ON THE DYNAVIC PROPERTIES OF CLAY
by Sakuro MURAYAMA* and Toru SHIBATA**
Summary

In this paper, experimental and theoretical siudies on the dynamic
properties of undisturbed clay are reported in four articles : I. Flow
character of clay under the vibrating load, 2. Fatigue strength of clay,
3. Effect of vibration on the long-term strength of clay and 4. Effect of
vibration on the shearing strength. The main results obtained here are as
follows : (1) The upper yield value obtained by the dynamic flow test
performed at lower side of the resonance range is equal to the value ob-
tained by the static flow test. (2) The number of repetitions required to
produce the fatigue fracture of clay is determined orily by the applied
repetitional maximum stress irrespective of the frequency. (3) The de-
creases of the long-term strength and the shearing strength dy vibration,
in the case of undisturbed clay, depend on the maximum acc¢eleration of
vibration.

1. Flow Character of Clay under the Vibrating Load

Apparatus, test procedures and soil teasted In order to investiga-
te the flow behaviour of clay under the vibrating load, uni-axisl dynamic
flow tests were performed with the apparatus shown diagrematically in Fig,
1. As shown in this figure; vertical sinuscidal vibration produced by a
two-mass oscillator is applied on the specimen. The oscillator shown in
Fig. 1 has two sets of eccentric weights which are rotated in opposite
directions with same phase and produce a vertical sinusoidal vibration
as the unbalanced eccentric forces are mutually eliminated in all direc-
tions except vertical one. As .the oscillating force can bé controlled by
ad justing the phase-difference of the each sets of eccentric weight om
each shaft, we can change the frequency of oscillation without varying
the magnitude of the dymamic force. The total dead weight of assembly of
- oscillator ( own weight of oscillator is 4.4 kg ), the base plate tolted
to the bottom of the osc¢illator and the piston is 5.% kg. The maximum
permissible alternating force is 100 kg at a frequency of 2,760 rpm. The
"osecillator is driven by & 1/8 Hp AC motor through a flexible shaft.

‘The pressure exerted on the clay specimen by the piston consists of

a static pressure equal to the dedd weight of the oscillator assembly and
a alternating force with & force amplitude twice of the centrifugal force
of the two eccentric weighte. The dynsmic compression loads were so rest-
. rained as the maximum vertical stresses in the specimens to be less than
the pre-consdlidation stresses of the specimens to avoid the effect of

consolidation. The settlement of the clay specimen was measured by a dial
extensometer and vertical displacement amplitude by & hand-vibrograph.
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Since even a small loss of water from the specimen would cause a
substantial increase in strengths, during the uni-axial dynamic flow
tests, every specimen was kept their water content unchanged by encasing
the specimen in thin membrane and the covered specimens were totally im-
mersed in water. Noreover, to avoid the effects of the stress-history
given to the specimen by other test, each fresh specimen obtained from a
same clay sample which had never received only other test was used for
each uni-axial vibrating load.

Undisturbed clay specimens used for the dynamic flow tests were ob-
tained from the Umeda Alluvial Clay Stratum in Osaka City by means of the
thin-walled sampler with stationary piston. The sample tested had clay
fraction of 53 %, a liquid limit of 95 %, & plastic limit of 30 %, and a
natural water content ranging from 65 to T1 %. Most undisturbed specimens
were cut in cylindrical shape of 3.5 cm in diameter and 8.0 cm long, by
sultable trimming devices, :

Resonant characteristics of clay Preliminary experiments were
performed to measure the resonance ranges of the system comsists of the
oscillator assembly and olay specimen chn.n{lng the frequency from a low
frequency ( 240 opm ) to & high frequency ( 1,960 cym ) at a comstant
value of dynamic load of 20 sec duration. Lomgitudinal displacements of
specimens and amplitudes of vibration were measured at various frequen~
cies of vibrating load and the displacement amplitude — frequency rela-
tion curves are obtained as shown in Fig. 2, in which Ceadenotes the
maxivum intensities of vibrating stress.

It will be noted from Fig. 2 that the resonant frequency of the
system increases with decreasing water content, viz. the resonant frequen-
oy appears in the neighbourhoods of 1,200 cpm for higher water content of
68.7 %, and about 1,600 cpm for lower water content of 65.8 %. It is alse
seen that the resonant frequency changes 80 slightly with the magnitude
of oscillating force that the modulus of elasticity cam be regarded as
constant within these stress ranges.

Uni-axial dynamic flow test On the dynamic flow test, applied
frequency of the vibrating load was selected not to exceeds the resonance
range to avoid any magnification of the centrifugal-force values by reso-
nance as slready pointed out by G.P.Tschebotarioff ( Ref. 1 ). Using olay
samples above stated, dynamic flow tests were performed in which the uni-
axial oscillating force was kept at & constant value during the test. The.
longitudinal deformation of specimen was measured by a dial gauge at
specified time intervals after application of oscillating force. The
results of tests are shown as strain — time diagrams in Fig. 3 and 4, in
Fig. 4 abscissa shows elapsed time t in logarithmic scale and ordinate
strain & respectively.

From the strain — time curves shown in Fig. 4, the features worth
noticing are as follows : (1) The dynamic flow strain & increases pro-
portionally to the logarithm of time log t, if the maximum intensities
of vibrating stress Oauis smaller than a certain value. (2) If the maxi-
mum valus of vibrating stress is larger than a certain critical value,
the curves in Fig. 4 rise concave upwards and this tendency suggests the
occurence of failure in future after a certain duration of the loading.
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It will be discussed in the following part of this article that the
critical value coincides with the upper yield value of the clay. (3) The
slopes of these lines related (1) increase with the maximum intensities
of vibrating stress Cpyus and it will be shown that the tangent of the
slope angle of each line is directly proportional to (has shown in Fig.
5 whose ordinate and abscissa show the tangent of the slope angle of the

Enelb and the applied stress of the curve illustrated in Fig. 4 respec-
vely. . :

Next, the effect of the maximum intensity of vibrating stress Ohax O
strain rate de/d_t are investigated. In Fig. 6 the strain rate d&/dt ob-
tained from Fig. 3 is plotted against Ouufor various comstant values of
the time, taking the time as t=45 sec; 1.5 min, 2.5 min and 5¢5 min. This
figure shows that the curves are linear within the stress range up t0 Omax
=0,72 kg/cm" which is called the upper yield value, whereas they rise
concave upwards at Cu»>0.72 kg/cm? Moreover, all linear parts of these
curves have a tendency to concentrate &t a point om the Opax-8xis, viz.
~concentrate at the lower yield value. Thus, in the dynamic case, the
upper and lower yield values can be algo uniquely determined by the same
procedure as the static case, ' ‘ :

Such a flow diagram obtained by the flow test by a static load on
the same identical fresh undisturbed sample as used in dynamic flow test
is shown in Fig. 7. From this ficure, the upper and the lower yield value
can be determined as 0.72 kg/cm*and 0.10 kg/cm’respectively. It will be
noted that the upper yield value obtained by the dynamic flow test per-
formed at lower side of the resonance range is equal to the value cbtain-
ed by the static flow test. '

2. Fatigue Strength of Clsy

As @lready stated in Art. 1, the rate of the flow strain of clay due
to the repetitional loading increases and clay will produce a fracture in
future if the applied stress larger than the upper yleld value, In this
paper, the authors define such repetitional stress that produces a frac-
ture the fatigue strength of clay and will determine it in comnection
with repetitional number. B

Apparatus, test procedures and soil In order to carry out the
experiments on fatigue strength of clay, two types of tests were used.

a) Slow repetitional loading test ( Symbol : Sr ) :— Repetitional loads
of same magnitude and same loading duration were applied on the clay
specimen at same interval of removal of the load by using & stress-cont-
rolled triaxial compression apparatus. Fig. 8(a) shows the schematic re-
lation of the stress — time due to repetitiomsl loading and Gmads larger
than the upper yield value of clay. In this figure, T and T'are durd« ;
tion time of loading and load-removing per one cycle of loading respecti-
Ej_yQuick repetitional losding test ( Symbol : Qr ) :— Vibrating load
produced by & two-mass oscillator driven by 1/8 Ho AC motor was applied
on the specimen, as shown in Fig. 1. The stress amplitude exerted on the
clay specimen is shown in Fig. 8(b) and Cawis sdopted larger then the
upper yield value of clay. ~ i ‘ 1 i
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Ir each type of test, the relations between the fatigue strength and
the number of stress cycles were obtained. The fatigue strength tests
were made on undisturbed samples of two alluvial clays. One had & clay
fraction of 46 %, & liquid limit of 79 %, & plastic limit of 31 % and a
natural water content of 62.3 % ( sample No. 1 ), the other clay fraction
of 43 %, & liquid limit of 80 %, a plastic limit of 30 % and a natural
water content of 62.0 % ( sample No. 2 ). The undisturbed specimens were
cut in cylindrical shape of 3.5 cm in diameter and 8.0 cm long.

Theoretical consideration Prior to expain the results of tests,
the fatigue strength of clay is studied theoretically as follows. In the
case of Fig. 8(a), the relation between the number of repetitions n and
time t is represented as

dn _ | e oee(1)
dt (T+T)
When T is equal to T’, we get the relation between dn/dt and the
frequency £

..a_t_g _:.é.:E.a.f (2)

On the basis of the theory of rate process ( Ref. 2 ), the fundamental
equation for the fatigue strenmgth of clay is represented as

-1 dNe_ &T -E, A Omaxy ... (3
TN e"f’(?‘f')exf(zlvg ped )

L N A exp (—Omax
~ridn ~AePEN, ) )

T -& K
A= LI}{ exf(,tT),B“?a_T

where N, is the number of bonds per unit cross sectional area perpendicu-
lar to the direction of the applied stress of clay, it is Boltzmann's
constant, T is the absolute temperature, h is Planck's constant, E, is
the activation free energy and Oj.is the applied repetitional maximum
stress. The Eq. (5) representing the relation between the repetitional
maximum 8tress Cumcand the number of repetitions required to produce the
fatigue fracture n; can be obtained by solving Eq. (4) assuming n becomes
n; when N, becomes zero.

Olmax = B-Nio ([oﬁl-é- - 103 ng) (s)

Eq. (5) represents the linear relation between the applied repetitional
maximum Stress OpWhich is defined as the fatigue strength and logarithm
of ny »

or

Analysis of data Experimental results are shown in Fig. 9 and 10,
the former represents the relations of Omxand log n, obtained by Sr-test
and the latter the same one obtained by Qr-test. These figures may corre-
spond to secalled S-N curves of metals. Since the experimental Chu— log
n; relations are linear, it can easily be seen that they are satisfacto~
rily agree with Eq. (5) in the botht cases of Sr-test and Qr-test. As the
Chox = 10g n; line of Qr-tests performed at 480 cpm and 780 opm coincide
each other as shown in Fig. 10, it can be said that n; is determined
only by Cuxirrespective of the frequenoy, if the frequency of vibrating
stress is less than the resonance range.
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3+ Effect of Vibration on the Long-term Strength of Clay

Several investigators ( Ref. 3,4 ) showed that the lowering of the
yie?!.d velue of disturbed clay during vibration may depend on the accela-
ration of vibration. In order to know the tendency about undisturbed clay,
effect of vibration on the long-term strength of clay is studied. If any ’
constat static stress exceeding the upper yield value is applied on clay,
:};:ecéaytia.ils after it flows. Since the authors define such stress as

eds the upper yield value the long- t
strength doespgot mean a definite valﬁetcem strength, the long-tern

Apparatus, test procedures and soil The apparatus used were the
same as those used for the former experiments described in Art. 1 s the
details of which are shown in Fig. 1. The oscillating force of 2.5 kg
( corresponding stress amplitude : 0.26 kg/cm*) was kept at a constant
value dur the test. Since the total dead weight of oscillator assembly
was 5.3 kg (corresponding value of Cmxshown in Fig. 8(b) was equal to
0.55 kg/em® ), the stress exerted on clay specimen Crxwas equal to (o =
0.26 + 0.55 = 0.8]1 kg/cm®and this stress was adopted not to exceed the
preconsolidation stress of clay specimen of 2.0 kg/cm® In order to obtain
the experimental relation between the long-term strength of clay during
vibration and acceleration of vibration, experiments were performed under
the various frequency range of vibration from 420 to 1,620 cpm. The maxi~
mum acceleration of vibration o was computed by the equation o =4z*/’a
%‘1, whére f 3 frequency ( cps ), & ; longitudinal displacement amplitude

cm ) vhich was measured by a hand-vibrograph in this experiment. Under
these conditions the elapsed time to failure was measured.

The undisturbed saturated sample tested had a clay fraction of 54 %,
a liquid 1imit of 96 %, a plastic limit of 29 % and a natural water con-
tent of 68.7 %. The undisturbed specimens were cut in eylindrical shape
of 3.5 cm in diameter and 8.0 cm long. ‘

Experimental results Fig. 11(a) shows the relation of longitudi-
nal displacement amplitude and frequency, Fig. 11(b) the relation of max-
{mum acceleration of vibration and frequency, and Fig. 11(c¢) relation of
the elapsed time to flow failure and frequency. It will be noted from
these figures that the maximum acceleration of vibration and the elapsed
time to flow failure, as well as the longitudinal displacement amplitude,
show the each peak at f = 1,140 cpm. Fig. 12 shows the relation of the
elapsed time to flow failure under vibration tisand the maximuh accelera-
tion of vibration of plotted on semi-logarithmic paper. From this figure
it is found that the decrease of the time to flow failure depends on the
maximum acceleration of vibration. From Fig. 12, moreover, the value of T
corresponding to ot = 0, viz. the elapsed time to failure under a const~
ant static load, is obtained as 7; = 500 min.

In order to compare the elapsed time to failure under vibrating
Jjoad with that of static case, the static long-term strength tests were
performed. Fig. 13 shows the relation between the 1on§-tem strength and
logarithm of the time to failure obtained by the static lomg-term st;eng—
th test by uysing the same sample as used in dynamic one. From this figure
the static long-term strength corresponding tg t/. = 500 min is obtained
as O = 0.73 kg/ex’*; this value of 0.73 kg/on®is found to be equal to the
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dynamic effective stress (e shown in Fig. 8(b), where Og is calculated as

Ce= Cn+ (Cpax= On)/¥2 = 0,55 + { 0.81 = 0.55 )//2 = 0.73 kg/en’. The
ratios of the elapsed time to failure in dynamic case to that in statiec
one (%7.s= 500 min ) are plotted in Fig. 14 against the meximum accelera-
tion of vibration on logerithmic paper. The experimental dats lie on a
straight line in & logarithmic scale : this means that the decrease of
elapsed time to failure in dynamic case depends on the maximum accelers=-
tion of vibration.

4. Effect of Vibration on the Shearing Strength

In this article, the factors that influsnce the shearing stirength of
clay during vibration are studied.

Apparatus, test procedures and soil The direct double-shear box
apparatus shown in Fig. 15 was used. The vertical vibrating load produced
by a two-mass oscillator was applied on the specimen. In this case, the
oscillating force of 4.4 kg ( corresponding stress amplitude : 0.28 kg/em’
stress produced by own weight : 0.14 kg/cm® therefore Chsx™ 0028 kg/cm,

Cmin = O ) was kept at a constant value during the test. The shearing
strength during vibration was measured by increasing the horizontal shear-
ing force continuocusly at a suitable rate until the shear failure occued.
The frequency range of vertical vibration load was controlled from 576 to
2,970 cpm, and the corresponding maximum acceleration of vibration ot was
computed by the method as stated in Art. 3. The clay sample tested had a
clay fraction of 50 %, & liquid limit of 67.3 %, a plastic limit of 27.3
%, a natural water content of 52.3 % and a preconsolidation stress of 1.8
kg/cm’t The undisturbed specimens were cut in prismatic shape, 4 cm square
and 5.5 cm long. Water content of the specimen remains practically un-
changed during the application of the vertical wibrating load and the
horizontal shearing force.

Experimental results Fig. 16 shows the results of shearing tests
during vibrations. In this figure, the vertical displacement amplitude,
maximum acceleration of vibration and shearing strength during vibration
are plotted against the frequency. It will be noted that the maximum- acce-
leration and the shearing strength during vibration, as well as the ampli-
tude of vibration, give their pesks at 1,680 c¢pm. In Fig. 17, the ratios
of the shearing strength in dynamic case to that in static one are plott-
ed against the maximum acceleration of vibratior on logarithmic paper. In
this test, the static shearing strength was measured under the vertical
stress equal to Ome Since the relationship shown in Fig. 17 is represent-
ed by a straight line on logarithmic scale, the decrease of the shearing
strength in dynamic case depends on the maximum acceleration of vibration,
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