mm in

height and 75 mm in diameter was trimmed Fig. 2. Triaxial specimen and pore
from the preconsolidated cake. The mixture pressure transducer
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of silicon greese with silicon oil was smeared
to the top and bottom platens of a triaxial
apparatus and a latex disc was placed on
each platen in order to lubricate the surface
of contact between soil and metal. After
placing the specimen on the bottom platen
side drains consisting of six strips of filter
paper strengthened with paper towel were
attached to the surface of the specimen.
The top end of each strip was extended to
the side of the top platen so that the pore
pressure at the periphery of the specimen
could be measured with a pore pressure
transducer connected to a porous metal in
the top platen (Fig.2). Subsequently a ver-
tical hole was bored with a small auger
along the axis of the specimen and a pore
pressure transducer of silicone chip type,
6.35mm in diameter and 13mm in length,
was installed at the centre as in Fig.2. The
detail of installation technique was described
elsewhere (Kimura et al.,, 1982). The pore
pressure measurement was also carried out
at the bottom of the specimen. The pore
pressures at the periphery and the bottom
were monitored with pressure transducers of
strain gauge type.

After introducing the back pressure of
196 kN/m? into the specimen and the triaxial
cell the cell pressure was increased to the
predetermined level, either 98 or 196 kN/m?,

and at the same time the axial load was
applied to achieve K, consolidation.  The
loading rate was adjusted so as not to cause
the lateral strains at the periphery of the
midpoint of the specimen. The lateral strains
were monitored with the lateral strain indi-
cator of Bishop type.

Undrained shear tests were conducted on
these specimens under four different strain
rates. The strain rates were selected so as
to cover the range of the strain rates re-
commended by the Japanese Society of Soil
Mechanics and Foundation Engineering
(Japanese Society of Soil Mechanics and
Foundation Engineering, 1979). The tests
are tentatively classified into four categories
depending upon the strain rates; very quick,
quick, moderate and slow. The test condi-
tions are shown in Table 2. The approximate
strain rate for each type of test is 37, 19,
8 and 4%/h. The middle symbol in the
name of specimens as VQ in M30-VQ-1
stands for the class of the test. The observed
relationships between the pore pressures and
the axial strains for each test are given in
Fig. 3. Points of failure determined from the
maximum deviator stress [(¢;—03)max] and
from the maximum effective stress ratio
[(0,/05) max] are marked in the figures.
Strains at these particular points are termed
strains at failure (e;) for the sake of con-

Table 2. Conditions and results of triaxial tests
i Strain at failure and angle of shearing
| resistance [e7(%)] [4(®)] i i .
Consolidation Strain €f : max ey : max stress ratio[(e1' /03 ) max] E&‘Zx‘;g‘{ﬁ ?;‘fﬁ??:r‘iical
Specimens pressure and K rate & deviator N consolidation pressure
030 /o1 = Ko o /1) stress Centre Bottom |Periphery /o1
70 SO SN S ul/Cle
[(61—03) max] er l ¢ er & er ¢
| M 30-Q-1 1.000/2.333=0.429 | 19.5 0.86 22,05/ 38. 02% 12.82 39.20 10.61| 36.58 0. 404
} M 30-M-1 1.000/2. 335=0. 428 7.74 1.01 4.94| 39. 24] 11.55| 40. 41| 10.89] 37.95 0.392
M 30| M 30-M-2 1.000/2. 270 =0. 440 7.62 0.82 15.87| 39.72; 11.43! 89.52 11.07| 37.57 0.381
“ M 30-S-1 1.000/2. 189=0. 457 | 3.90 0.66 11,03 36.73| 11.36] 37.64| 11.03] 36.30 0.377
| M 30-5-2 2.000/4.511=0.443 |  4.20 0.76 10.69 36.39 10.69 37.47 11.08 36. 16 0.385
‘ M 20-Q-1 1.000/2.388=0.419 | 19.4 0.59 | 21.48] 39.42| 13.02| 30.94 12. 65| 37. 16 0.404
| M 20-M-1 1. 000/2. 463=0. 406 7.74 0.51 6. 24| 38.39 10.65| 39.05 10.28| 37.59 0.390
M20 | n o20-5-1 1.000/2.344=0.427 | 3.90 0.44 9.89| 36.97| 11.36] 37.87| 11.36| 36.40 0.374
M 20-S-2 2.000/4. 761=0. 420 4,02 0.45 13.15) 37.30] 12.00 37.88 12.38 36.83 0. 366
| M 10-VQ-1 | 1.000/2.350=0.426 | 37.4 0.29 21.02 38.02] 12.53 40.42 17.48] 37.8§ 0.382
| M 10-VQ-2 | 1.000/2.296=0.436 | 37.1 0.21 18. 81! 36.02 13.54] 38.35 11.79 36.09 0.375
M 10| M 10-Q-1 1.000/2. 412=0. 415 J 18.8 0.22 21.13 7. 20, 12.24) 38.54 13.66; 37. 14 0.382
M 10-S-1 1.000/2. 385=0. 419 3.72 0.18 13.713 37. 46; 11.59 38, 17‘1 11. 94} 36.93 0.356
M 10-S-2 2.000/4. 838=0.413 ; 3.90 0.20 | 12. 16J 37. 09; 12, 16J 37. 29‘( 14.73] 36. 58 0. 355
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Fig. 3.
venience. Fig.4 shows stress paths during
the tests. They were derived from pore

pressures measured at the three locations of

the specimen.

DISCUSSION OF THE RESULTS
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As is shown in Table 2,
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Relationship between pore pressure and axial

the magnitude

of strain at the maximum deviator stress is
approximately 0.2~1.0% for the soils tested,
which is by far smaller than that at the

maximum effective stress ratio.
plasticity index of the soils decreases,

As the
the

strain at the maximum deviator stress de-
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strain
creases. This tendency can be explained by

the fact that as the plasticity index of soils
reduces their properties approach those of
sand. The strains at the maximum effective
stress ratio at the bottom and periphery of
the specimen are practically identical in the
quick tests. The strain at the centre is much

larger. It can be seen, comparing Figs.3
I(c), II(c¢) and III(c), that the difference in
strain at the maximum effective stress ratio
in the slow tests is greater for the soils
with lower plasticity index. The difference
is very small for M 30.

The relationships between pore pressures
and axial strains given in Fig.3 show that
as the strain rate reduces the difference in
pore pressures at three locations becomes
smaller. In the quick tests the pore pressure
at the cente of the specimen is considerably
higher than that at the bottom and periph-
ery at low strains, while at high strains the
difference tends to become less significant.
In M 10 the difference is only marginal.
The pore pressure difference in the slow
tests is negligible for M 10 for the whole
range of axial strains employed in present
experiments, whereas in M 20 as well as M 30
the slight difference as in the quick tests
appears at low strains. It may be concluded
that the pore pressure is quite uniform in
M 10 under the slow tests. This can be ac-
counted for by the fact that the consolidation
coefficient ¢, is larger for the soils with lower
plasticity index. It has to be pointed out,
however, that uniformity in pore pressure
does not necessarily mean uniformity in total
stress in the specimen. Although there is
practically no difference in pore pressures
at the different locations of the specimen of
M 10 in the slow tests, the difference in
strain at the maximum effective stress ratio
is greater than that for M 20 and M 30. This
implies that, although pore pressures appear
to be uniform throughout the specimen, the
stress may not be uniform. At present there
seems to be no suitable method available to
measure accurately the total stress inside
triaxial specimens. ,

The relationships between the pore pres-
sures and the axial strains for M 20 and M 30
are strikingly similar. This may lead to the
conclusion that M 20 and M 30 have very
similar mechanical properties, which has been
confirmed in other series of the tests by
the soil mechanics group of Tokyo Institute
of Technology (Nakase et al., 1983). The
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Fig. 4. Effective stress path
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fact that the coefficient of consolidation
for the two types of soil is very similar is
considered to be responsible.

The same applies to the effective stress
paths shown in Fig.4. The stress paths for
M 20 and M 30 are alike and they are very
different from those for M 10. The former
paths have only one inflection point with
gentle curvature, while the latter have two
with rather large curvature.

The difference in the stress paths at the
three different locations in the slow tests is
marked at the initial stage but it is less
conspicuous at the later stage. The difference
is not significant for M 10.

The relationships between the angle of
shearing resistance in terms of effective

M 30 (Kawasaki clay)
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stress ¢’ and strain rates are shown in Fig.
5. The values of ¢’ were calculated from
the maximum effective stress ratio. It can
be seen that the difference in ¢’ values
calculated from the effective stress at the
three different locations becomes smaller as
the strain rate decreases. In the very quick
and quick tests the difference is rather signif-
icant, whereas the difference in the slow tests
is considered to be not very important from
the engineering viewpoint. In Fig.5 the
recommendation by the Japanese Society of
Soil Mechanics and Foundation Engineering
is shown. Although this looks generally
acceptable, the use of the strain rates in
the lower limit of the recommended band
is encouraged.

Blight (1963b) produced a convenient
chart for evaluating the degree of equaliza-
tion of pore pressure in triaxial specimens
in undrained tests. He gave an equation for
calculating the time to reach failure (¢,) for
pore pressure equalization of 95% in undrain-
ed tests as

H2

Cy

tf=0. 07

(1)

where H is half the specimen height. The
strain rates corresponding to #; were calcu-

lated assuming that the strain at failure
was approximately 119. They are shown in
Fig.5 by broken lines. The strain rate for
the slow tests in the present experiments
is quite close to that for 95% equalization.
The lower limit of recommendation by the
Japanese Society is also tantamount to the
Blights’ strain rates. The strain rate by
Blight for M 20 and M 30 is slightly smaller
than that in the slow tests in the present
experiments. The tendency in Fig.5(a) and
(b) implies that the use of Blight’s strain
rate results in more uniform pore pressure
in the specimen. It is concluded that the
Eq. (1) gives very reasonable strain rates for
undrained triaxial tests.

Fig.6 shows a relationship between the
averaged ratios of undrained strength to the
vertical consolidation pressure c¢,/a;./ and the
strain rates. The undrained strength is for
maximum deviator stress. The ratio cufo;.’
increases with the increase of the strain
rate, which agrees with the results of ex-
periments by other research workers (Berre
and Bjerrm, 1973). The relationships shown
in the figure may lead to a conclusion that
the rate of increase of the ¢,/oy,/ ratio with
the strain rate is less for soils with lower
plasticity index. In Fig.6 again the tendency
that M 30 and M 20 are very similar in their
mechanical properties can be seen.

In the present research the pore pressure
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Fig. 7. Location of embedded lead shot
for radiograph and transducer

Table 3. Comparison of strains: overall
and local
Oerall siains o spei- | KEE8L SRR POIA R0
o
0 0
0.636 0
2.019 2.507
4,094 4.776
6.237 6.746
8.312 8.746
10.317 11.520
12,392 14.000
14. 466* 16. 269
16.576 18.746
18.612 22. 000

* Failure strain 15.466%

at the centre of the triaxial specimen was
measured by the small transducer embedded
in soil. The authors have received some
criticism on this method; the strain of soil
just beneath the transducer might become
very large with the transducer being pushed
into soil and as the result uniformity of the
strains in the specimen might be hampered.
In order to investigate this the authors
carried out additional undrained triaxial tests,
After completing trimming the specimen
lead shot was pushed into the specimen by
using a thin pusher. The final arrangement
of the embedded lead shot is shown in Fig. 7.
Radiographs were taken at different stages
of the tests. The coordinates of the image
of the lead shot on the radiographs were
read off by an X-Y analyzer and they were

converted into strains by comparing them
with the initial coordinates. Although this
series of experiments have not been satisfac-
tory, one of the results is shown in Table
3. The local and overall strains agree farelly
well up to the strain of about 9%. The
difference between the two becomes larger
as the strain increases.

CONCLUSION

The {ollowing conclusions are drawn from
the present research work on consolidated
undrained triaxial tests of cohesive soils
with different plasticity index under different
strain rates.

(1) Concerning the strain at the maxi-
mum effective stress ratio, the magnitude at
the centre of a specimen is much larger than
that at the bottom and periphery.

(2) At low strains the pore pressure at
the centre is larger than that at the bottom
and periphery, while at high strains the
difference is less significant.

(3) As the strain rate reduces the differ-
ence in pore pressures at the three different
locations becomes smaller. In the tests with
the strain rate of about 4%/h the difference
in pore pressures at the three different loca-
tions is negligible for M 10, whereas for
M20 and M 30 some difference appears at
low strains. :

(4) The effective stress paths for M 10
are different from those for M 20 and M 30.
The latter have one inflection point with
gentle curvature, while the former have two
inflection points with large curvature. The
difference in stress paths for the three dif-
ferent locations is more marked at the initial
stage of the tests than the final stage.

(5) The difference in angle of shearing
resistance ¢’ calculated from the maximum
effective stress ratio at the three different
locations becomes smaller as the strain rate
decreases. The difference can be neglected
in the tests with the strain rate of about
4%/h. »

(6) In order to achieve reasonable equal-
ization in pore pressures in undrained tests,
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