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OF ROCKFILL MATERIAL SUBJECTED TO CYCLIC SHEAR
LOADING UNDER VERTICAL VIBRATION

TosurHipe Tokue*, Masao Havasur** and Yosumairo Kiranara***

ABSTRACT

In recent years, strong random earthquake motions have become a matter of great
interest among earthquake engineers concerned with the degign earthquake of important
civil engineering structures such as fill dams. The influence of a strong random
earthquake on fill dams is characterized by large accelerations (body forces) in both
vertical and horizontal directions.

The following four kinds of experiments are conducted in order to investigate the
dynamic strength and deformation characteristics of rockfill material: (1) static shear
tests; (2) static shear tests with vertical vibration; (3) dynamic shear tests and (4)
dynamic shear tests with vertical vibration.

The following results are obtained;

(1) The body force affects significantly the dynamic deformation behaviours, but only
slightly the static deformation and strength.

(2) 1If the ultimate dynamic strength is defined as the maximum shear stress by which
the specimen fails in the same way by the static shear stress, the ultimate dynamic
strength of a dense rockfill material becomes larger than the static strength in a range
of lower sustained stress.

(3) The rockfill material becomes unstable with a disturbed grain structure and a large
deformation when it is subjected to the dynamic loads exceeding the yield stress ratio,
(75/04) -

Thus, the yield stress ratio becomes an important criterion for the dynamic stability
of earth-structures, and the yield stress ratio can be obtained from the static shear test.

Key words: dam, deformation, dynamic, earthquake, failure, granular material, shear
strength, special shear test, vibration, yield
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INTRODUCTION
Recently, there has been a trend to take into account the influence of strong random
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earthquake in selecting the design earthquake for the seismic stability analysis of
important civil engineering structures such as fill dams. This trend seems to have
become remarkable after the San Fernando earthquake which occurred near the Soledad
fault in California in February of 1972. The hypocenter of the earthquake was found
at the shallow depth of about 13 km below the ground surface. As a result, the maximum
accelerations recorded near the Pacoima Dam, 14km away from the epicenter, reached
1000 gal or more in the vertical and horizontal directions (Committee on Earthquake
Engineering, JSCE, 1972).

Typical strong random earthquakes such as the Izu-Hanto-oki earthquake of May, 1974
and the Oh-ita earthquake of April, 1975 were recorded also in Japan. The design
earthquake criteria for the Proposed Los Angeles Dam (the earth fill dam with a height
of 52 meters) is based on the experiences gained through the San Fernando earthquake,
and is quite severe. The accelerations setforth (body forces) are very large as shown in
Table 1 (Dames & Moore Consulting Engineers, 1973 a).

Considering this trend of assigning very large accelerations for the design earthquake,
the evaluation of the dynamic strength of rockfill materials seems to have a significant
influence on the aseismatic design of fill dams. However, the dynamic failure character-
istics of granular materials such as sand or crushed rock materials have not been clarified
sufficiently so far, and several different definitions of dynamic strength have been used
for different circumstances.

At the time of an earthquake, the forces or stresses acting on an infinitesimal soil
element in the earth or in the earth structures may be summarized as follows [see Fig.1
(Tokue, 1976)7:

(1) static stresses: overburden soil stresses of constant amplitude act macroscopically
on the surfaces of the element,

(2) dynamic stresses: fluctuating stresses act macroscopically on the surfaces of the
element due to the inertia forces and
- (3) body forces: inertia forces of earthquake acceleration act microscopically and
directly on each soil grain within the element. They are considered to cause a quiver
of grains at the points of contact and are considered qualitatively different in their

Table 1. The design earthquake criteria for
the proposed Los Angeles Dam at the
time of the local event (Dames & Moore
Consulting Engineers, 1973 a) TRSTRSTE

The duration of the earthquake,
defined as the time between the
first acceleration peak exceeding
0.05g and the last peak exceed-
ing 0.05g, should be approxi-
mately 40 seconds.

Duration

|
infinitesimal soil element I .
F.

1 peak>1.15¢g

1 peak>1.00g
Fifth highest peak>0.85g
Tenth highest peak>0.65g
All of these peaks should be at
frequencies between 5 and 8 hertz.

ovs, Ohs 5 static stresses

Acceleration 0w, ona 3 dynamic stresses

Ohd Ohs
Fu
[ Fv, Fn 5 body forces
Fig. 1. Forces and stresses acting on a soil

First peak>135cm/s element in the earth at the time of

Velocity Second peak>115cm/s earthquake (Tokue, 1976)
Third peak>100 cm/s

Maximum displacement should be

Displacement equal to or greater than 70cm.
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effects from the dynamic stresses acting macroscopically on the surfaces of the element.

Main mechanical factors which were taken into account in the previous studies seem to
be the following two factors based on the concept described above. The effect of water
is excluded here.

One is the acceleration of earthquake correspondent to the above third factor which is
an important factor to be clarified as indicated above. Mogami and Kubo (1953), Barkan
(1962), Youd (1970) and others investigated the effect of acceleration on the shear strength
of dry sand. In these studies, direct shear tests were performed on the shaking tables
vibrating in the horizontal or vertical directions.

It was shown that the shear strength or the internal friction angle of sand decreased
with an increase of acceleration. On the other hand, Takeshita and Futaba (1966)
concluded from similar experiments with dry sand under horizontal vibration that the
shear strengths were the same both with and without vibrations. The discrepancy
between the above two results about the effect of acceleration on the shear strength
needs be investigated further, along with the types of the experimental apparatus used
and the testing conditions adopted.

In the studies described above, the dynamic stresses applied were negligibly small
compared to the applied static stresses because of the use of small specimens, although
the static stresses and the body forces (acceleration itself) are applied adequately to the
smaple in comparison with the actual condition given to the soil element.

Therefore, it may be reasonable to consider that if the decrease in the shear strength
occurs during vibration, it results from the body force defined above and does not result
from the dynamic stress. In the vibratory compaction of sand, it has already been
reported that the effect of the body force besides the effect of the dynamic stress should
be taken into account (Tokue, 1976).

The other mechanical factor is the dynamic stresses corresponding the second factor
defined above.

Seed (1960), Lee and Seed (1967), Toki and Kitago (1974) and others investigated the
effect of dynamic stresses on the shear strengths of clay and sand. In these studies,
the dynamic principal stresses with constant amplitudes were applied to the specimens
after the application of the initial anisotropic confining pressures (the sustained stress)
by using a triaxial shearing apparatus.

It was shown for dry sand that the dynamic strength became larger than the static shear
strength under the application of a small sustained stress, but the dynamic strength
became less than the static strength when the sustained stress was increased (Toki and
Kitago, 1974).

It should be noted that a cumulative axial strain of 25 percent was adopted as a
criterion of dynamic failure for compacted silty clay by Seed (1960). Toki and Kitago
(1974) adopted a cumulative axial strain of 15 percent for dry sand as a criterion for
“dynamic strength”. In discussing the aseismatic stability of actual earth-structures,
however, it seems quetionable in many cases to consider that the cumulative strains of
soil elements within earth-structures approach 15 to 25 percent. In this sense, the
dynamic criteria adopted by Seed or Toki and Kitago are close to “the ultimate dynamic
strength of soils”, which is defined as the maximum resultant value of dynamic and
sustained stresses that a specimen can support in the same way as the static shear
strength. '

A cumulative axial strain of 5 percent was adopted as the failure criterion of the
Proposed Los Angeles Dam by Dames & Moore and Seed (Dames & Moore Consulting
Engineers, 1973b). This criterion was determined by considering the failure due to
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liquefaction. It has not been confirmed sufficiently so far whether the criteria mentioned
above are appropriate or not for actual aseismatic problems. In the studies described
above, unlike the actual earthquakes, the body forces are characteristically not applied
to the specimens while the static and dynamic stresses are applied adequately. Based
on all the above indications, the objectives of this study are following:

(1) to clarify the effect of body force on the shear strength of rockfill material by
conducting static shear tests with the vartical vibration which is considered to occur
during a strong random earthquake.

(2) to investigate the combined effect of the body force and the dynamic stress on
the dynamic deformation characteristic of rockfill material by conducting dynamic shear
tests with vertical vibration, and

(3) to investigate a proper criterion replacing the ultimate dynamic strength for the
aseismatic design of earth-structures such that the dynamic deformation behavior of
rockfill material determined by dynamic shear tests are taken into consideration.

In order to achieve these objectives, a new large-scaled simple shear apparatus for
testing rockfill material has been developed (Tokue, Kitahara and Fujiwara, 1976). The
characteristic of the apparatus is such that the dynamic shear stress and the vertical
vibration can be applied to a large-scaled specimen simultaneously or separately.

TESTING MATERIAL, APPARATUS AND CONDITION

The parent rock of the rockfill material used is an unweathered granite with a specific
gravity G,=2.61. The rockfill material has a mean diameter D;,=26.5 mm and a unifor-
mity coefficient U,=10.0. The distribu-

" tion curve of grain size is shown in Fig.
wilformity coemciene§ & 2. The initial void ratios, e,, range from
VB A 0.41 to 0.47, when the crushing of grains
- § is prevented, and the material is tested
meen aianeter 4 in a fairly dense state. The specimens
20¢ are compacted by vibration. The material
N , is tested dry in order to simulate the
pre e Er:fn oy 0 condition at a crest and a downstream
Fig. 2. Grain size distribution curve of the rockfill zone of a dam.
rockfill material ‘ The schematic diagram of the apparatus

rubber sleeve (2.5mm)

/i <7

| ~small-sized rockfill material
l.actuator for vertical vibration 19. rollers in which blades are buried.
(full capacity: 5X10°N) 1l.loading plate > .

2.inner frame work l2.specimenk(¢700m H25cm ) #25.40m~19.Lom
3.concrete mass 13.pin- joint . Dot
4.outer frame work 14.alr tank r}?}z‘;f‘lll l;?zzl"lal
5. rollers 15.air spring for overburden pressure
6.actuator for shear (full capacity: 10°N) 101.6am

(full capacity:10°N) 16.10ad transducer
7.universal joint 17.air spring for support of dead weight
8.pin-jointed shearing frame
9.vertical plate

o)
Fig. 3. Schematic diagram of simple shear Fig. 4. Schematic diagram of a specimen

apparatus
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is shown in Fig. 3.

a) Shearing apparatus

The shearing apparatus used in this study has three different functions: vertical
vibrating, shear loading and overburden pressure loading. Their mechanisms are shown
in Fig.3. Vertical vibration is generated by an actuator, 1, having a full capacity of
5%x10*N and transmitted to a specimen, 12, by vibrating an inner frame work, 2, on
which the specimen rests. Horizontal displacement of the frame work is constrained by
rollers, 5, attached on an outer frame work, 4, and only the vertical displacement is
allowed. Shear stress is applied to the specimen up to 250 kN/m? by an actuator, 6,
having a full capacity of 10°N. The actuator delivers its load to the specimen through
a universal joint, 7, a load transducer, 16, a pin-jointed shearing frame, 8, a vertical
plate, 9, rollers, 10, and a loading plate, 11.

The vertical plate, 9, is fixed rigidly to the pin-jointed shearing frame. By this
mechanism, the volume change of the specimen due to dilatancy is allowed during shearing
and the upper surface of the specimen is always kept parallel to the bottom of the
specimen. The effect of friction on the shear stress is almost removed by the adoption
of the pin-jointed structure as described above.

Blades with the height of 2cm and the width of 1cm are attached on the lower
surface of the loading plate, 11, at an interval of 5c¢m. Therefore, the slip between the
loading plate and the specimen is effectively inhibited.

Overburden pressure is applied to the specimen up to 250 kN/m? by an air spring, 15,
which is fixed on the pin-jointed shearing frame, 8.

b) Specimen

A schematic diagram of the specimen is shown in Fig.4. The specimen is 70cm in
diameter and 5 to 50cm in height. In the present experiments, the height is 25cm
tall to take the maximum size of grains into account. The mechanism used for constrain-
ing lateral expansion of the specimen is a Norweigian Geotechnical Institute type, and is
formed by stacking up steel rings with a square section of 1cmXx1cm outside a rubber
sleeve with the thickness of 2.5 mm.

The radial strains of the rings measured are less than 107° under the application of
the maximum overburden pressure; therefore, the lateral expansion of the specimen is
considered practically inhibited. The rubber pieces are placed between rings at an intervel
of 120 degrees. As a result, the rings can deform easily in the vertical direction under
the application of overburden pressure; thus allowing the application of the applied
overburden pressure to the specimen without loss.

c¢) Control system

The vertical vibrating motion and dynamic shear load are controlled electrically. An
input signal for both vibration and dynamic shear load is generated by the same variable
phase function generator. Thus, the operating periods of the actuators, 1 and 6, are
the same, and their phase differences can be varied continuously from 0 to 360 degrees.
The amplitude of dynamic shear stress is kept constant at a set value by an electric
controlling device. Dynamic shear load can be added on to static shear load, and the
ratio between the two can be set freely so long as their total load does not exceed the full
capacity of the actuator, 10°N. The overburden pressure is controlled by a regulator.

In order to investigate the effect of vertical vibration on static and dynamic deformation
and failure behaviours of the rockfill material, the following four experiments are
conducted: (O static shear tests; (@ static shear tests with vertical vibration; & dynamic
shear tests; and, (@ dynamic shear tests with vertical vibration.

Testing and loading conditions are shown in Table 2 and in Fig.5, respectively. The
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Table 2. Testing conditions
. . . . Initial
Loading . Vibrating { Measuring -

Test type condition Loading method . | condition | Measurements instruments r‘;(t)ilgs

. i |

1$hear stress, s, 18 iHorizontal  dis-

increased until fail-! lacement (at 3
0,=0.2, |ure by stages with! points) Vertical Displacement- 0. 43

1) Static shear| 1.0, 1.7, 'an increment of about be . transducers )

’ (1m0 L — displacement (at !
test 2.5 '10% of overburden 2 points). Over- Load-trans- 0. 47
(kg f/cm?) pressure, o,, after: wbu?den load i ducers,
| displacements are fin- 'Shear load | ) i
‘ lished in each stage “
. Shear loading is per-|

2) Static shearl, o5, |formed in the same o0 o In addition to 1), b b, 042

vértical vib- 1.5, 2.5/ way as 1) under the f=4 ar%d,;vertical accele- accelerometers ’ !
. (kg f/cm?)| application of verti-’ — ration(at 2points)i 0.44
ration : . (Hz)
cal vibration
on=1.5
(kg f/cm?)| Dynamic shear -,
7s=0.75 |stress, 74, is applied ‘ fin :griliilon ;?12211 0.42
3) Dynamic (kg f/cm?) after the application| f=4 (Hz) loyad and loading|The same as 1) !
shear test |7s+7a _ |of sustained stress, : g 0.43
— = time
Ty 75, for 5000 cycles
0.8~1.22
a, =330
Shear loading is per- (gal)

4) Dynamic formed in the same f=4(Hz) |In addition to 3), 0.41
shear test " way as 3) under the |Phase dif-vertical accelera-'The same as 2) !
with vertical application of verti- ference: |tion : 0.43
vibration cal vibration 0 and 180

 (deg)
) X static shearing with

@ static shearing vertical vibr’aitTi‘ger

Ts Ts T

(kPa) (kPa)
failure envelope failure envelope T

_l_ U U ]
h t 7d :dynamic shear stress
7 N i ; rs  :isustalned stress
1\ ' ! ‘zs+ ta:total shear stress -
S | 025s0c i
o0 kPa) o kPa) b —
: : : 1 t
Do
|
b
4 EENAY i) sohear stran amplitude
) ) dynamic shearing with . af Ya scumulative shear strain
I X L R R
‘ - % Eva scumulative volumetric strain
tPa) evstevaztotal volumetric strain
A
7
75 ‘t t
t 0 — —— t(5ec)
(sec) av{gall 0° phase-difference
(upward) 300}
(downmard) 300>
180° phase-differernce

Fig. 5 Loading conditions

Fig. 6. Definitions of dynamic stresses and
strains
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terms used in Table 2 are illustrated in Fig.6. In order to investigate the effect of body
force, the dynamic shear tests with vertical vibration were conducted at two different
phase angles of 0° and 180° between the dynamic shear 'stress and the vertical
vibration as shown in Fig.5. In the case of 0° phase difference, the maximum shear
stress is applied to the specimen at the lowest vertical position of the inner frame work
where the maximum downward inertia force due to the maximum upward acceleration
increases the interparticle confinement. On the other hand, in the case of 180° phase
defference, the maximum shear stress is applied to the specimen at the highest vertical
position where the maximum upward inertia force due to the maximum downward
acceleration decreases the interparticle confinement.

TEST RESULTS

Results of Static Shear Tests with Vertical Vibration

Fig.7 shows the comparison between the shear strengths with and without vertical
vibrations. It is noted that the shear strengths are not decreased at least by the
accelerations with amplitudes smaller than 800 gal. Fig. 8 shows the comparison between
the stress-strain curves with and without vertical vibration. The shear tests with
vibration were conducted under the overburden pressure of 150 kN/m?, slightly smaller
than 170 kN/m? used for the static shear tests. It is not seen that the deformation under
vibration becomes larger than that under no vibration. It is also seen that the shear
strain is somewhat smaller in the case of the static shear tests with vibration than that
in the case of the static shear tests without vibration to a certain value of ¢ g,  This

is considered to be due to the difference of the overburden pressures and the initial
void ratios in both cases.

o
o; @v=300gal e,=042 on=150kPa (4Hz)
O; av=600gal e;=042 os= r {7Hz) /
_ no- Aj av=800gal €o=042 oa= # (7Hz) / ,
=
= . / 7
& L . (o] 4
& < & 15 with vibration % S
% - = / ’ ’
2 [ ] — Ty/on—7s O/ v
2.0r 4 L V; /A
=t w B —— v /
ii & @ / /
§ i .t tic fallure envelope -E: 3 without vibration // s //
b e statle fal oF s 30 T, =/on~7 on=170kPa) ¢=043 e
N C=33(kPa), 4=35" 8 ] /
g e0=041~0.45 @ g = p 04s [/
«Q
; ® without vibration 'E E 10
5
L0 a av = 300gal a§) @
£ o= 40Hz = 8
o 20- h
o av = (7;00}“] > 2
£ = 7.0Hz
05" B
x = 800gal @
£ = 7.0Hz 3
. G os
0 . - (X10%kPa) &)
05 10 15 ogé)r‘burden Z;Sxaﬂessu.re on 10 -
Fig. 7. Shear strengths with and without
. . .
vertical vibration
1 1 1 1
0 0 10 12 14 16
shear strain, vg (%)
-1.0

Fig. 8. Stress-strain curves with and without
vertical vibration
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Results of Dynamic Shear Tests

TOKUE ET AL.

a) Dynamic deformation behaviours and ultimate dynamic strength

Hereon, the ultimate dynamic failure is defined as the limiting state in which a
specimen can not bear a further increase of shear stress in the same way as the static
failure. Therefore, according to the above definition, it can be supposed that however
large the shear deformation of a specimen may be, the specimen does not reach the
failure so long as the shear stress continues to increase further.

Fig. 9 shows the relationship among the total shear strain, (y,+7,), the total volumetric
strain, (e,+¢e,,), and the stress ratio, (r;+174)/g,, at N=2000 cycles.

The definitions of these parameters are given in Fig. 6.

The followings are noted from Fig. 9.

(1) The specimens do not fail even if the stress ratio, (r,+17,)/g, exceeds the static

stress ratio at failure, z/a,.

(2) The total volumetric strains, (e,+e,,), show only contraction at any level of

the stress ratio, (r,+74)/0n.

(3) An amount of the total shear strain, (y;+7,), increses with an increase of the

stress ratio, (r,+74)/0,.

(4) The total volumetric strains show a larger contraction with an increase of the

total shear strains.

Fig. 10 shows the relationship between the shear strain ratio, (y,+74)/7s;, and the shear
stress ratio, (r;+74)/ts;, where 7, and r,, show the shear strain and the shear stress

at failure in a static shear test, respectively.

It is seen that the shear deformation

increases remarkably under dynamic loading compared to that under static loading, and
at the same time, the resistance of the material increases as indicated above. In fact,
the specimen does not fail at (r;+7,)/z,,>1.2 in Fig. 10.

Ya’*'Ys
Ysf

()
g
f=J

—
fesl
F

~
>
T

I
'S
T

=4
N
& total shear strain
5 g 1.0F _.0
é’ @
[42]
R 0 =0.42~0.44
D‘ ~- static (sn=170kPa)
ng o 0.5 --- dynamic (o0 n~=150kPa)
&y N =2000 £=4.0Hz
m§ static shear
<€ strain
D 0 ! !
62 5 10 5 7
+ 0 total shear strain (%)
30f
static
20k volumetric
~| strain r=0.42~0.44

— static (0 n=170kPa)
- dynamic (6n=150kPa)
N=2000 f=4.0Hz

=
>

o oy I
[ (=3 3
T T

g
=)
T

total volumetric strain
L)

P 1
N 10 5
N\¥._  total shear strain
-1.0r AN
‘\\ \\
\\ \\
—2.0f U
h=N

1
@
o

T

v
total volumetric

f=1
>
T
—
E=3
(=3
<
0

total shear strain/static shear strain at failure
f=]
e 3

strain(contraction)

Fig. 9. Dynamic deformation behaviours

in the dynamic shear tests

756=9.7% ( on=1.50kPa)
0 eo=0.42—~0.44

1 A 1 I 1
T04 06 08 1.0 12 14 16 .47

total shear stress/static shear 4
strength ,

=3

Fig. 10. Dynamic shear deformation behav-

iours
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In the present dynamic shear tests, the ultimate dynamic failure was not recognized,
because the capacity of the shear loading actuator was not adequate to overcome the
ultimate dynamic strength at ¢,=150 kN/m?2.

However, it is seen from the above results that the ultmate dynamic strength is at
least larger than 1.2 times the shear strength under the intitial stress condition given,
and the total shear strain becomes larger than 1.6 times the static shear strain at failure
near the ultimate dynamic strength. : ‘

b) Yield stress ratio and dynamic deformation behaviors

Fig. 11 shows the relation between (y;+7,) and (r,+7,)/e, and Fig.12 shows the
relationship between (e,s+e,,) and (r,+74)/ 0.

It is noted from the figures that the both total shear strain and the total volumetric
strain increase abruptly at a critical value of (z,+7,)/¢,=0.75.

At this critical stress ratio, (zr,+7,) is almost equal to 0.9 z,, as shown in Figs. 11
and 12, In order to clarify the mechanical meaning of this critical stress ratio, the
static shear 'tests on the specimens prepared at similar initial void ratios, e, were
conducted under ¢,=170 kN/m2  Shear stress, r,, was increased by stages with a constant
increment of 47,;=7.5kN/m?% The shear strain, y,, and its increment, 4y, which
corresponds to 4z, are shown for the stress ratio, 7,0, in Fig.13. The incremental
shear strain, 4y, increases abruptly at about 7,0,=0.75. This value agrees with the
critical stress ratio indicated above. Furthermore, the stress-strain curves begin to bend
remarkably at about this stress ratio as shown in Fig.13. Accordingly, it may be possible
to say that a kind of yielding of the material occurs at the critical stress ratio. In this
sense, this critical stress ratio will be called as the yield stress ratio, (z,/0,),, henceforth.

Results of Dynamic Shear Tests with Vertical Vibration
The dynamic shear tests with vertical vibration were conducted under two phase

~~
Z 8
on=150kPa z
>‘9 20 Tsi=134 » ‘g
K T a7 ¥ 2 =150kPa
>"ﬂ “Ta | €o g Tsi=134 7
o 5 | 080 | 0.42 Y o
‘é v | 084 | 042 _g T
o |09 |043 4 [ 080042
1] 5b [El o o B 3 [Flosi]os
5 ® | 097 | 0.43 « o | 091 0.43
a] 101 {043 ° 0] 0.94] 0.43
'8 X | 1.08 | 042 §j ® {097} 0.43
a RE
W | 117 | 042 g A [ 101043
! v | 123 o042 X | 1,08 | 0.42
s 3 ob [m[1r7fos
S b > v|123]042
~
«
32
Q
O
1 |-
5 -
N=5000 -
2600 N=5000
500
12
1 Y 1 L 1 !
u o 45 " e 0 0.2 0.4 0.6 08 10  127stme
T+ Td ] Tsi
total shear stress/static shear strength, ~ e total shear stress/static shear strength
0 01 02 03 04 05 06 07 08 09 1.0 re+7a 0 01 02 03 04 05 06 07 08 09 10+ 74
total shear stress/overburden pressure, o total shear stress/overburden pressure o
Fig. 11. Cumulative shear strains and Fig. 12. Cumulative volumetric strains and
dynamic stress ratio dynamic stress ratio
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Fig. 13. Yield stress ratio strain

»
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=
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—
>
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O
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g

o
)
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T
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T
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40 F
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" - L s
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Acceleration of vibration

maximm variance of overburden ‘J

en/sec Fig. 14. Dynamic deformation behaviours
Fig. 15. Shear strength during vertical in the dynamic shear tests during ver-
vibration (Mogami and Kubo, 1953) tical vibration

differences between the dynamic shear loading and the vertical vibration: 0° and 180°.

In both cases, the vertical acceleration, «, and the frequency, f, were set at 330
gal and 4 Hz, and the overburden pressure, o, at 150kN/m?  Fig.14 shows the
relationship among (y,+74), (ens+epe) and (zs+74)/o, in the same way as shown in
Fig. 9.

It is seen from the figure that the total shear strain (7s+7s) is remarkably influenced
by the phase difference. That is, the total shear strain is about two times larger in
the case of 180° phase difference than in the case of 0° phase difference.

CONSIDERATIONS AND DISCUSSIONS

Effect of Body Force under Monotonously Increasing Stress Condition

Fig. 15 shows the relationship between vertical acceleration and shear strength of a dry
sand tested in a box shear apparatus with vertical vibration, conducted by Mogami and
Kubo (1953).

According to the figure, the shear strength decreases abruptly when the vertical
acceleration exceeds 300 gal, and loses most of its strength near 1 g. However, it should
be noted that these results are obtained under the small overburden pressure and very
high frequencies as indicated in Fig.15. In fact, the shear strength does not decrease
and the deformation behaviours are not affected by the vertical acceleration until the
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acceleration reaches 800 gal, even if the overburden pressure exceeding 50 kN/m? is applied
to the specimen as shown in Figs.7 and 8. _

That is, in the case of the rockfill material compacted sufficiently, its static shear
strength and deformation behaviour are not significantly affected by the vertical vibration
with the peak accelerations less than about 800 gal and the frequencies less than about
10 Hz.

Further considerations about the cause of the above result will be made in the following
paragraph.

Effect of Body Force under Cyclic Loading Condition ,

In the dynamic shear tests during vertical vibration, the deformation behaviours of the
rockfill material have been significantly influenced by the phase difference between the
vertical vibration and the dynamic shear load as shown in Fig.14. It seems that the
deformation curve at the time of no vibration is between those with 0° and 180° phase
differences. The reason for the effect of the phase difference in this way will be
discussed below. The mechanical influences of an earthquake on the soil element are
mainly dynamic stress and body force as shown in Fig.1l. Let us first pay attention to
the dynamic stress. The dynamic overburden pressure should be considered primarily in
this case because of veritical vibration. At the vertical acceleration of +330gal, the
maximum variance of the dynamic overburden pressure, 4, acting on the top and
bottom surfaces of the specimen is about +4kN/m? if the inertia force acting on both
the loading plate and the specimen is taken into account. This variance is negligibly
small compared to the applied constant overburden pressure of 150 kN/m2. As a result,
the same maximum values of the total shear stress, (z,+74), are applied to the specimen
at ¢,=154 kN/m? in the case of the phase difference of 0°, and at ¢,=146 kN/m? in the
case of 180°.

It can be hardly considered possible that this small variance of overburden pressure affects
the deformation behaviour so significantly as shown in Fig.14. This suggests that the
mechanical factor causing the effect of phase-difference may be the body force; that is,
acceleration itself as previously discussed. As the granular material is composed of a
large number of grains in contact with one another, the shear resistance develops from
the interparticle friction at points of contact and the interlocking between grains.
Accordingly, the interparticle forces at contacts fluctuates when the body force acting
on each grain changes. In fact, Okamoto and Hakuno (1964) conducted a unique
vibration test with sand and showed that
the average value of interparticle contact B o 4
forces of sand grains fluctuated considera-
bly during vertical and horizontal
vibrations.  This result shows the
likelihood that the shear resistance is
significantly affected by the body force.
Consider the influence of vertical acce-
leration on the interparticle force on the
basis of a simple model composed of
grains as shown in Fig.16. Interparticle
force F, is supposed to be a constant.

F=Fn+mg-wa
=Fs—mqg

Fs=Fntmg F=Fnt+mgtma
=Fst+ma

Fig. 16. Effect of body force on interparticle
contact force
a) in static equilibrium, p) in motion

Let us pay attention to the grain with with upward acceleration (in case of 0°),
the mass of m. If grain m is in static ¢ ) in motion with downward acceleration
equilibrium under vertical confining (in case of 180°)
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forces, F,, and, F,, as shown in Fig.16(a), the interparticle force, F,, between grains
m and m’ becomes:

F=F,4+mg

If the grains are in motion with upward acceleration, «, under the same confining
condition as shown in Fig.16(b), the interparticle force, F, between grains m and m’
becomes :

F=F,+mg+ma=F,+ma

That is, the interparticle force, F, is increased by ma due to the downward inertia
force acting in an opposite direction of a.

As a result, the confinement between the grains m and m’ is strengthened. In a
similar way, the interparticle force, F, becomes F=F,+mg—ma=F,—ma when the
grains are in motion with downward acceleration, .«, as shown in Fig. 16(c).

In this case, the interparticle force, F, decreases by ma due to the upward inertia
force, and the confinement between the grains m and m’ is reduced. Considering the
correspondence between the above consideration and the dynamic shear tests with vertical
vibration, the specimen may be regarded as being subjected to the maximum total shear
stress in the state of Fig.16(b) in the case of the phase difference of 0°, and in the
state of Fig.16(c) in the case of the phase difference 180°. If these effects of body force
is born in mind, it is recognized from Fig.14 that the shear deformation becomes about
two times larger when the upward body force loosens interparticle forces (180°) compared
when the downward body force strengthens interparticle forces (0°).

On the other hand, the influence of vertical acceleration on the deformation and
strength is not significant in the static shear tests with vertical vibration (Fig.7 and 8).

This may be because the effect of body force is rather delicate. That is, monotonously
increasing load increases the interparticle confining forces and strengthens the confinement
between grains.

Thus, a delicate effect of body force on interparticle forces may not have been exhibited.
In the dynamic shear tests, cyclic load disturbs grain-structure, and fluctuates the
interparticle confining forces at points of contact.  Therefore, the body force has
considerably influenced on the deformation behaviours.

The effect of body force has been reported previously in the field of dynamic compac-
tion of sand. Tokue (1976) conducted the cyclic simple shear tests of sand under two
vibrating conditions: with and without horizontal vibration. It was shown that the
amount of deformation caused by the test with the vibration was greater than the
deformation caused without vibration under the same stress condition.

From all the above considerations, it is reasonable to state that the body force affects
the influence of the effectiveness of the phase difference between vertical vibration and
dynamic shear load on the deformation behaviours of the rockfill material.

Ultimate Dynamic Strength

The results of the dynamic triaxial shear tests on sand are shown in Fig.17 in the
same manner as Fig. 9 (Timmerman and Wu, 1969).

It is seen from the figure that a cumulative volumetric strain due to cyclic loading
varies from contraction to dilatation when the sustained stress ratio exceeds the static
stress ratio ¢;/¢; at the minimum volume during static shear.

In the case of Fig. 9, the sustained stress ratio, /o, is about 0.5, and this is close
to the stress ratio at the minimum volume during static shear. Thus, it may be
reasonable to state from the above result that the total volumetric strain shows only
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and Wu, 1969)

contraction however large the dynamic shear stress amplitude, r;, may be.

If a comparison is made between Figs.9 and 17, the cumulative volumetric strain of
the rockfill material becomes about five times larger than that of loose sand, although
in the case of the rockfill material the specimen becomes dense by vibratory compaction
and the number of loading cycles is 2000 cycles fewer than 10000 cycles in the case of
sand. This suggests that the rockfill material shows a larger amount of contraction
than sand by cyclic loading. This may partly results from grain breakage. Fig. 18 shows
the relationship between the stress ratio, ((¢,s—03;) +0spr)/(015—035)s, and the parameter
R,=(0y—03)[(0,s;—0as); of the cyclic triaxial tests of a dry sand conducted by
Toki and Kitago (1974). (o,s—as;) and (oy,—03,) s show the sustained and peak deviator
stresses applied statically. Therefore, R, corresponds to z,/r,, in the present experiment.
ogspr shows the double amplitudes of the cyclic principal stresses, ¢, and g3 with the
phase difference of 180° and the same amplitude at the axial strain of 15%. Therefore,
(0,5—035) +ogpr 1s the deviator stress required to reach the axial strain of 15%. It is
seen from the figure that the stress, (o,,—as)+ospr, is much larger than the static
strength, (o, —04),, in a small range of R,, but decreases with an increase of R,,.

Thus, a kind of “dynamic strength”, (g,,—as,) +0ospp, decreases as the sustained stress,
(0,s—03,), increases. This is considered to be correlated deeply with the dynamic dilatancy
behaviours described above. That is, it may be possible to say that the ultimate dynamic
strength of dry sand increases more than the static shear strength in the range of the
sustained stress under which contraction occurs, and the ultimate dynamic strength
decreases in the range of the sustained stress under which dilatation occurs. According-
ly, it is understood that the increase of strength of the rockfill material indicated in
Fig. 9 consists with the trend of sand indicated above. Moreover, an amount of increase
in the ultimate dynamic strength is suggested to become larger in rockfill material than
in sand considering that an amount of contraction becomes larger in rockfill material
than in sand. ' ’
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Yield Stress Ratio and Dynamic Deformation Behaviours

The ultimate dynamic strength represents only an ultimate state of the material, and
is not always a proper criterion for the dynamic failure of actual soil structures. For
example, there may be some cases problematical to the stability of earth-structures that
the total shear strains in some parts of earth-structures reach 15% as shown in Fig.10
even if the ultimate dynamic failure does not occur in these parts.

Therefore, it is requred to examine the dynamic deformation behaviour before the
ultimate dynamic failure.

Paying attention to the dynamic deformation behaviour, the following findings in Figs.
9~13 are worthy of note:

(1) The total strains, (y,+7,) and (eys+e,,), increase abruptly when the stress ratio,
(zs+74)/0, exceeds the yield stress ratio, (z,/a,),.

(2) The yield stress ratio, (zys,),, is defined as the stress ratio at which the
incremental shear strain, 4y, increases abruptly, where the stress-strain curve begins
to bend remarkably.

These findings have already been reported in the case of sand by Tokue (1979). Fig.
19 shows the relationship between the cyclic stress ratio, z/p, and the change of void
ratio, de, of the cyclic simple shear tests on sand under the application of a constant
overburden pressure, p, and a constant shear stress amplitude, <.

As the sustained stress was not applied, the shear stress was in a perfectly reversed
state. It is seen in Fig.19 that the change of void ratio, Jde, increases sharply about
7/p=0.32, as the similar trend has been shown in Fig.12. Fig. 20 shows the relationship
between 4y and z/p of the static shear tests of sand in a similar manner as shown in
Fig.13. The incremental shear strain, 4y, increases sharply about ¢/p=0.32 in consis-
tence with the cyclic stress ratio at an abrupt increase of de in Fig.19. Moreover, the
agreement between the stress ratios where de and 4y take abrupt changes is confirmed
in a broad range of an initial void ratio under the overburden pressure of 50 to 200 kN/m?
as shown in Fig.21. It is seen from the figure that this “critical stress ratio”, (z/p).,
decreases with an increase of initial void ratio. Furthermore, it was shown with the static
shear tests using aluminium rods that the structure of rods were disturbed remarkably
more than the critical stress ratio, (z/p),. Tokue (1979) gave a mechanical definition to
the critical stress ratio and named it the stress ratio of critical disturbance by paying
attention to the variation of the grain structure during cyclic shear on the basis of a
two-dimensional stress-dilatancy model.

The dynamic deformation behaviours of sand described above are quite similar to those
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Fig. 19. Volume change of dry sand under stress ratio
cyclic loading in simple shear test Fig. 20. Stress ratio of critical disturbance

(Tokue, 1979) (Tokue, 1979)
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of the rockfill material. Accordingly, 12 o I ' A Peoere
the yield stress ratio, (r,/0,),, defined =5 o oe 1
above agrees with the stress ratio of ?@ NS o T"l-— stress ratio of
critical disturbance, (z/p).. g*% 045 = .\o\.? eritigal diStTrbame

From all the above considerations, ‘gﬁ a yield stress ratio
the following, summarization may be 5 . 5
possible to the dynamic deformation %S - 509
characteristics of granular materials: 35;'; "

(1) The yield stress ratio less than  °* V6 010 B e
the peak stress ratio exists, The gran- initial void ratio

ular material is in an unstable state Fig. 21. Relation between yield stress ratio and
stress ratio of critical disturbance (Tokue,

when it is subjected to the dynamic
1979)

loads exceeding the yield stress ratio,
and the material undergoes and possesses a large deformation and a disturbed grain-
structure.

(2) The yield stress ratio depends on an initial void ratio. The denser the specimen
becomes, the larger the yield stress ratio also becomes. In the case of sand, the
following relationship is expressed about the maximum value of the yield stress ratio

(Tokue, 1979) ;
T [T
mox (5,25 Joamtan

where max (z4a,), is obtained at the minimum void ratio, and (z46,)4s-0 shows the
stress ratio at the minimum volume during static shear. ¢, is the interparticle friction
angle of sand.

Considering the effect of body force indicated in the foregoing paragraph, the material
subjected to the cyclic load more than the yield stress ratio may be much more unstable
if the material receives significant body force at the same time. The above results
suggest that the yield stress ratio becomes an important criterion for the dynamic stability
of earth-structures.

CONCLUDING REMARKS

Considering a strong random earthquake, its mechanical effect on earth structures may
be characterized by both large dynamic stress and large vertical and horizontal body forces
(accelerations). The followings are concluded from the static and dynamic simple shear
tests of the rockfill material under two vibrating conditions with and without vertical
vibrations:

a) The influence of body force

(1) From the tests in which both vertical acceleration (body force) of 330 gal and
dynamic shear stress have been applied to the rockfill material, it is noted that the shear
and volumetric deformations become larger when the body force loosens the interparticle
confinement compared when the body force strengthens the interparticle confinement
under the same stress condition. That is, the body force has a large influence on the
dynamic deformation behaviours because the cyclic loading disturbs the grain strcture
and the interparticle confinement.

(2) Furthermore, the degree of influence of the body force is affected considerably
by the interparticle confining condition. In the static shear tests of the rockfill material
during vertical vibration, a monotonously increasing loading strengthens the interparticle
confinement. As a result, the strength and deformation behaviour are not varied by the
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vibration at least until the peak acceleration becomes 800 gal and the frequency exceeds
10 Hz.

b) The ultimate dynamic strength

If the ultimate dynamic strength is defined as the maximum shear stress by which the
specimen is failed in the same way as the static shear strength, the ultimate dynamic
strength of the rockfill material may be dependent on a sustained stress in the same way
as those of sand and clay. When the sustained stress is within the range in which zero
or negative dilatancy occurs, the volume of a specimen is contracted by cyclic loadings,
and as a result, the ultimate dynamic strength becomes larger than the static shear
strength. An amount of contraction becomes larger with rockfill material compared with
sand due to the grain breakage.

¢) The yield stress ratio and the dynamic deformation

The granular materials are in an unstable state when they are subjected to the dynamic
loads exceeding the yield stress ratio, and the materials undergo and possess large defor-
mations and disturbed grain structures. The yield stress ratio can be obtained from the
static shear tests. In the above sense, the yield stress ratio is an important criterion
for the dynamic stability of earth structures. All these results show that when aseismatic
design of earth structure is being made, the effects of body force and deformation
behaviour must be taken into account in order to determine the dynamic strength of
the material.
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NOTATION
c=cohesion
e,=initial void ratio
f=1Irequency of cyclic load and vertical vibration
g=gravity force '
N=number of cycles
t=time (second)
a,=vertical vibratory acceleration
ro=cumulative shear strain due to cyclic loading
re=amplitude of shear strain
7s=static shear strain
7ss =static shear strain at failure
dys=increment of static shear strain
esg=cumulative votumetric strain due to cyclic loading
esg=amplitude of volumatric strain
eys=static volumetric strain
0 =phase difference between dynamic shear load and vertical vibration
og,=overburden pressure
rs=amplitude of dynamic shear stress
ry=static shear stress (sustained shear stress)
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7y =static shear stress at failure
(zs/an)y=yield stress ratio
¢ =internal friction angle
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