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For a wide variety of geomaterials,
solls,
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cohesionless and cohesive soils and sedimentary soft rocks and
the Importance and advantages of measuring the deformation characteristics accurately and

continuously for a strain range from less than 0.001 % to several % by a single static test using a single specimen are

demonstrated.

It is also shown that the deformation characteristics at strains of less than about 0.001 % is essentially

elastic, and the elastlc stiffness values evaluated under statlc (monotonic and cyclic) and dynamic (fast cyclic) loading
It is discussed that the plastic deformation characteristics
including the damping ratio, the decay characteristics of stiffness and the liquefaction potential are not uniquely linked

conditions are the same from the engineering point of view.

to the elastic properties.

INTRODUCTION

The deformation properties of geomaterials (l.e., soils and
rocks) under dynamic loading conditions (l.e., relatively
fast cyclic loading conditions) are an essential part of
soll dynamics. In most of the previous related studles,
however, the so-called "dynamic” deformation properties
of geomaterials were Investigated without being explicitly
linked to the so-calied "static" deformation properties.
As Woods (1991) pointed out, it is high time to drop the
modifiers "dynamic" and "static". The first rationale for
the above is that apparent differences between the two
types of deformation properties can be attributed to the
effects of strain magnitude, strain rate, loading pattern
(monotonic or cyclic) and so on, which are not exclusively
related to either dynamic or static behaviour of a given
mass of geomaterial. The second Is that large part of the
so-called "dynamic" deformation properties of a given
geomaterial can be evaluated by static loading tests
measuring stress(es) or load(s) and strain(s) or
deformation(s), those being either monotonic or cyclic
loading tests. Furthermore, large part of the so-called
"static" deformation properties can be evaluated by
dynamic loading tests such as wave propagation tests
(e.g., ultra-sonic wave tests and bender element tests in
the laboratory and field seilsmic surveys) and dynamic
loading tests (e.g., resonant-column tests and free
vibration tests) (n.b., herein, these wave propagation
tests and dynamic loading tests will be called dynamic
tests).

In view of the above,
illustrate;

1) the importance and some advantages of measuring
deformation characteristics accurately and continuously
for a strain range from less than 0.001 % to several % by
means of a single static test using a single specimen, and
2) the 1link between stiffness values evaluated under
static (monotonic and cyclic) and dynamic (fast cyclic)
loading conditions.

The understanding of the second point is essential to
appropriately organize a systematic geotechnical
investigation for a given geotechnical construction
project and to establish a consistent design procedure,
rather than to investigate, define and use the so-called

this report has been prepared to
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"dynamic” and T"static" deformation properties of
geomaterial separately. These points have been discussed
by several researchers (e.g., Jamiolkowski et al., 1991,
Tatsuoka and Shibuya, 1992, Jardine, 1995, Tatsuoka and
Kohata, 1995).

The strains in relatively stiff ground under working loads
are In fact small, typlcally less than 0.5 % (e.g., Burland,
1989, Tatsuoka and Kohata, 1995), and the stiffness at
these small strains evaluated by means of appropriate
field and laboratory tests Is one of the key parameters
used to predict ground movements (e.g., Jardine et al.,
1991, Jardine, 1995, Hight and Higgins, 1995, Tatsuoka and
Kohata, 1995). This report will also briefly discuss the
above-mentioned stiffness, which is closely linked to the
so-called "dynamic” stiffness.

IMPORTANCE OF ACCURATE STRESS AND STRAIN MEASUREMENTS

Background: First of all, unless the measurements of the
deformation properties of a given specimen of geomaterial
in static loading tests, particularly those at small
strains, are sufficiently accurate, statically determined
deformation properties cannot be compared with those ob-
tained by the corresponding dynamic tests. Herein, some
important Issues for accurately measuring the deformation
characteristics of geomaterial in the triaxial test, rather
than the torsional shear test, is herein discussed for the
following two reasons;

1) the triaxial test is much more popular In geotechnical
engineering practice, and

2) errors In the measured axial strains in the triaxial test
can be particularly serious.

ASTM D 3999-91 "Standard Test Method for the
Determination of the Modulus and Damping Properties of
Soils Using the Cyclic Triaxial Apparatus” allows the
measurements of axial load and axlal deformation of a
given specimen using transducers located outside the
triaxial cell. It seems that this ASTM standard was
specified for cyclic triaxial tests designed to measure the
stiffness at stralns larger than about 0.01 %. It is
suggested In the standard to measure the stiffness at
smaller strains using resonant-column tests. It has been
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known, however, that not only at strains larger than 0.01
%, but also at smaller strains, errors In the stiffness of
geomaterials, In particular hard solls and soft rocks,
evaluated by measuring axial stress and strain with
transducers located outside the triaxlal cells could be
very large (Kokusho, 1980, Tatsuoka and Shibuya, 1992,
Tatsuoka et al., 1994a, Lo Presti et al., 1994a, Tokli et al.,
1995, Tatsuoka and Kohata, 1995, Lo Presti, 1995).

The major potential problems encountered in the stress
and strain measurements in the conventional triaxial
testing system such as the one shown in Fig. 1(a) could be
summarized as follows;

1) Due to the effects of piston friction on the measured
axial load, the Young's modulus and damping ratio of a
specimen, particularly the damping value, may be
over-estimated (Kokusho, 1980).

2) Due to the effects of the system compliance of a test
apparatus (l.e., the deformation of a loading piston,
connections and so on) on the measured axial
displacement, Young's modulus may be under-estimated
(Kokusho, 1980). This would be particularly the case in
tests using a loose connection between the loading piston
and the specimen cap such as the magnetic system and the
vacuum system (i.e., suction cap) described In ASTM D
3999-91.

3) Due to the effects of bedding error at the top and
bottom ends of specimen on the measured axlal
displacement, Young's modulus may be under-estimated and
the damping value may be over-estimated.

4) Due to delay In the data acquisition system for
stress(es) and/or strain(s), the damping value of a
specimen may be either over-estimated or under-estimated,
depending on which of stress and strain is recorded in a
delayed manner.

Problems 2) and 3) become more serious for stiffer
geomaterials (i.e., hard soils and soft rocks).

JSSMFE standard: In view of the above, in 1991, the
Japanese Society of Soll Mechanics and Foundation
Engineering (JSSMFE) set up an ad hoc technical committee
for "Standardization of Laboratory Cyclic Loading Test
for the Determination of Deformation Properties of
Geomaterials”. The first and third authors of this report
were, respectively, the chairman and a core member of the
committee. In 1993, the committee submitted the draft of
the standard for both the cyclic triaxial test using a
solid cylindrical specimen and the cyclic torsional shear
test using a hollow cylindrical specimen. After having
been reviewed by the members of the JSSMFE, the standard
was approved by the JSSMFE In 1994; i.e., JSSMFE Soil
Testing Method No. JSF T 542-1994 - Method for Cyclic
Triaxial Test for Deformation Properties of Geomaterials -,
and No. JSF 543-1994 - Method for Cyclic Torsional Test for
Deformation Properties of Geomaterials -. One of the
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¢® used for monitoring, and can be omitted)

Fig. 1 (a) Typlcal conventional triaxial testing system
with a load cell and a displacement transducer located
outside the triaxlal cell and (b) a triaxial testing system
with a load cell and a local axial strain gage located
inside the triaxial cell used at Institute of Industrial
Science (1IS), University of Tokyo.

important features of the standard Is that it specifies the
cyclic triaxial and torsional testing procedures used to
evaluate the Young's modulus, shear modulus and damping
ratio of a glven single specimen continuously for a strain
range from less than 0.001 % to about 1 %, while the use of
resonant-column tests Is not suggested.

As reported in detail by Tokl et al. (1995), the JSSMFE
standard specifies the cyclic triaxial testing procedure
so as to avoid the four problems described above and
others, In particular:

1) It 1Is necessary to use an Internal load cell placed
directly above the specimen cap (l.e., inside the triaxial
cell).

2) The local strain measurement along the specimen lateral
surface is required using an appropriate method when the
errors involved In the measured axial strains and/or
damping values due to the bedding error is considered to
be more than 5 % of the true value.

3) Simultaneous recording of stress and strain is required.
In particular, it Is necessary to evaluate the effects of
the time delay in the data acquisition system for
stress(es) and strain(s) before actual testing on
geomaterial. It is necessary to confirm that the effects
of the time delay on the damping ratio is less than 5 %
when the single amplitude axial strain Is about 0.01 %.

Fig. 1(b) shows a typical triaxlal testing system that
satisfies requirements 1) and 2) above. To substantiate
the proposed standard, two round robin test programs
were organized by the committee, In which Toyoura sand
and sedimentary soft mudstone, respectively, were used.
Toyoura sand 1is a uniform quartz-rich fine sand with
sub-angular particles with Dso= 0.18 mm, Us= 1.3, emin=
0.617 and emax= 0.982 (see Table 1). The sedimentary soft
mudstone has a geological age of about 2 million years,
and a large block was obtalned from a depth of 50 m at a
site near Tokyo. The results of the two round robin test
programs were analysed by, respectively, Dr. Yamashita, S.
of Kitami Institute of Technology and the third author of
this report. Hereln reported is part of the result
obtained from these round robin test programs and those
obtained from other tests performed by the authors and
their colleagues which supplements the former.

Results for Toyoura sand: Part of the results for dense
Toyoura sand obtained from the round robin test program
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Flg. 2 Part of the result from the round-robin cyclic
triaxial test program using Toyoura sand organized by
JSSMFE; comparison of Eca~10g( & «)sa relatlions obtalned
from 15 tests (Flg, 3-3b of Tokl et al., 1994).

are shown in Filg. 2. The complete results are reported In
Tokl et al. (1995). In total, seventeen different
laboratories In Japan jolned thils program using Toyoura
sand. The definitions of the Young's modulus and the
other related parameters used In this report are given In
Flg. 3. For the data shown In Fig. 2, the void ratio and
the relatlve density D, after consolidation ranged
between 0.657 and 0.701 and between 77 % and 89 %,
respectively. The Young's modull have been corrected to
those at a vold ratio of 0.69 (i.e., Dr= 80 %) based on the
empirical functlon; F(e)= (2.17 - e)®/(1 + e) (Hardin and
Richart, 1963, Iwasaki et al., 1978).

The specimens were prepared by following the same
procedure (l.e., pluviation of alr-drled particles from a
nozzle with a constant fall helght). The top end of each
specimen was finlshed by scraping with a stralght edge so
as to obtaln a flat surface in parallel to the cap face.
The top and bottom ends of the specimen were placed In
contact with a porous stone disk without using fllter
paper. In Fig. 2, the results of fifteen tests are shown.
For one test (l.e., the data polnts ¥), the specimen was 30
cem in diameter (D) and 60 cm in helght (H), while for the
other tests, the specimen dimensions ranged from 5 cm to
7.5 cm in D, from 10 cm to 17 cm in H and from 2.0 to 2.4 In
H/D. After having been saturated, the specimens were
Isotropically consolidated to ¢ 'c= 98 kPa. In most of the
tests, at each loading stage with a constant cyclic stress
amplitude, ten cycles of symmetrical sinusoldal cyeclle
deviator stresses were applied at a frequency ranging
from 0.05 Hz and 0.5 Hz (mostly 0.1 Hz) under dralned
condlitions (n.b., undralned tests were also performed, the
results of which are reported In Tokl et al., 1995). In the
other two tests, symmetric sinusoldal cycllc axlal stralns
were used. The data obtalned at the tenth cycle at each
loading stage were analysed.

The maln difference In the testlng procedures for these
tests exlsted in the method of axlal straln measurement.
In thirteen tests, axlal stralns were obtalned only from
the axlal displacement of the specimen cap measured with
elther a couple of proximity transducers (ten tests) and
LVDTs (three tests) placed dlametrically opposite each
other, while In the other two tests, the axlal strains were
measured locally by using a pair of LDT (Local Deformation
Transducer, Goto et al., 1991; see Flg. 1b). It may be seen
from Flg. 2 that the Young’s modull obtalned based on
locally measured axlal stralns in the two tests are very
similar to each other, and for stralns of less than about
0.02 %, they are larger than those obtalned based on
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from a monotonic loading test, D= 7.5 cm and H= 15 cm,
air-drled Toyoura sand; a) dense and b) loose
(Teachavorasinskun, 1992, Tatsuoka et al., 1994a)

externally measured axlal stralns. The authors conslder
that the difference is due to the effects of the bedding
error. In addltion, the scatter In the data obtalned from
external straln measurements Is not very small.

The effect of the bedding error can be better quantified
in the results of a single test In which axial strains are
measured both locally and externally, as shown In Flg. 4.



Fig. 5 Eeq and h~1log( e »)sa relations from cyclic loading triaxial tests on air-dried Toyoura sand, ¢ <'=
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external axial strains obtained from the axial displacement of the specimen cap; the void ratios are those measured at the
start of each cyclic loading series (Teachavorasinskun, 1992, Kohata et al., 1993).

Fig. 6 A typical result
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of CD triaxial compression test on air-pluviated loose Toyoura sand (Teachavorasinskun, 1992).
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Fig. 7 Triaxlal testing system with a load cell and a local
axial strain gage located inside the triaxial cell in Italy
(Lo Presti et al., 1994a and 1994b, Jamiolkowski et al.,
1994, Fioravante et al., 1993, Pallara 1995).

Table 2 Specifications of a triaxial testing system with a
load cell and a local axlial strain gage located inside the
triaxial cell used in Italy, see Fig. 7 (Lo Presti et al.,
1994a and 1994b, Jamiolkowski et al., 1994, Fioravante et
al., 1993, Pallara 1995).

Gauge Resolution(microns) Accuracy(microns) Capacity(mm)
Submersible LVDT 0.3 1 2
Proximity transducer 0.3 1 2.5

IDT [ s 20 20

In these cyclic triaxial tests, air-dried dense and loose
Toyoura sand were tested at o .'= 78.5 KPa under otherwise
the same testing conditions as the round robin test
program (n.b., a comparison with the results of monotonic
loading tests shown in these figures is made in the later
part). Fig. 5 also shows the results of similar tests on
Toyoura sand. For the data shown in Fig. 5, a specimen of
Toyoura sand was prepared using the air-pluviation
method, and the Esq and h~ (¢ a)sa relations were obtained
first by following the JSSMFE standard (Figs. 5a and b).
Then, at the strain levels ( & «)sa designated by the
symbol | in Figs. 5(c) and (d), 1,200 cycles of symmetrical
cyclic deviator stress were applied. The relationships
between Eeq, h and (¢ »)sa were then again obtained (Figs.
5c and d) (n.b., the damping ratio h and the effects of
cyclical prestraining on Ec« and h is later discussed). It
may be seen from these figures that even in cyclic triaxial
tests on such a fine sand, the effects of the bedding error
are consistently noticeable.

The effects of the bedding error is generally larger In
monotonic loading (ML) triaxlal compression test. Fig. 6
shows stress-strain relations obtained from a typical ML
triaxial compression test on air-pluviated loose Toyoura
sand (Teachavorasinskun, 1992). The sample was 7.5 cm D
and 15 cm H, and the top and bottom ends of the specimen
were In contact with the porous stone fixed to the cap and
the pedestal. Large effects of the bedding error can be
noticed except at the very beginning stage of test.

At Politecnico di Torino (Technical University of Torino),
the axial strain is measured both externally and locally
in triaxial compression tests on sand (Fig. 7). External
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Fig. 8 A typical test result of air-pluviated Ticino silty
sand; a) isotropic consolidation stage, and b) CD triaxial
compression test stage (Lo Presti, 1994a).

axial strains are obtained by using a) a high-resolution
proximity transducer and a conventional inductance
displacement transducer (IDT), both of which measure the
axial displacement of the loading piston outside the
triaxial «cell, and b) a high-resoclution proximity
transducer located Inside the triaxial cell, which
measures the axial displacement of the specimen cap.
Local axlal strains are obtained by using a pair of
high-resolution submergible LVDTs, which measure the
axial compression of the central zone of the specimen.
The axial load is measured with an internal load cell with
a capacity of 10 kN and a resolution of 0.064 N, which is
commercially available. This load cell is very rigid,
submergible and insensitive to the change in hydro-static
pressure. The radial straln 1s measured locally by using a
pair of proximity transducers located at the specimen
mid-height.

Fig. 8 show a typical result obtained for a) Isotropic
consolidation stage and b) ML drained triaxial compression
stage at ¢ < = 160 kPa using Ticino silty sand with a fines
content of 11.6 % and D.= 77.2 % (Table 1). The sample was
7.1 cm in D and 14.2 cm in H and the axial strain rate was
0.01 %/min. It may be seen that local axial strains
measured along the lateral surface of specimen with a pair
of LVDTs are consistently smailer than those measured
externally. It is also to be noted that the resolution of
the IDT is too low to detect small axial strains. A
resolution much less than 1 g m, which is equivalent to an

axial strain 0.001 %, is necessary to measure reliably axial
strains of 0.001 % for a gage length of 10 cm.

Fig. 9 shows the ratio of Eseo values based on locally and
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Pallara 1995).

externally measured axial stralns as a function of axlal
strain obtained from the following three series of triaxial
compression tests on sands; a) 39 tests on Toyoura sand
(Lo Prest! et al., 1995, Pallara 1985, Jamiolkowski et al.,
1994, Lo Prestl et al., 1994b), b) 14 tests on Qulou sand
(Floravante et al., 1993, Pallara 1995, Lo Prestl et al.,
1995), and c) 3 tests on Tlelno sllty sand (Lo Prestl et al.,
1994a). The following trends may be noted:

1) Among the three types of sands, some difference in the
bedding error effects can be noted, but generally, the
scatter of the data is not systematlc.

2) The largest ratlo Is as large as 1.8,

3) The ratio Is not constant even In a single test, but
changes with straln; generally, the ratio decreases with
strain,

These results mean that the precise correction of
externally measured axlal stralns for the bedding error
effects Is not feasible.

The result of a systematic comparison of the results
obtalned by using different local straln gages set along
the lateral surface of a Toyoura sand specimen Is shown In
Fig. 10. In the test for Flg. 10a, the stralning was ceased
for about 30 mlnutes at an axlal straln of about 0.05 % to
examine the creep deformation of Toyoura sand. This point
{s not discussed here. The local gages are; a) a palr of
LVDTs (Fig. 7), a palir of LDTs (Fig. 1b), and a palr of Hall
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Effect Transducers (Clayton and Khatrush 1986). It may be
seen that the local axial strains measured with LVDTs and
LLDTs are very similar to each other, whlle they are
smaller than those measured externally. In this case, the
measurement with a local gage based on Hall effects was
found unreliable, perhaps due to the effects of the system
compliance of the device which fixes the gauge on the
surface of the speclmen.

Fig. 11 shows the relatlonship between the coefficlent of
hysteretic damplng (or damping ratio) h and the single
amplitude axlal strain ( & «)sa, corresponding to Fig. 2.
The effects of the different strain measuring methods Is
not discernible. However, the effect is noticeable when
compared for a single test (Fig. 5), In particular when the
damping ratlo Is very small, for example, after the
applleation of cyelle pre-strainlng as shown in Figs. 5(c)
and (d). It may be seen from Figs. 5(c) and (d) that even
after the application of cyclic prestraining, the effects
of bedding error are noticeable on the Es4 values, but the
effects are also remarked on the h values, in particular
for the dense sand (Flg. 5¢). Note that In these flgures,
as the h values are plotted agalnst elther locally or
externally measured axlal strains, the difference between
the h values Is less discernible than they actually are.

Palrs of h wvalues based on locally and externally
measured axial stralns measured at each loading stage ob-



talned from these tests are compared in Fig. 12. It may be
seen that even for reconstituted specimens of such a fine
sand, the local axial strain measurements Is imperative to
accurately estimate the damping values, particularly small
values.

Attempts have been made to theoretically explain this
difference In the values of h (Teachavorasinskun, 1992,
Kohata and Tatsuoka, 1993). First, it is assumed that a
thin loose layer with a thickness of a-H/2 exists at both
the top and bottom ends of a sand specimen (Fig. 13; H is
the height of the specimen). Fig. 13(b) shows
schematically A) the assumed local stress-straln relation
in the end looser layers, which cannot be measured, B) the
local relation for the central part of the specimen, which
is measured with LDTs, and C) the average relation, which
is measured with an external gage. With the single
amplitude external axial strain (d & o-ave)sa and the
single amplitude deviator stress gsa, the. equlvalent
Young's modulus for the average relation is obtained as;
‘(Eeq)ave= QSA/(dE o-ave)SA (1)

The average straln consists of local strains in the thin
looser layers and the central zone, (dé& a.a)sa and
(dé o-8)sa, as;

(d8 A-ave)SA= a'(d8 e-A)SA + (1 - a)’(d8 n-B)SA
a-{gsa/(Eeca)al + (1 - 8) - {qsa/(Ecd)s}

(2)
From Egs. (1) and (2), we obtalin;

(Eeq)ave= (Eeq)E/{(a'X + (1 - a)} (3a)

where,

X= (Eea)e, (Eea)a= (de a-a)sa,(de a-8)sa (3b)
The average dissipated energy per cycle for unit volume Is
obtained as:

AWave=a  AWa + (1 - 8)- AWs (4)
where 4 Wa and 4 We are the values of 4 W for,
respectively, the end looser thin layers and the central
part of the specimen. By definition, the coefficients of

hysteretic damping ratio for these two parts, ha and hs,
are obtained as ;

(5a)
(5b)

Wa= (dE a-A)sa-dsa
We= (d€ a-B)sa Qgsa

ha=dWa/ (27 Wa),
hs=4We (27 Ws),

From Eq. (2), we obtalin;

Wave= a-Wa + (1-a)-Ws (6)
Then, the average value hav. for the whole specimen is
obtalned from Egs. (3), (4), (5) and (6) as;

have'—'dWAve/(zﬂ w=ve)
={a-X-ha+(1-a)-hs} {a-X+(1-a} (7N

To obtain the value of ha.. for a measured value of hs,
the unknown parameters in Eq. (7), the values of a, ha and
X, should be determined, whereas they cannot be measured.
These values can be estimated as follows. In the data
shown In Figs. 5 (¢) and (d), the value of hs based on axial
strains locally measured with LDTs starts to increase at a
straln designated by ¢ =, while the value of have based on
average axial stralns measured externally with
proximeters starts to increase at a strain designated by
g 1. It is assumed that at the loading stage where the av-
erage strain & . Is measured, the local strain (dg a-a)sa™

in the end looser thin layers Is equal to & =. Then, we
obtain from Eq. (2);
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Fig. 13 Schematic figures explaining a) thin loose layers
at the top and bottom of sand specimen, and b) two local
stress-strain relations in the end looser layers and the
central part of a sand specimen and the average
stress-straln relation (the figures are not to scale).
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e1=a*- g2+(1-a%)(dea-s)sa™ (8a)
8= {g1- (de a-p)sal {e2- (dea-B)sa™} (8b)

where (d e a-8)sa™ Is the value measured at the loading
stage where ¢ 1 is measured. At the loading stage where
the value of e . was measured for the case of Figs. 5(c)
and (d), we obtain a*= 0.023 and 0.051, respectively. Then,
with (d & a.a)sa=¢ 2, we obtain by using Eq. (8);

X=(de a-a)sa™/(de a.8)sa™= £2/(de a-n)sa™
={e=2-(1-a8}/"{e.- 8" ¢2) 9

It is assumed that the value X is Independent of the strain
level. This assumption is perhaps an approximated one.
On the other hand, from Eq. 3(a), for a loading stage where
(Ees)e and (Ecq)ave are measured, we obtaln the parameter
a at this loading stage as;

a= {(Eeq)B/(Eeq)nve - 1}/(X -1) (10)

Then, the theoretical value of ha. at thls loading stage,
where a certain value of (d e »-B)sa Is measured, is equal
to the value of he (based on LDT measurements)
corresponding to (de o-a)sa= X-(d & a.8)sa. The value of
ha can be obtained from the hs~(d e ».8)sa relation as
shown in Fig. 5.

With a given set of the measured values of hs, (de o-B)sa,
(Eca)s, (d & a-ave)sa and (Eea)ave for a certain loading
stage and by using the values of X (Eq. 9), a (Eq. 10) and
ha (as obtained by the method shown above), we can obtain
the theoretical value of have based on Eq. (7) for the
measured value of (d & a-ave)sa - The theoretical
relationship between have and (d e a.ave)sa Is shown In
Figs. 5(c) and (d) as designated by "Eq. (7)". It Is seen

that each theoretical relation is similar to the
corresponding measured relationship designated by
"proximeter”". Now the large difference In the h values

based on locally and externally measured axial strains
seen for the cyclically pre-strained dense specimen (Fig.
5c) Is now explained by the fact that the h value based on
locally measured axlal strains suddenly start to increase
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at a certain strain level (i.e., £ =) and subsequently
increases at a high rate wlth the increase in strain.

The effects of the bedding error on the values of E-.4 and
h in cyclic triaxial tests generally become more serious as
the grain size becomes larger (belng more serious for
gravels than for fine sands) and for undisturbed stiff
solls than for reconstituted soils (Tatsuoka and Shibuya,
1992 and Tatsuoka and Kohata, 1995). Tatsuoka et al.
(1994a) and Dong et al. (1994) reported the results of a
series of cyclic triaxial tests on dense alr-dried samples
of a well-graded crushed sandstone (Nagoya gravel with
Dso= 4.76 mm, U.= 91.8 and sub-angular particles) and a
poorly-graded river gravel (Hime gravel with Dso= 1.73 mm,
Uo= 1.33 and sub-round particles). The cyclic loading
procedures followed the JSSMFE standard. The samples
were 30 cm In diameter and 60 cm high, and a large triaxial
testing apparatus with a local strain measuring system was
used (Fig. 14). Fig. 15 shows typical Eecq~ 10g( & a)sa
relations obtalned from these tests. Large effects of the
bedding error may be seen, particularly for well-graded
Nagoya gravel. Corresponding to the above, the effects
of the bedding error on the damping ratio h were also
noticeable (Figs. 16 and 17). The result of a CD triaxial
compression test Is also shown In Fig. 15a. It is seen that
the effect of the bedding error is also considerable in the
ML test.

All the test results available to the authors show that
even In triaxial tests on fine sand may involve noticeable
errors in externally measured axial strains, the amount of
which Is not stable (i.e., not repeatable and
reproducible). The authors suggest to use an appropriate
axial strain gage even in trlaxial tests on most types of
fine sands if the purpose of the test is to accurately
evaluate the deformation characteristics at very small to
small strains. The use of a local gage is a must in triaxial
tests using a lubricated ends in most cases. These points
should be emphasized although it is very painful for an
experimentalist to modify the testing procedure which he
or she has been using for a long time.

Results for sedimentary soft mudstone: Five different
Japanese laboratories joined the round robin test program
using sedimentary soft rock. Core samples of 5 cm in D and
10 em in H (with one exception of 15 cm in H) were obtained
by rotary coring using a dlamond core barrel In the
laboratory from a single large block obtained in a tunnel
at a depth of about 50 m in a sedimentary soft mudstone
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deposit in Sagamihara City. The geological and
geotechnical description of the site Is given by Ochi et
al. (1993, 1994), Kim et al. (1994), Tatsuoka and Kohata
(1995) and Tatsuoka et al. (1995). The compressive

strength of the similar samples obtalned by CU triaxial
compression tests was about 6.8 MPa.
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After having been water-saturated, the specimens were
isotropically consolidated to the field effective
over-burden pressure (0.47 MPa). A summary of the data of
in total eight tests iIs shown in Flgs. 18 and 19. The
treatment method of the specimen ends were slightly
different for the tests. In six tests, the ends were
capped with gypsum, while no capping was carried out in
the other two tests. In six tests, at the top and bottom
of each specimens, a sheet of filter paper was placed,
while in the other two tests, a sheet of Teflon was used.
The cyclic loading test procedure was fundamentally the
same with that for Toyoura sand, except that cyclic
loading tests were performed only under undrained
conditions while allowing drainage between two successive
cyclic loading stages with different cyclic stress
amplitudes (n.b., for Toyoura sand, both drained and
undrained cyclic loading tests were performed). The
loadlng frequency f ranged from 0.05 Hz to 1.0 Hz, but the
effects of the different frequencies can be ignored as
shown later.

The following trends of behavior can be noted from Fig.
18:

1) The Eoq values based on locally measured strains are
very similar to each other, despite the fact that three
different local gages were used (Fig. 20). These are a palr
of LDTs (Fig. 1b), a pair of electrical resistant strain
gages (e.r.s.gs.) with a relatively long gage length (7.0
cm) which was originally for concrete specimens, and a
palr of proximeters (PT). For th use of e.r.s.gs., a special
measure was taken for the water-tightness. In one
laboratory, the 1local measurements using LDTs and
e.r.s.gs. (ST) together with the external measurement with
proximeters (PT) were carried out in a single test (Fig.
21). It is seen that the stress-strain relations from the
two local strain measurements are very similar. It should
also be noted that these E.q values based on locally
measured axial stralns are very simlilar to the elastic
Young's modulus Er= 2(1 + » unareinea) p -V obtalned
from the field shear wave velocity Vs (Kim et al., 1994,
Ochi et al., 1994, Tatsuoka and Kohata, 1995).

2) The Eeq values based on externally measured axial
strains scatter largely, and they are substantially lower
than those based on locally measured axial strains. For
all of the test specimens, the range of the consolidated
dry density was 1.536 - 1.682 g/cm®, but the effects of
these variations cannot explain the large varlations In
the data. The difference In the results between the

860

1
|
{
== i
a0 - |
- £ !
& s :
5 20 o i
g @
%0
5 B i
o s
k- : I
& &
2 (a) |
4
!
-40 N -1.04 . |
—0.002 -0.001 0000 0001 0002 0.003 -0.06 -0.04 -0.02 000 002 004

Axial strain, £ (%) Axial strain, & s (%}

Flg. 21 Stress-strain relations at two loading states from
cyclic undralned triaxlal loading tests on sedimentary
soft mudstone (n.b., PT; external strains measured with a
pair of proximeters, and LDT and ST: local strains

measured with a pair of LDT and a palr of e.r.s.gs.,
respectively).

50, 000 2
E=201+v ) pV,? 0,'=4.8 Kgf/cm
40, 000
© o J E,.(LDT)
& 0820
E, 30, 000 SR
; .
g
w' 20, 000
. 10, 000 E_(ext) o Eeclexternal)
’ aq
{D B o, '=4.8kgt/cm’
A A0 '=10kgf/ cm?
0

0. 0001 0.001 0.01
€, . (€,)ga (%)
Fig. 22 Comparison of Eeq~10g( & «)sa relations from a
undrained cyclic loading triaxial test with Escc~1loge a
relations from a CU triaxial compresslon test, using a
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0.1 1

external and local axial strain measurements can be noted
also from Fig. 21 (n.b., PT stands for axlal strains
obtained from the axial displacement of the specimen cap
measured with proximeters). This difference is in fact due
to the effects of the bedding error.

Fig. 22 compares the Eeq~ log( € a)sa relations based on
externally and locally strain measurements obtained from
one of the undralned cyclic loading triaxial test (n.b.,
the comparison with Esec~1loge - relations obtained from a
CU triaxial compression test which was performed after
cyclic loading Is later discussed). This data is included
In Fig. 18. In this test, after a serles of cyclic undrained
loading was performed on an Isotropically consolidated
specimen, the axlal stress was increased to 0.98 MPa under
drained conditions, and another series of cyclic loading
tests were then performed. It can be seen from Fig. 22
that the effects of different consolidation axlal stresses
on the Ee.q value are negligible, while the effects of the
bedding error on the Ecq values are considerable.

The following trends of behaviour can be noted from Fig.
19;

1) The scatter of the values of h, even based on locally
measured axial strains, Is large. The reason(s) lIs(are)
not yet known: presumably imperfect confirmation of si-
multaneous recording of axial stress and strains for some
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Fig. 23 Stress-strain relation for a wide range of straln from a CU trlaxlal compression test on undisturbed sample of
sedimentary soft mudstone performed after a series of cyclic loading tests; see Fig. 22 (Kohata et al., 1994b).

of the tests may be one of the reasons.

2) The values of h based on externally measured axial
strains scatter more largely and these values are larger
than the values of h based on locally measured axial
strains. The effects of the bedding error should be the
major reason for this, since for the same test, the
stress-straln relations based on locally measured axial
strains have a smaller hysteresis loop area than that
based on externally measured axial strains (Fig. 21). The
values of h corresponding to the data shown in Fig. 21 are
those designated by the symbols VYV (LDT) and ¥ (PT) in Fig.
19.

Fig. 23 shows the stress-strain relation for a wide range
of strain obtained from a CU triaxial compression test
performed on an isotroplically consolidated undisturbed
sample of sedimentary soft mudstone (o -'= 0.47 MPa). This
test was performed after a serles of cyclic loading tests.
The Ecq~ log( ¢ a)sa relations obtained from the cyclic
test are presented in Fig. 22. Very large effects of the
bedding error can be noted also in this ML test result.

It is obvious from the above that proper local axial strain
measurement is imperative in both ML and cyclic loading
(CL) triaxial tests on sedimentary soft rock. The
mechanism of the bedding error iIn triaxial tests on
sedimentary soft rock is discussed in more detail by Kim et
al. (1994), Tatsuoka and Shibuya (1992) and Tatsuoka and
Kohata (1995). One of the major factors for the bedding
error is the extra compression of a thin disturbed zone at
the top and bottom ends of a specimen, which is inevitably
formed by trimming. The other factors are the extra
compression of a drainage layer (i.e., filter paper) when
used, and the imperfect contact between the specimen ends
and the cap and pedestal. The effects of these three
factors could not be ignored even after consolidation due
to a high rigidity of sedimentary soft rock (Kim et al.,
1994).
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Test results for stiff clay: Fig. 24 shows typical
stress-strain relations obtained from one undrained cyclic
triaxial loadings on undisturbed Plelstocene clay (OAP
clay)(Mukabl, 1994). The sample was retrieved by thin wall
sampling from a depth of 79 m in Osaka City. The speclmen
(5 cm in D and 12.5 cm in H) was anisotropically
consolidated at a nearly constant strain rate of
0.001%/minute to the fleld effective stress state (o '
0.674 MPa and o n'= 0.337 MPa; n.b., Ko= 0.5 was assumed).
In the test, the axial strain was measured both locally
using a pair of LDTs (Flg. 1b) and externally from the
axial displacement of the specimen cap with a proximeter.
The details of the cyclic loading tests are explained in
the following section. Very large effects of the bedding
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Fig. 25 Comparison of a) Ecq values

and b) h values based on locally and
externally measured axlal stralns

from a series of drained and undrained
cyclic triaxial loading on undisturbed
OAP clay (tested by Mr. Mukabi,J.N., 1994).

error can be seen. Flgs. 25(a) and (b) compare the values
of Eeq and h based on locally and externally measured
axial strains which were obtained from a series of drained
and undrained cyclic triaxial loadlng cycles on
undisturbed OAP clay (tested by Mr. Mukabi, J.N., 1994).

Further more, the result of a CU triaxial compression test
on Pleistocene clay (OAP) consolidated In the same way
with the specimen for cyclic tests described above is
shown In Figs. 26 and 27. Axlal stains were measured also
locally and externally (Fig. 20a). In Figs. 26(b) and (c),
readings of each of the two LDTs and their average are
presented, while In Fig. 26(d) only the average is shown.

Large bedding error effects can be seen in these ML and
CL test results. Tatsuoka and Kohata (1995) reports the
results of other CU trilaxial compression tests on OAP
clay, which also show large effects of the bedding error.
At Politecnico di Torino, a series of CD triaxial tests were
performed on undisturbed samples of Pisa clay (PI= 47 - 55)
Isotropically and anisotropically (K= 0.65) re-consolidated
to o« (In-situ) = 112 kPa. The samples were retrieved from
a depth of 13 m. The compressive strength was about 140
kPa. It was found that the effect of the bedding error on
axlal stralns was noticeable, which was 7 ~ 15 % on
average.

It can be seen from the above that the local strain
measurement s imperative also In both ML and CL trilaxlal
tests for stiff clay.

Some other remarks for bedding error: A large amount of
data that shows large effects of the bedding error on the

Axial strain, €,(%)
Fig. 26 Stress-strain relations for a wide range of strain
from a CU triaxial compression test on undisturbed sample
of Plelstocene clay (OAP clay) (tested by Mr. Mukabi,J.N.,
1994).
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Fig. 27 Esec and £ . relations for a wide range of strain
from a CU triaxial compression test on undisturbed sample
of Pleistocene clay (OAP clay), see Fig.26 (tested by Mr.
Mukabi,J.N., 1994).

axial stralns for a wide range of geomaterlals Is presented
In Tatsuoka and Shibuya (1992), Shibuya et al. (1993) and
Tatsuoka and Kohata (1995). These are for undisturbed
stiff clays of the Plelstocene Era retrieved by thin-wall
tube sampling, undisturbed sands of the Holocene Era and
Pleistocene Era retrieved by the in-situ freezing method,
a volcanlc ash clay retrileved by block sampling,
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Fig. 28 Comparison between maximum shear modulus Gmex
defined at stralns of less than 0.001 % from triaxial tests
on undisturbed samples and elastic shear modulus Gr from
field shear wave velocity for sedimentary soft rocks and
cement-mixed soils (Tatsuoka et al., 1995).

sedimentary soft sandstone and mudstone and cement-mixed
sand and clay retrieved by rotary core sampling and block
sampling, and cement-mixed cinder compacted in the labo-
ratory. In the authors laboratories, except when testing
on soft clay specimens which exhibit axlal strains larger
than about 1 % during consolidation, the use of a local
gage (e.g., LDTs or LVDTs) is the standard triaxial test
procedure.

Our view on sample disturbance could be distorted and
biased if based on externally measured axlal stralns as
shown below. Fig. 28, which refers to sedimentary soft
rock and cement-mixed soil, compares the maximum shear
modulus Gmax, defined at strains of less than 0.001 %
obtained from a large number of triaxial tests (mostly CU
triaxial compression tests with some cyclic triaxial tests),
with the corresponding elastic shear modulus G+ obtained
from fleld shear wave velocity measured at a depth from
which the concerned undisturbed samples for the triaxial
tests were retrieved (Tatsuoka et al., 1995). Each data
point was obtained by averaging several pleces of data
obtalned under a similar condition. In these triaxial
tests, both 1local and external axlal strains were
measured. It can be seen from Fig. 28 that all of the labo-
ratory shear modull Gmax obtalned based on externally
measured axial strailn are much smaller than each
corresponding elastic shear modulus G+ obtained from
fileld shear wave velocities. When based on solely these
test results, one may naturally presume that this
difference Is primarily due to large effects of sample
disturbance.

On the other hand, in Fig. 28, the values of Gmax based on
locally measured axlal strains are much more similar to
the Gr values, in particular for the data of undisturbed
samples obtained by block sampling (BS) and direct coring
(DC) from the ground surface exposed by excavation. The
fact that some data of Gmex based on local strains for the
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Flg. 29 Comparison between maximum shear modulus Gmax
defined at strains of less than 0.001 % obtalned from CU
triaxial compression tests on undisturbed samples and
elastic shear modulus Gr from field shear wave velocity
for Plelstocene clays (Mukabi, 1994, Tatsuoka and Kohata,
1995).

samples obtained by rotary core tube sampling are
noticeably smaller than each corresponding Gr value Is
due to the effect of sample disturbance, as discussed by
Tatsuoka et al. (1995).

Similar to the above, Fig. 29 compares the maximum shear
modull Gmax obtalned from CU triaxlal compression tests
with each corresponding elastic shear modulus G: (the CU
triaxial compression tests were performed by Mr. J.N.
Mukabi). The samples were obtained by thin-wall tube
sampling from deposits of the Pleistocene Era. The
specimens were re-consolidated anisotropically with a
stress ratio o ':/o 'a (K)= 0.5 to the In-situ pressure
level. Each maximum shear modulus Gmax Wwas defined for
the initial part of the stress-strain curve at strains of
less than about 0.001 %, which Is known to be identical to
the G-.a value at very small strains obtained from the
corresponding cyclic triaxial test as described above. It
can be seen that the effect of the bedding error tends to
increase as the Gr increases. It can also be seen that on
average, the values of Gmax based on locally measured
strains are very close to the Gs values, which Indicates a
negligible degree of sample disturbance. When based on
externally measured axlal strains, however, one may
consider that the stiffer clay samples have been more
disturbed.

The effects of the bedding error on the cyclic undrained
strength defined in terms of cyclic stress amplitude (i.e.,
the so-called liquefaction strength) of saturated
uncemented soils obtalned from cyclic undrained triaxial
tests are usually negligible. For cemented soils, however,
it is not always the case as shown below. The flat part of
a huge man-made Island, Kisarazu Island, of the
Trans-Tokyo Bay Highway was constructed by using a kind
of cement-mixed sand with a natural water content of
about 10 % (Uchida et al., 1993). This material, called the
dry type cement-mixed sand, was first prepared in a plant
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cyclle undrained triaxlal test on cement-mixed sand used
for Trans-Tokyo Bay liighway Project.

(a)

vessel at sea, and was then poured Into the sea from the
sea surface by means of a speclally designed devise. The
total volume of the material used was 435,000 m>. At the
design stage prlor to the constructlon, It was consldered
that the shear strength of the material after having been
placed under water would not be very large. In fact, the
CU triaxlal compression tests on core samples obtained by
rotary core tube sampling performed 120 - 290 days after
the construction showed a compressive strength ranging
from 0.63 to 1.0 MPa. The selsmlc stabllity of the fill
during major earthquakes was, therefore, one of the major
concerns In the design.

A serles of cyelle undralned triaxial tests were performed
using samples of 7.5 em In D and 15 cm In H obtalned by
block sampling from a fill constructed under water In a
trial placement test. The compressive strength obtained
from CU trlaxlal compresslon tests with o -'= 49 kPa was
about 0.8 MPa. For the cyclle undrained trlaxlal tests,
each speclmen was first saturated so that the B value was
0.95 or more, and was then Isotropically consoclidated to
o o= 49 kPa. In the cyclle tests, axlal stralns were
measured by three methods as shown In Fig. 30(a). Fig.
30(b) shows the time historles of the cyclle deviator
stress ratlo SR= (o «-0 +)/(20 « ), the excessive pore water
pressure and the axlal strains obtalned from a typical
cyclle undralned trlaxlal test on the cement-mixed sand
performed at a loading frequency of 0.1 Hz. The single
ampllitude of (o a-o ()/(20 '), denoted by SR, was as large
as 2.0. It can be seen that, despite the large cyclic
stresses applied, the single amplitude of locally measured
axial straln remained at a very small value, about 0,1 %,
and did not exhiblit a tendency to Increase with cyecllc
loading. Flg. 31 summarizes the tlme historles of double
amplitude axlfal stralns obtalned from two other cyelic
undralned trlaxlal tests with SR= 1.5 and 2.0, In which
cyclle undrained loading was contlnued for more than six
hours. Agaln, the locally measured axlal straln was very
small, and based on this result, It was judged that
noticeable cyclle straln-softening of thls material durlng
deslgn earthquake loading would be unlikely. On the
other hand, It may be seen from Figs. 30 and 31 that the
externally measured axlal stralns were much larger than
those locally measured, which Is, however, a totally mis-
leading result,
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Fig. 31 Time historles of double amplitude axial straln
from two cyclic undralned triaxlal tests of cement-mixed
sand used for Trans-Tokyo Bay Highway Project.

ELASTIC DEFORMATION CHARACTERISTICS OF GEOMATERIALS

Elasticity; The elastilc deformation properties are
characterized by both 1) recoverable deformation and 2)
strain rate-independent stress-straln relationships. For
a wide range of geomaterlals, the deformation propertles
are essentlally elastic for a range of straln less than
about 0.001 %. For thls strain range, no major slipping
occurs at interparticle contact in uncemented solls and no
major mlcro-cracks are produced in cemented solls and
rocks. It 1s consldered that plastic deformation Is
associated with the above mentioned permanent changes or
destruction of the Inherent structure, and Is therefore
strain rate-dependent.

Fig. 32 shows the stress-straln relation obtained from a CD
triaxial compression test on an undisturbed sample of
sedimentary soft sllty-sand-stone (D=c= 0.072 mm). The
sample, 5.0 cm in D and 15 cm In H, was obtained by rotary
core tube sampling at a depth of 23 w at Kan-nonzakl site
as part of a pgeotechnlcal Investigation for a glant
suspenslion bridge at the entrance to the Tokyo Bay under
conslderation, which wlll be even longer than the world's
longest suspension bridge (Akashi Strait Bridge). The
specimen was re-consolldated Isotropleally to the fleld
effective over-burden pressure o - (In-situ)= 0,265 MPa,
Several small unload/reload cycles were applled durlng
otherwise monotonlc loading. Large effects of the bedding
error may be noted, It can be seen that the behavlour at
axial strains less than about 0.01 % Is nearly linear and
recoverable, see also Flg. 23. A test result of a CU
triaxial compression test on Plelstocene clay (0AP),
similar to the above, Is shown In Flg. 26.

The extent of elastlc propertles and the manner of their
change with shear straining can be most conveniently
examined by this type of monotonic loading test shown in
Flgs. 26 and 32, as dlscussed in detail by Tatsuoka et al.
(1994b). This testing method has been used also In rock
mechanics and concrete engineering to Investigate the
damage to the materlal structure based on the change of
elastlec modulus, A great deal of similar data Is shown In
Tatsuoka and Shibuya (1992) and Tatsuoka and Kohata
(1995).

Static monotonlc and cyeclic tests versus dynamic tests:
When the deformatlon Is elastic, the same elastle stiffness
should be obtained from dynamic and statie (monotonlic and
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Fig. 32 Stress-strain relatlon for a wide range of straln from a CD triaxial compression test on undisturbed sample of

sedimentary soft sllty-sand-stone from Kan-nonzakl site.
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Flg. 33 Comparison of Ewax values from trlaxial

compression tests and cyclic trlaxlal tests for alr-
pluvlated Toyoura sand (Tatsuoka et al., 1994a).

cyclic) loading tests performed under otherwise the same
testing conditions as shown below.

In Fig. 6d for a ML trlaxial compression test on loose
Toyoura sand, the initlal Young's modulus Emsx Is defined
at axlal strains less than 0.001 % The Emex value from
this test and similar other tests are compared with
those determined from the corresponding cyclic triaxial
tests performed under otherwise the same testing con-
ditions In Fig. 33. In this figure, the Emsx values have
been normallzed by the vold ratlo function F(e)= (2.17 -
e)2/(1 +e) to ellminate the effects of the wvariations In
vold ratlo. It can be seen that each palr of Young's
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Fig. 34 Comparison of Emax values from trlaxial
compression tests and cyclic triaxial tests for Nagoya
gravel (Dong et al., 1994, Kohata et al., 1993).

modull, determined by monotonic and cyclic loading tests,
are almost the same. In this case, the Emax values based
on elther locally or externally determined axlal strains
are similar between ML and CL tests, although the Emax
values are different due to the beddlng error effects.

A very good agreement of the Ema:x values obtalned from a
pailr of ML and CL triaxial tests can be also seen In Figs. 4
and 5 for Toyoura sand, Flg. 15a for Nagoya gravel and
Flg. 22 for sedimentary soft mudstone. Fig. 34 shows a
comparison for Nagoya gravel, similar to Flg. 33. In this
case, the Emex values obtained from ML and CL tests are
very similar only when based on locally measured axlal



Table 3 Emex values of Toyoura sand obtained from a
serles of CD trlaxlal compression tests on !sotroplcally
and anlsotroplcally consolidated specimens performed In
Torlno (Lo Prestl et al., 1995, Pallara, 1995).
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history

[kPa] [kPa [WPa] [WPa] [MPa]

102. 46. Xo=0.46 NC 0.799 240 230 298
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97.2  150.5 . 55 NC 0.7%0 220 207 268
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Fig. 35 Comparison of shear modulus and shear strain
relatlons of Toyoura sand from monotonic and cyclle
torslonal shear tests and torsional resonant-column tests
(Teachavorasinskun et al., 1991).

stralns, but it Is not the case when based on externally
measured axlal strains. This is due to different amounts
of the effects In the ML and CL trlaxlal tests. It is to be
noted that the Emax values of Toyoura sand which are
almost the same with those obtained from the round robin
tests have been obtalned from a seriles of CD triaxlal
compression tests on Isotropically and anisotropically
consolldated specimens which were performed
Independently In Politecnico di Torino (Table 3). In these
tests, the axial stralns were measured locally by means of
LVDTs or LDTs. This agreement also Indicates that we can
obtaln fundamentally the same elastic stiffness from ML
and CL tests,

Flg. 35 compares the shear modull of Toyoura sand
obtalned from ML and CL torsional shear tests using
hollow cylindrical specimens (10 cm and 6 em in outer and
inner diameters and 20 cm high). The shear strain rate was
0.01 %/min. It can be seen that at stralns of less than
0.001 %, the stiffness Is very simllar between the two types
of tests. Two continuous curves, solld and broken ones,
were obtalned by a serles of torslonal resonant-column
tests (for shear strains = 0.04 %) and cyclic torsional
shear tests (for shear strains = 0.003 %) (Iwasakl et al.,
1978).

Flg. 36 summarizes the shear modull of Toyoura sand
obtalned from trlaxlal compression tests (TXTs; Table 3),
statlec ML torslonal tests and torsional resonant-column
tests which have been obtalned Independently at IIS,
Unlversity of Tokyo and Polltecnico de Torlno. An
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Flg. 36 Comparison of the maximum shear modull Gmasx
plotted agalnst mean pressure p of Toyoura sand obtained
from several different testing methods; F(e)= (2.17- e)%/(1
+ e) (Jamlolkowskli et al., 1994); For the four static ML
torslonal shear tests (Jamlolkowski et al., 1994), the
specimens were 7.1 cm and 5.0 cm In outer and Inner
diameters and 14.2 cm high and the vold ratios were 0,68,
0.75, 0.87 and 0.9. For the resonant column tests, the
speclmens were elther solid cylinder (four tests with 5.0
cm In D and 10 cm In H; Armandl, 1991) with vold ratios 6f
0.68, 0.71, 0.84 and 0.87 or hollow cylinder (four tests with
5.0 cm in ID, 7.1 cm In OD and 14.2 cm In H) with vold ratlos
of 0.66, 0.75, 0.87 and 0.9,

Flg. 37 Resonant-column/torslonal shear apparatus uslng
a hollow cylinder specimen (denoted as THCST in Flg. 38)
used In Torino (Lo Presti et al., 1993).



empirical relation based on resonant-column test data
(Iwasaki et al., 1978) Is also shown in Fig. 36. Flig. 37
shows the torsional shear apparatus which is belng used at
Politecnico di Torino. The average shear straln rate in
the static ML torsional shear tests was 0.001%/min. The
shear strain rate in the resonant-column tests were 10 -
500 %/min. (also In the tests on Ticino and Quiou sand
shown below). A very good agreement can be seen among
these data In spite of the different testing methods,
particularly between the static and dynamic tests, and
different laboratories. A noticeable difference between
NC and OC specimens cannot be seen either. This
conclusion has also be obtalined by Teachavorasinskun et
al. (1991).

A comparison of the elastic shear modull Gmax for Ticino
sand, similar to Fig. 35, is shown in Fig. 38. In this
figure, the results of ML and CL triaxial tests and ML and
CL torslonal shear tests performed under a constant
confining pressure are compared with that obtained from a
torsional resonant-column test. It can be seen that the
initial shear modulus at strains of less than about 0.001 %
is almost the same not only between the ML and CL static
tests, but also between the static and dynamic tests. A
comparison of the Gmax values obtained from static (ML and
CL) torsional tests (at a shear strain rate of 0.02 - 0.002
%/min.) and torsional resonant-column tests on Ticino sand
are shown also in Figs. 39(a) and (b) (n.b., the test results
on cyclically prestrained Ticino sand shown in Fig. 39b
will be discussed later). In Figs. 39(a) and (b) an
empirical equation for the Gmax value of Ticino sand based
on the resonant-column test results (Lo Presti 1987,
Armandi 1991) and two relations for + 12 % deviation from
this equation, are presented. The other relation
presented for the full range of void ratio In Flg. 39(b)
represents the emplirical relation proposed for
coheslonless solls (Jamlolkowski, et al., 1991). The
results of Qulou sand is also shown in Fig. 39(b), which
were obtalned from torsional resonant-column tests and
static ML torsional shear tests at a shear straln rate of
0.001 %/min. Again a very good agreement between the
static and dynamic tests can be seen In the data of Ticino
sand shown In Figs. 39(a) and (b). For a carbonate
crushable sand (Qulou sand), the Gmax value s slightly
higher in resonant-column tests than in static ML tests,
with a difference being about 20 %. It Is likely that the
difference Is, at least partly, due to the effects of many
cycles of cyclic loading in resonant-column tests and
creep deformations involved even at very small strains in
ML tests. A good agreement seen between Ticino sand and
Quiou sand seen in Fig. 39(b) should be fortuitous.

A good agreement between the torsional shear tests and
the triaxial tests can be seen in Figs. 36 and 38. A similar
result for other types of sands are reported in Tatsuoka
and Kohata (1995). This agreement is probably due to
rather isotroplic elastic properties in this case (Park and
Tatsuoka, 1994).

These results suggest that even by using monotonic
loading tests, the elastic stiffness can de evaluated
accurately. One should note that the Initial stiffness
evaluated at very small strains Is the elastic stiffness
evaluated at the Initlal stress state. For uncemented and
lightly cemented geomaterials, the elastic stiffness In the
axlal direction Increases as the axlal stress Increases
during monotonic loading (Kohata et al., 1994a, Tatsuoka
and Kohata, 1995). Another important point is that the
stress-strain relation at relatively small strains during
monotonic loading can be estimated based on the elastic
stiffness by taking Into account non-linearity. This es-
timation could be more accurate for geomaterials with a
larger linear elastic zone such as stiff clays (Fig. 26) and
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Fig. 38 Comparison of shear modulus and shear strain

relations of Ticino sand from a triaxial compression test,
a cyclic triaxial test, a palr of monotonic and cyclic
torsional shear tests and a torsional resonant-column
test; the radial straln was measured locally in the
triaxial tests (Teachavorasinskun, 1992, Tatsuoka et al.,
1994a, Tatsuoka and Kohata, 1995).
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plotted against (a) mean pressure p of Ticino sand, and (b)
vold ratio of Ticino sand and Quiou sand for ¢ .= 100 kPa,
obtained from several different testing methods (Lo Presti
et al., 1993); For the resonant-column tests, the
specimens were solid cylindrical (66 tests with 7.1 cm in D
and 14 cm in H; Lo Presti, 1987, and four tests with 5 cm in
D and 10 cm In H; Armandi, 1991). For 27 static ML
torsional shear tests, he specimens were solid cylindrical
(5 cm In D and 10 cm in H) at a shear strain rate of
0.002%/min. (Armandi, 1991, Lo Presti et al., 1993). For
Quiou sand, the torsional resonant-column tests were five
tests with 5 cm in D and 10 cm and three tests with 7.1 cn
in OD, 5 cm in ID and 14.2 cm In H), and the static ML
torsional shear tests were flve tests (7.1 cm in 0D, 5 cm In
ID and 14.2 cm in H) (Lo Prestl et al., 1993, Pallara, 1995).
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Fig. 40 Effect of strain rate on Young's modulus In

drained cyclic triaxial tests on saturated Toyoura sand
(Tatsuoka and Kohata, 1995, Kohata et al., 1994b)

sedimentary softrocks (Figs. 23 and 32). Based on this
result, for analysing several case records of geotechnical
construction, the non-linear stiffness, which may be
elther dependent on or independent of pressure level, of
the ground was estimated from field shear wave velocities.
Full-scale fleld behaviour such as the settlement of
structure foundations and the deformation of deep and
large shafts were then successfully explalned (Tatsuoka
and Kohata, 1995). These topics are again discussed later
in this paper.

Strain rate-dependency: The data shown above Indicates
very small effects of straln rate on the small strain
stiffness of sand. More direct and rigorous evaluation of
the strain rate effect can be made by performing a test
using a single specimen In which the straln rate is varied
for a wide range as shown below.

Figs. 40 and 41 show the effects of strain the rate on the
Young’'s modulus Ee.q obtained from cyclic triaxial tests on
Toyoura .sand and sedimentary soft mudstone from
Sagamihara site, respectively. The test conditions were
the same with those for the round robin test programs
except for the following points;

(1) The 1loading frequency of cyclic sinusoidal deviator
stresses was changed for a wide range. The peak-to-peak
average axial strain rate (%/min) was defined as
240-f(Hz) - ( ¢ a)sa(%). For Toyoura sand, dralned cyclic
loading was started at a loading frequency f= 1.0 Hz,
where measurements of Eeq and h were made while
Increasing the strain amplitude (& .)sa. Then, at smaller
frequencies, the measurements were made first at (e o)sa=
about 0.001 % and then at about 0.01 %. For the
sedimentary soft rock, a serles of cyclic loadings was
performed first at ( & »)sa= 0.0007 % and then at 0.008 %.
At each of the straln amplitudes, cyclic loadings were
started from the largest straln rate, preceding to those
at smaller strain rates, and finally cyclic loadings at the
largest strain rate were performed again to see the effect
of the previous cyclic loadings.

(2) For sedimentary soft rock, first ten cycles of cyclic
deviator stresses were applled under undrained conditions
at each cyclic loading stage, and then another ten cycles
under "nominally dralned” conditions with the drainage
valves connected to the top and bottom of the specimen
open. The degree of dralnage In the "nominally drained”
test depends on the straln rate, as discussed below.

At each loading stage with a fixed strain rate and a fixed
straln amplitude, ten cycles of cyclic deviator stress was
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Fig. 41 Effect of strain rate on Young's modulus in
drained and undrained cyclic triaxial tests on sedimentary
soft mudstone from Sagamihara site (Tatsuoka and Kohata,
1995, Kohata et al., 1994b)

applied. The data at the tenth cycle are presented in
Figs. 40 and 41. The following trends may be seen from
these figures:

1) For Toyoura sand, the strain rate-dependency of the
Eeo« value 1s negligible for (£ a)sa= 0.001 %~0.01 %.

2) For sedimentary soft mudstone, at (& a)sa= 0.0007 %, the
effect of straln rate on the Eoq value Is very small under
undrained conditions. This point can be noted also from
the stress-straln relations shown in Fig. 42(d), in which,
for the convenience of comparison, the stress-strain
relations have been shifted so that they have a common
origin (n.b., the symmetrical cyclic deviator stresses were
applied to an isotropically consolidated specimen).

3) For sedimentary soft mudstone, the strain rate effect
under the "dralned" condition Is noticeable even at
(£ a)sa= 0.0007 % at strain rates smaller than 0.001 %/min.
(see also Fig. 42c). This Is due to the fact that as the
strain rate decreases, the "drained sample” {s better
drained and the Young's modulus Ees at small stralns
under the fully drained condition Is smaller than that
under the undrained condition by a factor of (1 +
V arainea) /{1l *+V undraineaq), as discussed In detail by
Tatsuoka and Kohata (1995). This factor Is equal to 0.85
for v arainea= 0.2 and v unareinea= 0.42.

4) For sedimentary soft mudstone, at (& a)sa= 0.008 %, the
behaviour Is almost the same between undralned and
"drained” tests, which means that the "dralned” tests were
actually undralned tests. Thelr stress-straln relations
were, therefore, not discernible (see Figs. 42 a and b).

5) For sedimentary soft mudstone, at (& »)sa= 0.008 %, the
straln rate effect iIs not small. However, the Increase in
Eea with the Increase In the stain rate Is upper-bounded
by the value of Emax observed at (& s)sa= 0.0007 %, which
is perhaps the true straln rate-independent elastic
Young's modulus. As Indicated In Fig. 41, this Young's
modulus Emax 1s very close to the elastic Young's modulus
E+ obtained from the field shear wave velocity at the
depth from which the sample was retrieved (Kim et al.,
1994; see also Fig. 28).

A result similar to the above was recently obtained from a
cycliec triaxial test on a undlsturbed sample of
Pleistocene clay (OAP clay) (Fig. 43). A serles of cyclic
triaxial loadings were applied at controlled constant but
different axlal strain rates. At each loading stage with a
constant axlal straln amplitude and a constant strain
rate, ten cycles of cyclic symmetrical axlal strains were
applied under undralned conditions and then under
"nominally drained” conditions. The specimen was allowed
to be dralned between the undrained and "dralned” tests.
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(Kohata et al., 1994).
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Fig. 43 Effect of cyclic loading on Young's modulus In
typical undrained cyclic triaxial tests on saturated
Pleistocene clay; OAP clay from Osaka City (tested by Mr.
Mukabi,J.N., 1994).

The straln rate was decreased first at (e o)sa= 0.0005 %
and then at 0.005 %. Typical stress-strain relations are
shown In Fig. 24.

The Eeq values based on locally measured axlal strains
were summarized in Fig. 44. It can be seen that the effects
of strain rate on the Ecq value is very small for (& a)sa=
0.0005 %, particularly under the undrained condition. On
the other hand, the effect becomes noticeable for (& o)sa=
0.005 %. The difference In the E«q value between the
"drained” and undrained tests Is noticeable at smaller
strain rates when (& »)sa= 0.0005 %, but the difference
becomes less discernible as the strain rate increases.

869

800

YT T

OAP Clay
D79-4 (NC)
—F,

T T TIT Ty

( £2)34=0.0005%

U

600f ° ]

e

U
D (£2)54=0.005%

Eeq (MPa)

400 | D: Drained 4
U: Undrained

Calculated from LDT measur
200 0001 001 1 A1
00001 Axial strain rate, ¢ (%/min.)

Fig. 44 Effect of straln rate on Young's modulus In
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This feature Is also seen for (& a)sa= 0.005 %, but the
effect of dralnage conditions is smaller. These features
are similar to those observed for sedimentary soft
mudstone. It Is also important to note that also for this
clay, the upper bound undrained Young's modulus Emax Is
very similar to the E: value obtalned from field shear
wave velocities as Indicated in Fig. 44 (Mukabl et al., 1994)
(see also Fig. 29). This value is also very similar to the
Emax value equal to 647 MPa defined for the initial part of
stress-strain relation at axlal strains of less than about
0.001 % obtalned from a CU triaxial compression test
performed at an axlal strain rate of 0.01 %/min. (Figs. 26d
and 27).



Figs. 45(a) and (b) compares shear modulus and shear strain
relations for two undisturbed samples of Pisa clay. The
relations shown in each figure were obtained from a ML
drained torsional shear test at a shear strain rate of
about 0.014%/min. and a resonant-column test which was
performed subsequently to the ML static test. The spec-
imen was Kept undrained throughout the resonant-column
test. It can be seen that the shear modulus at very small
stralns Is similar between the static and dynamic tests
despite a large difference in the shear strain rate; a
slightly larger value by about 15 ~ 20 % obtained by the
resonant-column test would be due partly to the strain
rate effect and partly to the effect of the previous
strains experienced in the static drained test. The
difference between the two tests increases noticeably with
the increase in the shear strain. This deviation should be
principally due to the effect of the strain rate, which
increases nearly proportionally with the shear strain in
the resonant-column test; the shear strain rate in the
resonant-column test increased with the Increase in shear
strain from about 15 to 1900 %/min. The agreement in the
shear modulus between the static ML test and the
resonant-column test seen again at large strains
exceeding about 0.5 % would be due to a reduction in the
shear modulus caused by an increase in the pore water
pressure in the resonant-column test.

Summarizing the test results descried above, it can be
concluded that the deformation characteristics at strains
of less than about 0.001 % of a wide range of geomaterials
are nearly recoverable and strain-rate independent,
namely elastic. Therefore, very similar elastic stiffness
should be obtained from different laboratory and fleld
test performed under otherwise similar conditions.

DAMPING RATIO

General: The damping ratio measurement of geomaterlals
is In general more difficult than the stiffness
measurement. Moreover, the damping ratio is affected by

several factors more sensitively than the stiffness. These
factors are the strain rate, the drainage conditions, the
number of loading cycles, cyclic prestraining at a larger
strain and so on. For this reason, the damping ratios of a
given geomaterial obtained from different laboratories
and different testing methods are often not consistent to
each other. The effects of these factors are herein ex-
amined to some extent.

Effects_of strain rate and dralnage condition: The result
of the round robin test program using Toyoura sand
showed that under fully drained and undralned conditions,
at relatively slow strain rates, the damping ratio (h
value) Is essentially independent of the drained
conditions at strains of less than about 0.01 %, where the
effective mean stress does not change largely during one
undrained loading cycle. Furthermore, a noticeable effect
of the straln rate on the h value was not observed In the
cyclic triaxial tests on Toyoura sand for which the Eeq
values are presented in Fig. 40.

Common for all geomaterials, due to non-linear
deformation properties, the h value increases with the in-
crease in the strain amplitude (& a)sa. On the other hand,
the h~strain rate relations obtained from undrained and
"drained” cyclic triaxial loadings on sedimentary soft
mudstone depend largely on both the drainage condition
and the strain rate (Fig. 46). The effects of these two
factors are equivalent to, or even larger than, the
effects of straln non-linearity. This behaviour should be
understood as follows;

1) Due to the creep deformation properties of the
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and undrained cyclic triaxial tests on sedimentary soft
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mudstone, under undrained conditions, the h value
Increases with the decrease In the strain rate (Fig. 47).

2) When a test specimen is under drainage conditiong, the
pore water moves relative to the geomaterial skeleton
during each cycle according to the elastic volumetric
deformation of the geomaterial skeleton caused by the
change In the effective mean pressure (plus some amount of
dilatancy when shear strains are larger than about 0.01
%); l.e., the pore water tends to be drained from and
sucked Into a test specimen when the axial stress in-
creases and decreases, respectively. Therefore, energy is
dissipated by the friction between the pore water and the
surface of the geomaterial skeleton. The frictional stress
becomes smaller as the strain rate decreases. At
sufficlently low strain rates, the sample Is fully drained
in a "drained” test with nearly zero effect of the friction,



in which the excess pore water pressure Is nearly zero
throughout the specimen. In a "drained” test in which the
sample is partially drained, however, the h value becomes
larger than that observed under undrained conditions.
This point can also be seen from Figs. 42; the hysteresis
loops of the "drained” tests (Fig. 42 a and c) are larger
than those of the undrained tests (Figs. 42 b and d), in
particular at smaller straln rates. This factor can be
explained In another way referring to Fig. 48. The solid
and broken lines represent the stress-straln relations of
a water-saturated porous linear elastic material measured
by cyclic triaxial tests at a constant lateral stress, re-
spectively, under fully undrained conditions (at any
strain rate) and under fully drained conditions at a
sufficiently low strain rate with zero effect of the
frictional stress between the pore water and the elastic
material skeleton. For the two relations, the h value is
zero. When cyclic deviator stresses (Fig. 48a) are applied
under partially drained conditions, the stress-strain
curve Is located in-between these two relations with h=
0.0, which leads to an increase in the hysteresis loop
area.

3) It can also be seen from Fig. 46 that the difference in
the h value between the "drained” and undrained tests
increases as the straln rate decreases (see also Fig. 42).
This tendency should be explained as follows. As the
strain rate decreases, the specimen becomes more drained
(I.e., the amount of moving pore water per cycle becomes
larger) and the creep deformation becomes larger, by
which the h value increases, while the frictional stress
decreases, by which the h value decreases. For the range
of strain rate examined In this test, as the strain rate
decreases, the effects of the first two factors becomes
larger than the effect of the last factor. It Is very
interesting to note in Fig. 46 that under "drained” condi-
tions, even at a very small strain (z 2)sa= 0.0007 %, the h
value becomes as large as 8 %. However, for a certain
range of straln rates which are lower than the lowest
strain rate examined In this test, the h value in the
"drained” test should decrease as the strain rate
decrease. For a sufficiently large range of strain rate,
therefore, the h value In a "drained” test should have a
maximum at a certaln strain rate.

4) In Fig. 46, the data points denoted by the letter b
stand for the h values obtained after all the other cyclic
tests at (& a)sa= 0.008 % had been performed (see Fig. 41).
These h values are noticeably larger than the
corresponding values obtained before a serles of cyclic
loadings were applied at different straln rates for
(£ e)sa= 0.008 %. This Increase in the h value may be due
to the effect of a sort of deterioration of, or damage to,
the structure, as seen from a slightly smaller Ee.q value
for the data points b (Fig. 41). Such an effect was not
observed at (e a)sa= 0.0007 % (see data points denoted by
the letter a in Figs. 41 and 486).

Fig. 49 shows the h values of Pleistocene clay (OAP clay)
(see Fig. 44). In this case, the effect of partial drainage
on the h value is very obvious for ( & a)sa= 0.005 %, while
Is less for (e a)sa= 0.0005 %. The behaviour is generally
simllar to that for the sedimentary mudstone (Fig. 46), and
a tendency of the maximum h value In the "drained” test
can be noted. One more factor Is necessary, however, to
explain the whole behavior. That Is, at straln rates
larger than a certain value, the h value under undrained
conditions increases with the Increase in the straln rate.
As this trend can be seen in undrained tests, this Increase
In the h value iIs not due to the frictional effects between
the pore water and the clay particles, but may be due to
the viscous effects caused by very local displacements of
the pore water. It can be seen that in the undrained test,
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Fig. 47 Schematic figure to explain the creep effect on
damping.
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Flg. 48 Schematic figure to explain the effect of partial
drainage on damping.
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Fig. 49 Effect of straln rate on damping ratio in drained
and undralned cyclic triaxfal tests on Pleistocene clay
(OAP clay) (tested by Mr. Mukabi,J.N., 1994).
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Fig. 50 Comparison of Emax values measured before and
after the application of cyclic prestraining at (& a)sa=
0.03 - 0.05 % In cyclic triaxial tests on Toyoura sand
(Teachavorasinskun et al., 1992, 1994, Kohata et al., 1993).

the h value has a minimum at both (& a)sa= 0.0005 % and
0.005 %. This behaviour Is likely due to the balancing of
viscous and creep effects. This Is not the case with the
undrained test result of sedimentary soft rock shown
above, but this behaviour may be observed at higher
strain rates. These points discussed above have also been
discussed by Toki et al. (1994) and Shibuya et al. (1995).

It 1s not known If such effects of partial dralnage on the
h value have an engineering implication in the field. This
effect could be noticeable when pore water moves relative
to soll particles such as In a large submerged mass of
large diameter particles subjected to seismic loading
(e.g., rock fill dams). On the other hand, it seems that
the effects of partial drainage on the h value would be
very small in torsional shear tests in which the change in
the mean pressure during each loading cycle is very small.

Summary; It can be seen from the above that the damping
of geomaterials Is more sensitive to several factors than
the Eea values. In the next section, it is also shown that
damping ratio is much more sensitive than stiffness to the
number of loading cycles at a fixed strain and cyclic
prestraining applied at a strain larger than that at which
the h value is measured.

EFFECTS OF CYCLIC PRESTRAINING

General; For a given mass of a geomaterial, if the elastic
stiffness 1s not stable, for example, If it changes largely
by cyclic straining applied at relatively small strains, it
cannot be a basic parameter, since very different values
can be easily obtained by using different testing methods.
This would not be the case with geomaterials, however. On
the other hand, other properties which are observed at
strains exceeding the elastic 1limit strain, including
damping, plastic deformation properties such as
strain-non-linearity and dllatancy, and liquefaction
properties, are less stable. These properties cannot,
therefore, be evaluated only from the elastic stiffness.

Test results: It may be noted from Fig. 5 that by the ap-
plication of cyclic straining at (& a)sa= 0.02 % and 0.06 %
for, respectively, dense and loose specimens of Toyoura
sand, the Eeqs ~ ( & a)sa relation changed only very
slightly. Fig. 50 compares the Emex values measured
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Fig. 51 a) Gmax corrected for the density change and b)
volumetric strain induced during cyclic prestraining,
plotted against the strain applied during cyclic
prestralning, obtalned from torsional resonant-column
tests of solid cylindrical specimens of 7.1 cm in D and 14.2
cm In H; F(e)= (2.27 - e)°/(1 + e) for Ticino sand, (1.96 -
e)?/(1 + e) for Hokksund sand, (2.18 - e)®/(1 + e) for
Glauconitic sand, (1.32 - e)%/(1 + e) for Messina gravel,
(4.60 - e)%/(1 + e) for Ticino sand with Mica, e' ® for Quiou
sand, (2.17 ~ e)%/(1 + e) Toyoura sand (Lo Presti, 1994).

before and after the application of cyclic prestraining
obtained from these and similar other undrained and
drained cyclic triaxial tests on Toyoura sand. The Emex
values have been corrected for the change In the void
ratio which occurred during cyclic prestraining by using
the void ratio function f(e)= (2.17 - e€)%/(1 + e) (n.b., the
amount of correction was in fact small, particularly for
the dense specimens). It may be seen that the Enax values
have not changed noticeably by the application of cyclic
prestraining. This is also the case with Ticino sand (Fig.
39) and gravel (Dong et al., 1994).

Figs. 51(a) and (b) show the effects of cyclic prestraining
on Gmex and volumetric strain Induced during cyclic
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Fig. 52 Changes In Emax of alr-pluviated alr-dried

Toyoura sand with consolidation time In cyclic triaxial
tests; at an Intermediate period, cyclic straining was
applied at a larger straln (tested by Mr. Hoque,E., 1994).

prestraining obtained from a comprehensive series of
torsional resonant-column tests (Lo Presti, 1994). Cyclic
prestraining was applied for a number of cyclic load of as
large as 1,000 to 1,000,000 at a shear straln up to a rela-
tively large value of 0.2 %. It is Interesting to note that
due to cyclic prestraining, the Gmax value either
increases or decreases depending on the type of material.
That 1s, Toyoura sand and Ticino sand exhibited the
largest volumetric straln during cyclic prestraining at
large strains and the largest Increase In Gmax. On the
other hand, more crushable sands and gravels exhlbited a
smaller Increase or a decrease in the Gmax value by cyclic
prestraining. In any case, however, the change in the
Gmax value Is within as small as + 25 %.

It has also been confirmed that for Toyoura sand and
Ticino sand, the effect of consolidation time on the Emax
Is nearly the same before and after the application of
cyclic prestralning at a larger strain, and the time effect
is very small (Fig. 52). For the data shown In Fig. 52, two
tests were performed, In which Emax values at (& a)sa=
about 0.001 % were measured periodically by applying ten
cycles of symmetrical cyclic sinusoidal deviator stresses
at a frequency of 0.1 Hz on an isotroplically consolidated
specimen of air-pluviated air-dried Toyoura sand. For one
specimen, at an Intermediate period, 25,000 cycles of
cyclic loading was applied at (& o)sa= 0.034 %. The plotted
Emax values have been corrected to void ratios 0.65 and

Table 4 Effects of consolidation time on Gmaex before and
after the application of cyclic prestraining (tested by Dr.
Pallara, 1994).

| S| Gem © NGO ov | oy | vy | N ]t
o [MPa] - [MPa] | [KPa] | [KkPa] [%4} - [min. ]
Quiou 51 0.898 33 51 s1 T
Quiou 16 0.884 39 51| a1 0.063 | 10620 i
Quiou 50 0.884 43 s s 0.063 | 10620 [ 1470 |
" “Ticino 69 0.824 0 |50 {50
Ticino 77 0.822 66 50 50 0.056 11205 1
Ticino 79 0.822 9 50| 501 0.056 | 11205 s
Ticino 83 | 0.821 72 50 50 [ 0056 | 11205 | 1486
| “Toyoura’ 83 | "0.786 | 717 ST Tsi R
Toyoura 94 0.784 87 51 51 0.053 10824 1
Toyoura 103 0.783 95 51 51 0.053 10824 1471
Where:
Gmux = small strain shear modulus (y = 0.0001-0.0003%)
¢ = void ratio
Gma/F(¢) = small strain shear modulus divided by the void ratio function
04‘, = vertical consolidation stress
o = horizontal consolidation stress
Y = shear strain applied during prestraining
N, = number of cycles during prestraining
t = time ¢lapsed since the end of cyclic prestraining
Dry specimens
2.27-¢)
F(e) = (2.27-¢) Ticino sand
(l+e)
217-e)?
F(e) = (————) Toyoura sand
(1+ec)
Fle)=e Quiou sand

0.63 for the two tests, respectively. It may be noted that
the Emax values are very stable with consolidation time
both before and after the application of cyclic straining.
A similar result was obtalned also by a series of
resonant-column tests on three types of sands (Table 4).
It Is very unlikely that the agelng effects Increase after
the application of cyclic prestraining.

One should note that the effect of cyclic prestraining is
very large on the stress-straln relation at strains
exceeding the elastic 1limit In triaxial compression tests
on sand (Tatsuoka and Shibuya, 1992, Teachavorasinskun et
al., 1994) and gravel (Kohata et al., 1994a, and Dong, 1994).

On the other hand, it can be seen from Fig. 5 that effects
of cyclic prestraining on the h value Is very large (see
also Figs. 53 a, b and c¢). For the data shown In these
figures, alr-pluviated sand samples were Isotropically
consolidated to ¢ < = 50 kPa, and the h~{( e a)sa relations
were obtalned first by following the test procedure used
for the round robin test program. At the largest strain
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Fig. 53 Effects of cyclic loading on damping of alr-pluviated sand samples In cyclic triaxial tests;

Axial strain (%)

b) loose Toyoura sand, and c) Ticino sand (Teachavorasinskun, 1992, Kohata et al., 1993).
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Fig. 54 Effects of cyclic loading on hysteresis loops of
air-pluviated sand samples in cyclic triaxial tests; a)
dense Toyoura sand (see Fig. 53a), b) Ticino sand (see Fig.
53c) (Teachavorasinskun, 1992, Kohata et al., 1993).

level for the first series of cyclic loading tests, then,
cyclic deviator stresses were applied for the number of
cycles Indicated In the parenthesis in these figures.
Subsequently, another series of cyclic loading tests were
performed. For Toyoura sand and Ticlno sand,
respectively, three and two series of cyclic tests were
performed for each specimen. The hysteresis loops at
typical cyclic loading stages designated by the letters a
to f In Fig. 53 are shown In Fig. 54. The following trends
of behavior can be seen from Figs. 53 and 54:

1) The effect of cyclic prestraining on the h values
decreases as the strain becomes smaller than that at which
cyclic prestraining was applied; the data suggests that at
strains (& o)sa close to the elastic limit strain, the effect
is very small.

2) As the straln becomes closer to the value at which
cyclic prestraining was applied, the effect becomes
larger; a very large reduction can be noted in the h value
measured after the application of cyclic prestraining. It
can be seen from Fig. 54 that the peak-to-peak secant
Young's modulus Ee.q has not changed noticeably due to
cyclic prestraining, but the hysteresis area has decreased
substantially.

A similar result has been obtained for gravel (Dong et al.,
1994). These results suggest that the damping ratio h de-
creases as the structure becomes more stable. It s,
therefore, inferred, that the damping ratio becomes
smaller also by the effect of ageing; perhaps, the damping
ratio of a given aged soil in the field is smaller than that
of the corresponding sample reconstituted In the
laboratory measured under otherwise the same conditions.
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Fig. 56 Relationships between liquefaction strength and a)
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tangent Young's modulus E.an 8t Q/Qmex= 0.5 for virgin
and cyclically prestrained Toyoura sand
(Teachavorasinskun et al., 1994).

Elastic stiffness and liquefaction strength: It Is known
that the resistance of saturated sand against undrained
cyclic loading (i.e., ligquefaction strength) Increases
considerably with the application of cyclic prestraining
for which the value hardly increases
(Teachavorasinskun et al., 1992, 1994). Fig. 55 shows the
relationship between the liquefaction strength and the
maximum drained Young's modulus Emax divided by ¢ o' for
virgin and cyclically prestrained samples of alr-pluviated
Toyoura sand lsotropically consolidated to ¢ - = 98 kPa.
These two quantities for each data point were measured for
an Iidentical sample. The liquefaction strength was
defined as the cyclic stress ratio o o/(20 o) (0 a= single
amplitude deviator stress) with which the double amplitude

Emax
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Fig. 57 Relationships between the single amplitude shear
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torsional simple shear tests on K. consolidated Toyoura
sand (Teachavorasinskun et al., 1991)

axial strain became 5 % in 30 cycles. It can be seen that
the relation is utterly different between the virgin and
cyclically prestrained specimens. That 1is, the lig-
uefaction strength is not a unique function of the elastic
Young's modulus Emax. This result suggests that it may
not be possible to estimate the liquefaction strength of
sand in the field only by the field shear wave velocity.

On the other hand, Fig. 56(a) shows the relationships
between the liquefaction strength measured at ¢ o = 98 kPa
and the normalized maximum contractancy obtained from
drained triaxlal compression tests performed at o o
49kPa on virgin and cyclically prestralned samples. For
the same type of specimens used to obtain the liquefaction
strength, the maximum contractancy was defined as the
largest contractive volume strain attained until the peak
stress state was reached in the drained triaxial
compression test performed under the same test conditions
except for the ¢ - value. Fig. 56(b) shows the
relationship between the liquefaction strength measured
at o o'= 98 kPa and the ratio of the tangent Young's
modulus Etan to ¢ <. The values of E.an were defined for
a shear stress level q at half of the peak strength Qmax= In
the drained triaxial compression tests performed at ¢ o
49 kPa on virgin and cyclically prestrained samples. This
value was converted to that at ¢ - = 98 kPa by assuming
that the ratio E:an/Emax at a given q/qmex is Independent
of o - under otherwise the same conditions. It can be
seen that the liquefaction strength Is closer linked to
these two types of deformation properties measured at
strain levels far exceeding the elastic limit strain.

Summary: Elastic stiffness is much more stable than the
plastic deformation properties. Therefore, elastic

deformation properties can be one of the generic pa-
rameters of a given geomaterial under given stress and
strain states. It is known that by the change in some
factors such as density and ageing, the liquefaction
potential of a saturated sand deposit increases as the
Emax Or Gmex value does. It should be noted, however,
that the liquefaction potential, as well as the other
plastic deformation properties observed at strains
exceeding the elastic limit strain including the damping
ratio and the decay properties of stiffness, cannot be
estimated based only on the -elastic deformation
properties. Another parameter (or other parameters)
representing plastic deformation properties in-situ, other
than fleld shear wave velocity, should be determined by
some appropriate field and/or laboratory tests.
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stress T max, Obtalned from cyclic and monotonlc,
respectively, torsional simple shear tests on Ko

consolidated Toyoura sand (Teachavorasinskun et al., 1991)

STRAIN-DEPENDENCY OF STIFFNESS

Test results: Although almost the same elastic stiffness
can be evaluated by ML and CL tests, the decay curves (E~
£ 2 and G~ 7 curves) can be very different. In drained
(torsional) simple shear tests (Figs. 35 and 38), this
difference 1is essentlally due to the cyclic strain
hardening effect, but only partly due to the different
degrees of densification which occurred during the ML and
CL tests. Figs. 57 and 58, which correspond to Flg. 35,
show the cyclic strain hardening effect in other forms of
plotting. One should note that thls effect of cyclic
strain hardening devalues the use of Masing's second rule.

Even for torsional shear tests, the relationshlp between
the decay curves from ML and CL tests is made complicated
by not only the strain hardening effect, but also other
factors. Fig. 59 shows the relationships between the ratio
Gea/Gmex and the ratio of the single amplitude shear
stress (7 )sa to the peak shear stress 7 mex and those
between the ratio Gea/Gmax and the ratio of the shear
stress t to the peak stress obtained from,
respectively, cyclic and monotonic torsional shear tests
on Isotropically consolidated Ticino sand. It is seen from
Fig. 59 (and also from Fig. 58) that by the effects of
mechanical over-consolidation and cyclic prestraining,
the decay curves from a ML test becomes similar to that
from the corresponding CL test. It can be seen that the
classical hyperbolic relatlon 1is only a crude
approximation for the actual behaviour.

T max,



A comparisén of the decay curve between a triaxial
compression test and a c¢yclic triaxial test, both
performed at a constant confining pressure, as seen in
Figs. 4, 15a and 38, is much more complicated than that of
(torsional) simple shear tests. This point 1Is discussed
based on the test results shown In Fig. 38. The following
trends can be noted;

1) As the strain increases, the decay curves obtalned from
the triaxial compression test and cyclic triaxial test
become more different, but the difference is smaller than
that between the monotonic and cyclic torsional shear
tests.

2) The decay is smaller In the triaxial compression test
than in the ML torsional shear test.

3) The decay is larger in the cyclic triaxial test than in
the CL torsional shear test.

These phenomena can be explained as follows. In a tri-
axial compression test at a constant confining o -
pressure on sand, the increase in the axial stress results
in an increase in the elastic Young's modulus defined in
the axial loading direction (Kohata et al., 1994, Tatsuoka
and Kohata 1995). This Is a factor which decreases the
rate of the decrease in the secant Young's modulus Eseco
with the Increase In the strain; this factor may even
increase the Eseo value with the increase In the strain for
very stiff gravels (Kohata et al., 1994). This factor
(factor 1) is not involved in the ML and CL torsional shear
tests. On the other hand, in the cyclic triaxial test with
symmetric cyclic deviator stresses, the axlal stress ¢ «
decreases when loaded In triaxial extension with the
maximum stress ratio o /0 s=0 r/0 « being much larger
than the minimum stress ratio ¢ :/o0 s=0 «/0 » In triaxial
compression. This is a factor to decrease the stiffness
Eeoq (factor 2). When the effect of the factor 2 overwhelms
the effect of cyclic strain hardening, the rate of the
decrease in the Eecq with the increase in the strain in a
cyclic triaxial test can become larger than that in the
corresponding triaxial compression test Involving the
effect of the factor 1. This Is the case with a very dense
well-graded gravel with high stiffness relative to the
strength In triaxial extension (see Fig. 15a). It should
also be noted that a good coincidence for a wide range of
strains between the decay curves from drained cyclic
triaxial and cyclic torsional shear tests is fortultous.
Thelr relationship primarily depends on the stiffness of
the soil. Therefore, a decay curve obtained from a
drained cyclic triaxial test performed at a constant
confining pressure should be applied with a caution to
drained cyclic simple shear conditions.

For the saturated clays, decay curves obtained by a
staged undrained cyclic triaxial test in which a sample is
drained between successive undrained loading stages and
the corresponding CU triaxlal compression test are often
similar. Fig. 60 shows a case typical of the above. This
agreement can be obtained partlcularly when the degree of
strain softening due to the Increase in the pore water
pressure is small in the undrained cyclic loading test and
the change in the mean effective principal stress is small
during the CU triaxial compression test. This is the case
of sedimentary soft mudstone (Fig. 22) and cement-treated
soils (Shibuya et al., 1992). One should note, however,
that the relationship between the decay curves from static
tests and resonant-column tests becomes more complicated
due to the effects of variable straln rates In the latter
type of test (see Fig. 45) (Isenhower and Stokoe, 1981).

In this report, the effects of long-term consolidation,
density, inherent anisotropy, stress system-induced
anisotropy, shear strain-induced anisotropy and other
factors on the stiffness and damping ratio were not
touched, but they are discussed to some extent in
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Fig. 60 Comparison of shear modull from field and

laboratory tests and those from full-scale fleld behavior
for clay deposits (Tatsuoka, 1991).

Tatsuoka and Shibuya (1992) and Tatsuoka and Kohata
(1995).

Engineering implications: The data points shown in Fig. 60
are; 1) the shear modull Gsec back-calculated from a
number of full-scale field behavior of clay deposits
observed during ground excavation and construction of
high-rise bulldings (Aokl et al., 1990) divided by the
elastic shear modulus Gr obtained from the fleld shear
wave velocities, and 2) the shear modulus Gewnir obtained
from pressuremeter tests evaluated based on the
conventional linear theory divided by Gr (Koga et al.,
1991). A good agreement between the laboratory and fleld
data may be noted.

Based on this and a great deal of similar experience
(Tatsuoka and Kohata, 1995), the following methodology
can be suggested to estimate the decay curve not only for
dynamic and static CL problems (Fig. 6la), but also for
static ML loading problems (Fig. 61b), that is;

1) First, the value of G+ is estimated by fleld seismic
surveys.

2) Appropriate laboratory stress-strain

tests are
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Fig. 61 A suggested method to estimate the in-slitu stiffness as a function of strain (Tatsuoka and Shibuya, 1992)

performed using high-quality undisturbed samples. The
quality of the sample is evaluated by comparing the
maximum shear modulus Gmex from the laboratory tests with
the corresponding Gr value.

3) The field decay curve Is estimated by taking into
account the strain level-dependency (strain
non-linearity), the pressure level-dependency (or more
generally, the effects of stress path during loading), and
the effects of cyclic loading (if necessary), the drainage
condition, strain rate, previous strain history and so on.
In so doing, the G+ value Is selected as the average
maximum shear modulus in the field, while considering the
effect of the pressure change on it if necessary.

4) If possible, the estimated field decay curve is
calibrated by the results of pressuremeter tests and/or
plate loading tests.

CONCLUSIONS

The following conclusions can be derlved from the data
shown in this report:

1) For a wide range of geomaterials, In particular
relatively stiff ones such as hard soils and soft rocks, in
triaxial tests to be performed to accurately estimate the
deformation characteristics at very small to small strains,
the use of a load cell within the trlaxial cell and a local
axial strain gage along the specimen lateral surface is
imperative.

2) With the use of an internal load cell and a local strain
gage which are sufficiently sensitive, a continuous
stress-strain relation for a strain range from less than
0.001 % to several % can be obtained from a single test
using a single specimen.

3) For a deposit of soils and soft rocks, if test samples
are not disturbed, the maximum shear modulus Gmax
measured at strains of less than 0.001 % obtained from lab-
oratory stress-strain tests (e.g., triaxial tests) is very
similar to the corresponding elastic shear modulus Gs
obtained from field shear wave veloclty.

4) For a wide variety of geomaterials, the deformation
characteristics at strains of less than about 0.001 % are
essentlally elastic, whereas the stiffness becomes more
strain rate-independent as the strain level decreases,
particularly at strains of less than about 0.001 %.
Therefore, at very small strains (or strain amplitudes), of
smaller than about 0.001 %, a very similar stiffness can be
obtained from static monotonic and cycllc loading tests
and dynamic tests.

5) The damping ratio of geomaterials is more difficult to
measure and Is affected by several factors more
sensitively than the stiffness. These factors include
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strain rate, dralnage conditions, the number of loading
cycles, cyclic prestraining at a larger strain. For this
reason, much less i{s understood about the damping ratio
than about the stiffness.

6) The cyclic undrained strength of saturated sand can
Increase considerably by the application of cyclic
prestraining by which the Emax value does not exhibit a
noticeable change. Therefore, the liquefaction potential
of a given sand deposit is difficult to estimate based
solely on field shear wave velocity.

7) The relationships between the decay curves obtained
from a pair of drained monotonic and cyclic triaxial tests
performed at a constant confining pressure depends
largely on the stiffness relative to the strength in
triaxial extension. In drained (torsional) simple shear
tests on sand, the decay becomes smaller In a cyclic
loading test than the corresponding monotonic loading
test due to the effect of cyclic strain hardening. The
decay curve could be similar between undrained ML and CL
triaxlal tests on clays. As the decay curve at large
strains Is strongly affected by the straln rate, In
particular for cohesive solls, the decay becomes smaller
in resonant-column tests, in which the straln rate
increases nearly proportionally with the strain amplitude.
8) The stiffness at relatively small strains of a given
geomaterial to be used to estimate full-scale field
behavior of geotechnical structures, not only In soll
dynamics problems, but also in static loading problems,
can be estimated based on fleld shear wave velocitles
while taking into account the effects of any influencing
factors.

In short, the elastic stiffness at very small strains is one
of the most Iimportant key parameters for site
characterization. At the same time, the plastic
deformation characteristics observed at strains exceeding
the elastic limit, which Include the damping ratio, the lig-
uefaction potential and the decay properties of stiffness,
cannot be estimated based solely on the elastic
deformation characteristics, but another parameter, or
other parameters, in the field should be evaluated.
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