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SUMMARY The properties of a pumice soil called Shirasu distributed especially in southern Kyushu of Japan

are varied from those of granular soil to those of weak rock in its undisturbed state,
cut-off slopes, the tensile failure is vnavoidable in the traditicnal vertical slopes,
with regard to the problem of tensile fallure causin

In dealing with its
This paper reports

g in the cut-off Shirasu slopes, dividing into three

parts; (1) the identification and classification of the undisturbed Shirasw applying a practical measure
called soll hardness, (2) strength and elastic constants of the undisturbed specimens in the triaxial com-
pression tests, and (3) stability analyses of the cut-off Shirasu slopes of 2z few kinds of slope angles not
only at the ordinary time but also at the time of earthquake, using the finite element method and the

seismic coefficient method jointly.

The third part indicates where the temsile failure arises in the

slopes, and the result proved the superiority of Kyushu Transverse Expressway in which the gentle cut-off

slope of 45 degrees was for the fFirst time adopted in the Shirasu-distrihuted area,

The guliey erosion is

there prevented by means of scrupulous drainage arrangements,

i INTRODUCTION

The properties of a pumlce soil called Shirasu
distributed in certain areas in Japan are varied
Trom those of grianular soil to those of weak rock
fn [rs undisrurbed srate, and there are knom no
cases ol rotat fonal shear-s1ide Fallure cevurring
to cut slopes In usual soll deposits., Shirasuw way
be classified as a soil similar te the yellow-brown
pumice soil distributed in North Island of New
Zealand., TIn dealing with these cut—off slopes, two
kinds of problems have to be faced; one is the
gulley erosion resulted from heavy rainfalls and
the other is tensile failure that is unavoidable in
the traditional steep cut-off slopes. The gullay
erosion is, however, prevented now by means of
careful drainage works, but there is much to be
made clear about the problem of temsile failure.

The authors made aa analytical study on the cut-off
slopes of Shirgsu using the finite element method
and from the wviewpoint of tensile failure, exclu-
sively on the statical condition (Yamanouchi et al,
1975). They have also published a study on the
failure mechanism of the undisturbed samples of
Shirasu where the rock mechanics approach was
applied (Yamanouchi and Murata, 1979).

This paper consists of three parts and the first
part deals with the ideantification and classifica-—
tion of the original Shirasu ground according to
the soil hardness, giving the result of statistical
analysis with the analysis of principal components
as its main point. In the second part, strength
constants of the undisturbed Shirasu specimen are
considered in relation with the tensile strength
and the hardness. In the third part, the stress
condition of slope, either at the ordinary time or
at the earthquake time, 1s analysed to compare the
value of slope angle with the occurrence and the
magnitude of tensile stress, and at the same time,
the significance of the result thereby in the
actual damage is discussed, Incidentally, in
carrying cut the analysis the finite element method
and the seismic coefficient method are jointly used
by regarding the original Shirasu ground bearing a
slope as an isotropic and lipearly elastic body.
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2 IDENTIFICATION AND CLASSIFECATION OF
UNDISTURBED SHIRASU

2.1 Object of TdentIficatlon and Clossiflent lon,
amd el indtfen of lardness

Slnce englocering properties of Lhe orbglual Shfvaan
ground are not homegeneous, belng considerably
varied according to its state, careful consider-
ation should be paid to the above-mentioned differ—
ence in the properties in the project of slope
angle, the slope protection work and the drainage
arrangements of cut-off siopes. Tor that purpose,
the identification and classlfication were carried
out depending upon the hardness by means of
Yamanaka’s soil penctrometer {(Yamanaka and Matsuo,
1962) which renders a measurement comparatively easy
in detecting the mechanical properties of Shirasy at
the fields,

According to Yamanaka (1965), the hardness is
defined as the force required for the material of
greater hardness to penetrate intc the inner part of
soll against the welded bonds among particles. 1In
this case, the authors will define the value measur-
ed by Yamanaka's soll hardness-meter, where a spring
that contracts 40 mm precisely agalnst the Toad of
78.45 N s used as the hardness of Shiramy. This
hardness of soll is obtained by reading the resist-
ance required for driving a part of the cone, 40 mm
long, 18 mm in bottom diameter and 12°40' in verti—
cal angle, into the soil by checking the contraction
length of spring. :

2.2 Determination ¢f Boundary Hardneass by*
Statistical Analysis

To identify and classify the original Shivgeu
ground, the authors have to determine first the
boundary hardnesses which are to be the indication
of classification. The principal component analysis
was carried out at first, based on the data obtained
frem the field investigation, followed by the iden-
tification and classification based on the hardnass
from the result. Then the frequency distribution
was examined by xz—tesc to see whether it would
assume a normal distribution, the significance of
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Figure 1 Group classification bagsed on principal

compenent analysis

group classification is confirmed by undergoing
F-test and t-test. Boundary hardness will be de-
termined later on by the average and the standard
deviation of hardness of each group already classi-
fied respectively. The data of investigation used
here have been collected from 84 sites in the
Shirasu-distributed avea of Kagoshima Prefecture by
Kyushu Engineering Office, Kyushu Construetion
Burcau, Miniscry of Public Works,

Flgure L shows the result obtained through the
principal component analysis by using 3 variables of
meisture content ratlo, specific gravityof particle,
void ratio, coefficient of uniformiry and hardness.
The ordinate and the abscissa in the figure repre-
sent the first principal component and the secondary
one respectively, both of which are the values
already normarized. The numerical values fixed to
each point signify the hardness (mm), and this hard-
ness makes it possible to devide each point in the
figure into 5 groups, as shown by a broken line. In
order to check whether or not the frequency distri-
bution of the hardness belonging to each group is
normal one, the authers evaluated theoretical fre-
quency distribution based on the average of measured
values and the standard deviation and carried out
the test. As the result, the hardness distribution
of each group was found out to be in a good accord-
ance with that of theoretdenl] frequency. When the
sipnilfcance of dndividual group classification was
examined by F-test and t-test, therefore, 1t was
confirmed that 5 groups fall under cther population
respectively. Accordingly, it is possible, if we
take (average hardness I standard deviatien) to
distinguish Shirasu thus classified into 5 cate-~
gories according to the hardness, to consider that
the first group lies within the range of 17.8 to
18.8, the second group 19.5 to 25.1, the third group
25.0 to 29.6, the fourth group 29.9 to 32.1 and the
fifth group 32.5 to 35.9 and that the boundary hard-
ness of each group fs 20, 25, 3C and 33.

From the result of analysis made so far Shirasu may

be classified into 5 groups of one with the hardness
below 20 mm, one between 20 to 25 mm, one between 25
to 30 mm, one between 30 to 33 mm and one above

33 mm, and each group will be assumed as equivalent

to its conventional name respectively, namely, very

soft Shirgsu, soft Shirasu, semi-hard Shirasu, hard

Shirasu and welded tuff.

3 STRENGTH CONSTANTS OF UNDISTURBED SHIRASY
SPECIMEN

3.1 Relation between Tensile Strength and
Hardness
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Figure 2 Relation between tensile strength and
hardness of Shirasu

Undisturbed samples taken from the fields by using
a specially devised cutter are characterized by the
fact that it bears tensile strength resulted from
the geological welding effect. This tensile
strength can be measured simply by means of the
spiitiing tensile test from the following equarion
(Akazawa, 19473
yay
Yt T "l O

where, Op: splitting tensile stremgth, P: compres-
sion load, d: diameter of sample, L: thickness of
sample. Incidentally, the fact that the splitting
tensile strength of undisturbed Shirasu becomes
nearly equivalent to the uniaxial tensile strength
has already been confirmed (Murata and Yamanouchi,
1977). Figure 2 shows the relation between the
splitting tensile strength of undisturbcd Shirasu
and the soil hardness measured at the same fleld as
the place where the undisturbed specimen is sampled.
As expected from the figure, it Is obvious that the
higher hardness index number rxises, the higher
tensile strength goes up. Also, the higher the
hardness is, the larger unit weight grows, and
therefore, the hard Shirasu is estimated to possess
properties most resembled to soft rock. In southern
Kyushu, therefore, there was n customary practice to
build the cut-off Shirasu sliope almost perpendlicular
as the countermeasure to protect the cut surface
from water flow in that rainy district, though no
measure were taken yet about the mechanical stabi-
lity. The tensile strength of very soft Shirasu is
extremely small, to a degree almost negligible, it
seems, but when compared with disturbed samples, the
effect from a welding effect is not to be overlooked.

3.2 Relation between Tensile Strength and
Constants

Elastic constants and shear strength constants can
be evaluated by carrying out the triaxial compres-
sive test, using the undisturbed samples taken £rom
the fields by using the specially devised cutter,
The characteristics of the sress-strain curve
cbtained from the test are; 1)} the relation of
stress with volumetric strain decreases linearly in
the initial stress stage, followed by the occurrence
of rapid dilatancy, ii) the difference between the
maximum axial stress and the residual deviater
stress is large. Since the Griffith failure crxite-
rion is applicable to the stress limit of the former,
Shirasu may be assumed as an elastic body in the
above stress zone. At this time of elastic limit,
the relation between Young's modulus £, in the case
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angle of shear resistance and tensile
strength

when the confining pressure is zero and Poisson’s
ratio V, and tenslle strength may be expressed by
the following equation, as seen by Figure 3
{Yamanouchl and Murata, 1979),

E, = 2.5 g,0.68 (2)
Vg = 0.50 - 0.121logd, (3}

As stated above, undisturbed samples have an elastic
domain in their initial deformation zone, but ulti~
mately they cause shear slide failure in the same
way as the disturbed Shirgsu, resulting in shear
failure. That point of time falls on that of the
maximum axial stress, and under this stress con-
ditiom, the modified Griffith failure criterion is
applicable.

In Figure 4 are given the relation between apparent
cohesion ¢g; and angle of shear resistance $¢, which
have been evaluated from the failure enveleop of
Mohr~Coulomb under the maximum deviator stress con-
dition with tensile strength. The Mohr-Coulomb
failure envelop of the undisturbed Shiragu changes
to a curve with the cohesion, and the value has
stopped below 0,2 MPa, Since the apparent cchesion
and the angle of shear resistance, evaluated from
the Mohr-Coulomb failure envelop under the comdfition
of residual deviator stress, are almost constant
independently of the tensile strength and nearly
agree with the values of them when the very soft
Shirasu gives the maximum axial stress, a rapid
growth of cf and ¢f with the increase of tensile
strength is understood as mainly resuited from the
welding effect of undisturbed Shirasu.
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4 STABILITY ANALYSES OF CUT-OFF SHIRASU SLOPES

4.1 Computing Method

The analysls domain for the finite element method
is given, as shown in Figure 5. As the object of
the present analysis is laid in grasping of the
slope behavior, it is planned in a way that the
effect from sides as well as lower boundary may be
prevented as much as possible. As for boundary
conditions, the horizontal displacement is re-
stricted against lateral boundary and for the lower
boundary the condition of perfect fix is given.

Concerning the elastic constant, here is used the
value of static condition as it is, even for the
pseudo-selsmic analysis, because there is hardly any
dynamic value to be obtained, excepting the cobserv-
ed value by Omote et al (1973), nor is the result
of observation made by Omote et al satisfactory
enough. The tensile strength of each Shirasu ma-
terial, elastic constant and shear strength
constants to be used for analysis are given in
Table I,

The key figure of the seismic coefficient method is
shown in Figure 6. As seen in the figure, each

TABLE I STRENGTH CONSTANTS USED FOR ANALYSES

. . Soft Semi~hard Hard

Kinds of Shirasu Shirasu | Shirasu Shirasu
Tensile strength

o, (kPa) 5 8 22
Apparent unit
weight Ye (kN/ma) 12.7 13.7 15.0
Young®s modulus

Eo (MPa) B 11 22
Poisson 3eratio 9.41 0.38 0.33
Apparent cohesion

g (kPa) 3o 42 80
Angle of shear
resistance ¢g (°) 38 41 45
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Figure 7 Maximum shear stress contours in case
of semi-hard Shirasu

element 1s subject to horizomtal force, which is
obtained by multiplying Dy the horizontal seismic
coefficient K besides its own wedight. In the case
the finite element method is used, the horizontal
selsmic force can be taken optionally for it, but
it was assumed here for simplicity that all elements
are constant, and the value K = 0.3 which was
estimated at the time of 1968 Ebino earthguake
(Research Commlttee on Shirasu, Japanese Soclety of
8M and FE, 1968) was adopted. Turthermore, as
shown in the figure, there are two ways of input
method in the seismic force acting upon the slope.
One 1s the case when the seismic force goes toward
the inside of the slope and the other is the case
when it goes out of the slope, and the direction of
the horizontal force acting upon each element agrees
with that of this seismic force.

4.2  Distribution of Maximum Shear Stress

In Figure 7, the maximum shear stress is traced
after equivaleant points on the slope where the slope
angle of semi-hard Shirasu is sither 45° or 90° re-
spectively. As plain from the figure, the maximum
shear stress at the part near the toe is smaller
than its statlc condition when the earthquake force
acts in the outward direction of the slope, but it
gets larger when the force acts in the incoming
direction. And on the gentle slope of § = 43°,
there appears conspicuously such™a concentration of
the maximum shear stress on the toe as that seldom
seen under a static condition. The magnitude of it
is, however, far smaller than the steep slope of

0 = 90°, and nmet only under static condition but
also at the time of earthquake the danger of shear
failure in the neighborhood of the slope toe is
presumably higher on the slope of a steep slope.

4,3 Tensile Stress Zone and Its Magnitude

According to the result of analysis, while the
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major principal stress of each element 1s on the
side of compression, the minor principal stress
turns to the direction vertical te the slope,
inelining to the compression side in case of gentie
siope, but showing the tensile side in case of steep
slope. Figure 8 shows tensile stress zone and its
maximusm value concerning semi-hard Shirasu. What
is to be pointed cut as a remarkable characteristics
in the figure is that, on a gentle slope of & = 45°,
there occurs no tensile stress even at the time of
earthquake, just as in case of static conditlon.

in case of the slope of 0 = 60°, there is merely the
occurrence of tensile stxess only on the slope
shoulder, similarly as in case of static condition,
with respect to the earthquake force going out of
the slope, but for the earthquake force coming inte
the slope the domain of tensile stress is seen to
spread almost entirely over the slope, showing the
maximum value at the slope toe. As it comes to the
steep slopes of & = B0° and 90°, the tensile stress
is seen to spread wider than that in case of static
condition, not only the entire surface of the slope
but also down to the depth of the siope, especially
when earthquake force acts iIn the direction enter-
ing the slope.

Tigure ¢ shows the relation between the magnitude
of tensile stress at the part of slope toe and slope
shoulder and slope angle. There the value at the
time of earthquake 1s recorded in the case when
earthquake force enters the slope. As easily
understood from the figure, the tendency of tensile
stress at the time of earthquake 1s the same as
that under the static condition, where the tensile
stress at slope shoulder slightly Increases with
the increase of slope angle, whereas the tensile
stress at the slope toe increases remarkably with
the increase of the slope angle. And the value

is then much larger than that under a static
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condition. Tensile failure of the slope at the time
of earthquake is, therefore, hardly possible to
occur at a gentle slope, but in case of a steep
slope the said danger is presumed to be greater at
the toe part, under a static condition.

Figure 10 shows the relation of major primcipal
stress and minor principal stress (tensile stress)
at 'the slope toe in the steep slope with the
tensile strength borne by Shiresu. It is obvious
that the minor principal stress (tensile stress)
which acts in the direction almost normal to the

slope is larger when the tensile strength is smaller.

As clearly seen from this, the major principal
stress (compressive stress) gives a fairly large
value and acts upon the slope 1n almast parallel
direction, the circumstances readily lead to cause
tensile failure in case of steep slope.

4.4 Relation between Local Tensile Failure
and Local Shear Failure

When the height of a slope, where the maximum
tensile stress occcurring in the slope becomes egual
to the tensile strength borne by Shirasu, is defined
as non-cracking critical height H.p, H., may be
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evaluated by the fellowing equation.

Hop = O ! Ovd . max (4)

Where, O.: the tensile strength possessed by Shirasu,
Opd . mayx® Maximum tensile stress occurring in the
slope., Hence, so-called non-eracking critical height
signifies that it is a certain element in the slope,
representing slope hedght at the time when there
oceurs tensile failure locally, and it is important
for investigating the stability of slope. By giving
light to the relation between this non-cracking
critical height and the slope angle of the slope
with respect to three kinds of Shirasu, we can dis-—
close the following facts, as shown in Figure 11,

First of all, let us pay attention to the kinds of
Shirasu. While with hard Shirasu it is found in
non-cracking state on the slope as high as some 20m,
even when it is a steep slope above 8 = 80°, with
semi-hard and soft Shirasu of small tensile strength,
nen~cracking critical height considerably decreases,
In case of O = 60°, there is expected tensile
failure on the slope shoulder, but the non-cracking
critical helght of hard Shirasu and seml-hard
Shirasu arises above 50 m, and there is no danger of
failure. At the time of earthquake, the nop-
cracking critical hedght of three kinds of Shirgsu
decreases further compared with that of static casa.
By the way, since the non—cracking critical height
in the case when earthquake force acts in the
direction going out of the slope arises higher than
that of static case, it is left out of the figure.

With the elements in a slope, as it is sometimes
expected that there might occur local shear faillure,
we have to investigate superfluity level 51, which
is ditected vertical to the Mohr—~Coulomb faillure
envelop of shear stress of each element. §p will
be given by the following equation, referring to
Figure 12.

G = (g, - ga)/2 ¢s)

{Gy + o3)/2 + sin $g + cf cos ¢f

Where, 0y, OUa: major principal stress and minor
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principal stress respectlvely, cg, 95: the apparent
cohesion and angle of shear resistance.

It is possible, therefore, to define the slope
height where elements Org <0, as well as 57, > 1 have
appeared in the slope as the slope helght H.g at
which local shear failure takes place. TFigure 13
shows the relation between critical height H.i, Hes
of each semi~hard Shirasu and slope angle of the
slope. As seen from the figure, H,, is larger than
Heg in case of 8<75° to be inverse in case of 62
75°, whether 1t 1s under a static condition or at
the time of earthquake. Such a tendency remains the
same either with hard Shirasw or with soft Shirasu.
It is therefore evident in case of a steep slope
that the local tensile fallure at the slope toe
plays a dominant part in the failure of slope.
Also, with the slope of 6 = 60°, it 1s presumed that
tensile failure has endangered the stability of the
slope before the occurrence of a complete shear
failure. Moreover, on the slope of 6 = 45°, where
there has taken place local shear failure with B =
45 m {static condition} and H = 20 m (eaxthquake
time condition), the domain is confined only to the
surface of the slope, nor there has oceurred any
local tensile failure, we can safely judge that it
is mechanically stable,

Again as the countermeasure agalnst tensile failure
on the slope, the authors have made it known that

cutting of shoulder part or some retaining works at
the toe part are effective (Yamanouchl et al, 1975).
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5 CONCLUSIONS

Congiderations made so far are on the 'stability of
the siope, which was worked out by the application
of the engineering classification of undisturbed
Shirasu and the finite element method as well as
the seismic coefficient method to each kind of the
original Shirasu ground bearing cut-off slopes.
The result obtained will be summarized as follows.

(1} The original ground Shirasu may be classified
into four categories according tc its hardness.

(2) The maximum shear stress is conspicuously
concentrated on the slope toe, more In case of
steep slope than 1n the gentle slope, and its
degrac 1a higher at the time of carthquake sand in
case of soft Shiraou,

(3) While tensile stress at each part of the slope,
except at the toe, increases only slightly when the
slope angle is larger tham about 60°; the tensile
stress at the slope toe increases with the increase
of slope angle, and its value 1s larger at the time
of earthguake and in case of soft Shirgsu than
under the statlc condition,

(4) With the slope of the slope angle larger than
75°, the local temslle failure surpasses the local
shear failure at the toe, and the tensile failure
of the slope is predominant. On the other hand,
non-cracking critical helght decreases considerably
at the time of earthquake,.
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