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Fig. 2: Conventional contoure of the density of poles
shown in Fig. 1. Contours %, 1, 3, 5, 7% per 1% ares.

If it can be considered that the centre of the
set represents the ldeal orientation of the joints
and that the scatter of joints arocund this ideal
orientation is due to chance causes then, as shown by
Vistelius (Ref. 7) and subject to some additional
limitations discussed by him, the population distrib-
ution along eny crose section through the jolnt set
may be approximated: by’ thé Normal Distribution.

Extending this concept to three~dimensions, if
the probability distributions along any two cross-
sections at right angles through the population are
normal and mutually independant, the population
follows a two-dimensional normal distribution as
shovn in Fig, 3.

Fig. 3: Representation of a Two~dimensional Normal
Distribution (From Crow, Davis and Maxfield Ref.®)

Fitting two-dimensional normal distributions to
Joint data 1s complicated by the presence of several
Joint sets, of which some may be overlapping. The
following graphic procedure makes use of the powerful
human ability for pattern recognition and, therefore
in the writer's opinion, has considerable practical
advantages over methods based on vector procedures
which are purely mathematical and difficult to
envisage,

The first step 1s to divide the joint system into
Joint sets using the density contours as a gulde. Two
great circles, mutually at right angles are then
dravn along the directions of near-symmetry through
the centre of each joInt set. Fitting great circles
in this manner is a standard procedure in structural
geology (Ref. 1), Where the joint sets are elongated,
the correct pesition of the great circles is obvious.
Where the joint sets are near equant, the great
circles may be placed arbitrarily.

The standard deviation of the angular distances of
the joint poles is then determined along each great
circle in turn., Where two joint sets overlap the
standard deviations are computed from the non-over—
lapping portions.

Elliptical contours, distorted by the properties
of the projection, are then drawn with the great
circles as principal axes for varlous multiples of
the standard deviation as shown in Fig. 4. These
contours define the estimated probability distribution
of the population represented by the joint set. They
are smooth in contrast to the density contours whose
minor irregularities are ugually not reproducible for
different samples, and are therefore meaningless in
terms of the population.

Fig. 4: Contours of 2-dimensional normal distribut-
ions fitted to three joint sets from the data showm
in Figs, 1 and 2. Contours are %, 1, 1%, 2 standard
deviations from the mean.

The equation of the elliptical contours, may be
derived from the standard formula for an ellipse.
With respect to the two great circle axes labelled X
and Y, the equation is:

x2 4

y =1 M2 Sy2 (1 - YR ) R — (1)

Using the properties of the two-dimensional
normal distribution given by Crow, Davis and Maxfield
(Ref, B), the theoretical probabllity of a joint
falling within any part of the distribution can be
computed. The goodness-of-fit of the distribution
can therefore be checked by means of the Chi-Sguare
Test (Ref. 8).



Although the normal distribution has the practical
advantages that its properties are well known and
easily accessible in tabulated form, its theoretical
development asgumes digtribution on a plane and 1t is
therefore an approximation when used to represent the
distribution of points on a projection of a sphere.

The approximation is beat when the dispersion is small.
If required, more precise Tepresentation such as
Fisher's distribution on a sphere could be used (Ref.
15).

Although the writer believes that the two-dimen-
sional normal distribution is prabably the best
estimation of the probability distribution of mest
natural joint sets it is emphasised that the proposed
design procedure does not necessarily depend on this
assumption, For example, in highly irregular joint
systems 1t may be suspected that the underlying
probability distribution is uniform. In this case
the area enclosed by any density contourimay be
predicted from the Poisson Distribution (Refs. 3 & 5},
and the goodnesg-of-fit determined by means of a chi-
square test,

Where no theoretical distributien appears applic-
able, the sample frequency distribution may be taken
ac the best estimate of the population probability
distiibution. However, in this case, a much larger
sample is normally required.

{d) Kinematic Testing

The purpose of kinematic testing is to determine
the range of joint orientatlons for which movement 1s
possible. If the action of the resultant force 1s to
move the block into the slope then failure is clearly
impossible and further consideration of the shear
strength of the joint is unnecessary. Extensive
discussions on kinematic tests for blocks bounded by
two or three jolnts are given in Refs. 4,9,10 and 11.
The simple tests given by Pamet (Ref. 9) are partic-
ularly useful.

Panet's tests distinguish between wedge type
failure, where the sliding occurs along the inter-
section of two joints, and block type failure where
sliding occurs along a single Joint. Wedge type
failure is kinematically possible only if the line of
joint intersection is undercut by the slope. Block
type failure can occur cnly if the line of the
direction of movement on the joint is undercut by the
slope. Panet examines only the case where the
direction of movement is along the true dip of the
sliding joint which is the case where gravity and
hydrestatic uplift are the only active forces. How-
ever the method can be generalised to include the
effects of earthquakes and any external forces by
using the methods deseribed by John (Ref. 4) to
determine the ditectiom of the resultant force. The
direction of movement is then given on the equal-area
projection by the intersection of the great circle
representing the joint plane and the vertical great
circle containing the direction of the resultant
force.
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The problem of kinematic analysis is reduced to
its simplest form in the situation where gravity and
hydrostatic uplift are the only forces involved,
sliding can oceur only along one set of joints, and
tensile separation can occur in many directiens in
the rock mass. Fallure in this case is kinematically
possible only when the true dip of a foliation joint
is undercut by the slope.

SLOPL
DIRECTHON

Fig. 5: Kinematic Test for sliding along a single

joint., Use is explained In text.

On Fig. 5 the great circles on the right hand
side of the diagram represent various possibilities
for the design rock slope. The closed curves on the
left hand side are the locli of the poles of the
joints whose true dips lie on the corresponding rock
slope {e.g. joint 3 in Fig. 4). These curves enclose
the poles of all joints whose true dips are undercut
by the indicated slope; that 1s, all joints that are
kinematically unstable with respect to the slope.

(e} Limiting Equilibrium Analysis

A review of limiting equilibrium methods by Hoek
(Ref. 12) shows that the relationship between shear
gtreas t and normal stress o at failure can be
adequately approximated by a straight line relation-
ship:

r=c+ (g - u) tan (P + 1) ==— (2)

In rock slopes the cohesion c is primarily due to
the presence of Tock bridges between jolnts as
discussed by Jennings (Ref. 13) and Robertscn (Ref.2).
The surface frictlon P is determined by the nature of
the rock materlial and probably by the effects of
minor undulatiens on the joint surface.

The angle of roughness (i) is defined by Patton
(Ref. 12) as the average angle between the major
mdulations on the joint surface and the direction
of sliding along the joint.
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Vo = the volume of rock excavated in excess of
that required for a vertical slape

The cost of slope faillure is given by:

Cs = Pg (Cq + Ch VE) ~== (9)

Where Ca represents those costs that are independ-
ant of the volume of material in the slide, such as
part of the costs for loss of production, mobilizatien
of equipment, and the costs of slope menitoring.

Determination of the portion of the cost of failure
that is proportional to slide volume is complicated
by the fact that the probability of failure and the
expected volume of failure are related quantities and
are both determined by the probability distribution
of the joints behind the slope. 4 steep slope will
fail back to the plane of the undercutting joint which
can lie anywhere between the plane of zero probability
of failure and the excavated slope surface. The
product Vi Pf is therefore best determined by an
incremental procedure as follows:

Fig. 10: Slope divided into a series of n elements.
If the slope is considered to be divided into a
series of n elements as shown in Fig. 10 such that the
base of the 1st element is along the plane with zero
probability of failure,the top of the nth element is
along the proposed slope surface, the volume of the

ith element 1s Vi and the probability that a joint
undereuts the base of the ith element is P1 then:

Pg Vg =

Fig. 11 shows the curve of total cost per foot of
slope vs. slope angle for the example, assuming
Ca = 0 and the slope direction and probability
distributlion of the joints are as shown in Fig. 6
and the probability of failure is as shown in Fig. 9.
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Fig. 11: Plot of Total Cost of Slope vs. 8lope Angle.

The following conclusions may be drawn from Figs.
9 and 11:

(1} The slope with the least total cost ($600 per foot
of slope length) 1s between 45 and 50°, The
probability of failure for a slope of 45° 1is 10%
compared to 19% for a slope of 50°,

(2) The slope with zero probability of failure is 34°,
This slope has a total cost of £1,130 per foot,

It i1s iInteresting to note that a safety factor of
1.5, applied to the slope of zero probability of
fallure in this case would result in a cut slope of
24° which would be 3° flatter than the natural slope.
This illustrates the absurdity of applying arbitrary
safety factors to slope designs already based on the
worst likely conditions.

vV EXTENSION OF THE PROCEDURE TO SLIDING ON
COMBINATIONS OF JOINTS

When more than one joint set is involved in the
formation of the sliding surface the problem is
complicated by the fact that the joint sets are zarely
independant in their orientations, A conservative
method is to assume that the joint sets are completely
dependant so that any joint in the first set willl be
combined with a joint in the second set that is
orientated to form the least stable combination. The
methods of John (Ref 4) can then be used to define the
areas of kinematicallyand kinetically unstable orient-
ations for joint set 1. The slope design can then be
completed as described in the previous section,

The least conservative approach 1s to consider
that the joint sets are independant so that the
probability of finding any combination of erientations
is the product of the probabilities of finding each
orlentation alone. An intermediate approach, which
the writer feels 1s probably the most realistic in
many cases 15 to assume that any joint in one set is
combined with the mean joint orientation in the other
set,

In open pit mines large scale failures gceur along
complex fallure surfaces which may consist partly of
major weakness such as faults and partly of step-like
surfaces composed of many Joints, 1If as shown in Fig.
12, the failure is rotational it may be analysed by
the methods of soil mechanics as suggested by Wilson
(Ref. 14) uaing the failure criterion given in
equation 2. In this case one of the principal
variables is the roughness of the step~like series of
joints. The probability distribution of the roughness
can be determined for any small portion of the failure
surface by the following method:

(1) Determine the probability distribution of the
joint set forming the flatter portion of the step.

(2} Plot the direction of the average failure surface
as a pole. The angle between this pole and a
given joint orientation is the angle of roughness
where this joint direction prevails.

(3) Determine the probability that a joint pole lies
within any required radius of the pole to the
failure surface by constructing inclined small
circles around the pole and analysing by the

graphic procedure described in the preceding
section.
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was developed which plotted contoured equal area

projections of the joint poles and which automatical-—
ly weighted the readings to compensate for the effect
?f dril% hole orientation using the method of Terzaghi
Refa 7).

Contoured equal area projections of the wealmness
plane orientations in the various gones are shown in
Fig. 4« Three joint sets are evident.

{i) Bedding joints, striking north south and
dipping TO" west are prominent in zones 1 and
2. Bedding is present, but is not a major
weakness plane, in zones } to &.

{ii) Microfaults, parallel to the cleavage in the
slateg, striking north socuth and dipping '{0o
to 80° east are most prominent in zones 3 1o 6.
Although shear features, these are typically
discontinuous and are mainly breasks on chlorite
filled veins.

(1ii) In all zones there is a family of joints whose
poles lie in a girdle containing the bedding
plane; the joints are therefore perpendicular
to bedding. The girdle usually containsz two
maxima defining joints described as set 1
striking north south and dipping 20° — 307 east,
and set 2, striking eastwwest and near vertical.
These joints are tension features and are
typically discontinuous.

Analysis of joint spacings, including correct—
ions for borehole inclinations, indicates that the
average spacing for each set in each zone is general-
ly in the range 1 to 2 ft. The rock mass is there-
fore composed of approximately egquidimensional unit
blocks.

No major fault sones were encountered although
drill core cannot easily distinguish between minor
and major structures. The pattern of faulting in
this part of the mine {Ref. 5) is such that only
north-south and east~west striking faults, both with
near vertical dips, would be expected. Both types,
determined from geological mapping of the mine work-
ings, are shown in Figs. 1 and 2, but neither is
oriented unfavourably with respect to the open cut
batter.

IV.— STRENGTH PROPERTIES OF JOINTS

Sliding friction tests were conducted on
typical specimens of the various joint sets using
a modified triaxial c¢ell which permitted large dis—
placements on the joint plane (Ref. 6). Despite
wide variations in surface roughness and surface
coatings the frictional properties fell within a
relatively narrow range. In nearly all cases the
shear stress — normal stress plot gave a linear
relation with an angle of friction ¢ in the range
250 ~ 35 and a cohesion intercept, ¢, in the range
50 = 200 lb/in.z. Furthermore, these values were not
significantly altered by pore pressure in the joint,
provided that the results were calculated in terms
of effective stresses.

Ve~ SLOFE STABILITY ANALYSIS

Because of the well defined bedding and joint—
ing in the rock forming the batter, it was consider—

151005 276

ki 1359 119 151015

184 14,812

Fig. 4 Contoured equal area lower hemisphere
projections showing weakness plane orientat-
ions as determined from oriented drill core.
Numerals denote number of readings and
contour intervals respectively.

ed that limit equilibrium analysis of blocks =liding
on these weakness planes was the most appropriate
method of stability analysis for a preliminary study.
The three major weakness planes determined by the
structural analysis influence the stability as
follows.

(i) The bedding planes cannot be primary surfaces
of failure since they dip inteo the batter.
They can, however, be impertant secondary
failure planes which separate blocks tending
to slide on other planes.

(ii) The microfaults dip in general, from 700 east
to vertical. Therefore they cannot be primary
gsurfaces of failure, but will again be impori-
ant secondary failure planes.




(iii) The joints normal to bedding are likely to be
the most important primary failure planes in
the batter. The east dipping joints will pro—
vide single planar failure surfaces. In
addition, the wide range of orientation of the
joints means that tetrahedral blocks of a
variety of shapes will have guestionable
stability.

(a) PFlane Failure

The simplest case of plane failure is that of a
slope of height H and inclination ﬂ y containing a
continuous joint plame with inclination of passing
through the soe (Pig. 5(a}). The factor of safety
(F), defined as the ratio of resultant available
resisting force to the resultant force iending to
cause collapse, is given by

f=ltang , _z2csing 0
fon o YHSin o sin(g—x)
Therefore, for given values of o , c and ¢ the
factor of safety is a function both of the height H
and inclination @ of the slope. For ¢ = 0 the slope
will be stable only if ec< ¢

The presence of bedding planes and microfaults
makes this mode of failure, termed case &, rather un-
likely. More likely failure modes are shown in
Fig. 5(b) and 5(c} with secondary failure on bedding
(case B) and microfaults (case C}, respectively.
However for both these cases the expression for
factor of safety is identical with equation (1).
Since the factor of safety is inversely proportional
to H, the height of the sliding block, for any given
glope the most likely sliding plane is that passing
through the toe of the slope.

A more critical condition is shown in Fig. 5(d)
where the secondary failure plane is located behind
the top of the slope {case D). This is analagous %o
the case of a tension crack in slope stability
analysis and the factor of gafety is given by

__tond,

fan e

2¢(1-%) , (
Y H sin% (colx - col's - {B)col=)

where % is the depth below surface of the secondary
failure plane. The factor of safety in this case is
a minimum when the secondary failure plane is '
approximately midway bebtween the top of slcpe and
trace of the primary failure plane.

TABLE I

VALUES OF COHESION NECESSARY TO MATINTAIN STABILITY
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Slope angle Cases A,B,C Case D
degrees 1b/in. 2 1b/in.>
40 8 9
45 15 16
50 20 23
55 24 30

Fig. 5 Four possible cases of plane failure on
east-dipping joints.

The joints are statigtically normal to bedding
vwhich dips west 60° to 80° and the angle o¢ is
generally in the range 0° $o 10°. Since @ normally
lies between 25 and 35 , in most cases stability can
be maintained by friction alone. Under cerfain
circumstances, however, a joint with high angle may
have low friction angle @. The worst gombination
likely to occur is o< = 35% and ¢ = 25,  For
H =550 £ and ¥ =165 1b/ft3 the values of coheslon
¢, required to maintain stability (F = 1.0) are set
out in Table I.

These cohesion values are small compared with
those measured in laboratory sliding friction tests
on jointe, which were in the range 50 to 200 1b/in.Z.
Moreover the analysis is conservative, since the
joints are charact eristically discontinuecus, and for
failure to occur material bridges must be sheared
or, alternatively, a continuous but stepped failure
plane formed. In the latter case {Fig. 6} the stable
slope for ¢ = 0 is (e¢ + &) where the angle bisa
function of the shape of the unit blocks formed by
the joint sets. For equidimensional blecks, which
approximate the present situation, & = 26° and the
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Geotechnical Investigations for Slope Stability Studies
in Brown Coal Open Cuts
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SUMMARY,~ Major thermal power statioms in the Latrobe Valley, Victorla, are fired with brown coal excavated

from the large Yallourn and Morwell Open Cuts.

Batter stability problems arise because of such factors as the shape and depth of the open cuts, the
geological structure of the coal seams, the presence of clay layers immediately beneath the coal seams, and
from the plezometric pressures in the coal and wnderlying sand aquifers.

The paper describes some of the field investigatione being carried out to ald assessment and prediction

of batter stability in the Morwell Open Cut.

These include the mapping of geological structures, the measure-

ment of surface and sub-surface vertical and horizontal movements, the observation of pilezometric pressures 1o

coal seams and interseam sediments and the laboratory

determination of physical properties of these materials.

Yeatures of the work include the installation of piezometers and extemsometers in boreholes to depths up

to 720 feet, the development of extensometer anchors

for brown coal, the sealing of piezometer and other

installations by speclal chemical muds and the use of precise borehole inclinometers in difficult sub-surface
conditions involving high water temperatures and pressures.

1.~ INTRODUCTIONW

As with all open cuts, stability of battera is a
major problem. The materials involved in the large
brown coal open cuts of the Latrobe Valley consist of
brown coals, clays and sands. About 80% of the perm-
anent batters and most of the operating faces are
made up of browm coal and, because of certain phys-
1cel properties of this meterial, it has been found
that stability and movement of batters are a geotech-
nical problem. Inveetigations of stability and of
the factors likely to influence stability have been
carried out for many years, and have included some
unusual features.

During 1970, theee investigations were inten—
gified at Morwell in collaboration with Golder,
Brawvner and Assoclateg Ltd. of Vancouver.

1I.~ GEOLOGY

The Tertiary deposits of the Latrobe Valley
Depression include up to 2,500 feet of fresh water
sediments kmown as the Upper Latrobe Valley Coal
Measures. These consist of three main groups of
thick brown coal eeams interbedded with clays snd
gands (Fig. 1, Ref. 1).

The sediments were deposited in a slowly subsld-
ing basin in which swamp conditions prevailed and
where the rate of subasidence of the floor of the
basin coincided with the rate of accumulation of
decompoaing plant debris. Occaslonally the rates
were not preclsely uniform and, as a result, the peat
gwamps tended to migrate causing two lower groups of
peams to be split in several areas. At other times

very minor changes in water level cauged changes in
the character of the developing peat and hence in the
resulting peat. These variations can be seen in the
banded character of exposed faces of cosl, In some
areas the formation of brown coal continued for very
long periods of time and up to 750 feet of continuous
coal has been proved in the Loy Yang field.

The interseam sediments of the Coal Measures
include lensing beds of aand which contain water un-
der pressure. Where ground levels are low the water
is under sufficient pressure to flow at the surface.
The inteke areas for the various squifers separating
coal seams in the Yallourn-Morwell area are consider-
ed to be located aslong the south-west, west and
northern edges of the basin, Some of the basalt
flows which underlie the Coal Measures and outcrop to
the west are also considered aa probable Intake beds.

Deposition of the Coal Measures ceased with the
laying down of some hundreds of feet of clays over
the youngest or Yallourn Sesm. Subsequently, the
sediments were uplifted and folded, wuch of the
differential movement probably reflecting faulting in
the Hesozolc basement,

Apart from the Loy Yang Dome and the Baragwanath
Anticline, the major structural features are a series
of more or less en—echelon monoclines. Separating
these structures are gentle synclines and anticlines,
mostly pitching in a northerly direction at about 2
to 4 degrees.

DPrilling has not disclosed amy major faulting in
the Coal Measures. No faults at all have been
obgerved in the Yallourn Open Cut but numerous small
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(b) Geometry Or Shape Of The Open Cut

Movements and batter stability are related to
the length of unsupported faces and are aggravated
by any "nose" structures in the open cut boundaries.
Overall batter slopes similarly influence movements
and stability,

(c) Geologic Structure Of The Caal Deposits

Planes of weakness, particularly joints, exist
in the coal and are considered to contribute signif-
icantly to potential movement. A major crack pattern
predominates, comprising near vertical ecracks
oriented mainly in a NNW-S5E direction (Ref.1; Ref.
4). There are in addition a number of low angled
and intermediate angled cracks. Shear hag frequently
occurred along these low angled cracks but, despite
agsociated movement on coal levels, this has not
caused major instability of the operating coal faces.

(d) Subsidence Due To Increase In Effective
Pressures Arising From Reduction In Artesian
and Groundwater Pressures

The water pressures in the No. 1 and No. 2
aquifers have been considerably reduced - by as much
as about 350 feet in the case of the No. 1 aquifer.
In addition the groundwater table within the over—
burden and M! coal seam has lowered with deepening of
the cut and associated increased drainage of ground-
water through the batter faces. This reducticn in
artesian and groundwater pressures gives riese to
increased effective pressures and could induce strata
subsidence.,

{e) Horlizontal Movement Due To Differential
Subsidence

A gubsidence iIncreases towards the open cut,
the strata will tip towards the cut and will alsc be
in a state of tension, This could lead to the open-
ing of existing cracks in the coal and to the
development of high lateral hydrostatic forces as
the cracks become filled with water.

(f) Block Movements On Clay Layers Triggered
By Water Pressures In Tension Cracks,

Block movements of coal on the clay layer which
underlies the M1 coal seam are theoretically possible
because of the low residual strength of the clay and
the high lateral hydrostatic forces in vertical
tension cracks in the coal (Ref. 5). Movements
which can occur due to these conditions appear to be
of a start-stop nature. As the water pPressure
increases (perhaps due to heavy rainfall) movement
wlll occur when the hydrostatic force exceeds the
friction resistance at the bage of the block plus the
passive resistance of any coal remaining in the floor
of the open cut. This movement is associated with
the widening of the cracks but ceases as soon as the
pressure is relleved. The passive pressure offered
by the thickness of coal remaining in the flpor of
the open cut above the clay layer appears to be an
ilmportant factor in resisting block movements.

(g) Shear Failure Of The Underlying Strata

A bearing capacity type fallure of strata under—
lying the batters is a factor to be considered as the

open cut is deepened.

In the floor of the open cut, heaves of up to
i0 feet have been measured as each new levael has
been developed. Since survey pegs could not be
established until after the coal was excavated, the
actual heave would be even greater than the measured
values.

Lateral pressure exerted by the batters and
excess water pressures in wmderlying aquifers are
additional factors which could contribute to heave
of the floor of the cut,

At present the water pressure in the No, 1
aquifer has been reduced to a value which is less
than the pressure due to the welght of overlying
strata. However, the plezometric head in the No. 2
aquifer is now about 140 feet above the floor of the
open cut and is gufficlent to contribute significant-
ly to the heave,

The heave is being controlled by lowering the
artesian pressures in order to prevent materiagl in
the floor of the cut from becoming cracked and
consequently weakened, thus avolding migration of
water from the aquifers into the base stratum and toe
of the batters where the maintenance of atability is
most critiecal.

Another concern 1s whether heave of the base is
accompanied by lateral movements of clay and aquifer
sand.

V.~ FIELD INVESTIGATIONS AND INSTRUMENTATION

Vertical and horizontal movement of surface
points in and around the open cuts have been obtain-
ed, over a period of 30 years, through regular preci-
slon surveys of bench marke and lines of pins.

Jointe in the coal play a major role in block
movements within the open cuts and, as a consequence,
a succession of "crack surveys" has recently been
carried out by geclogy vacation-students. From these
field surveys, structural analyses have been effected
(Ref. 4). Some areas of potential Inatability of
wedges and blocks have been located, but these are
not regarded as sufficiently large to constitute a
major slide.

Present studies also include investigations of
aquifer materials (Ref. 6), measprements of crack
intensities, computerised plotting of crack-pole
stereograms and detailed mapping of coal faces.

Over the past 10 years, the investigations have
included detailed bore-hole instrumentation.
Progressive improvements have been made in instrumen—
tation and installetion methods and, by 1970, the
most modern available equipment was being installed
by trained and experienced operators.

Investigations in recent years have been con-
centrated in Morwell Open Cut where stability prob-
lems are considered to be more complex than at
Yallourn. The following section of this paper
describes experience gained at Morwell during the
installation of borehole monitoring sensors down to



720 feet below gurface.

A rotary Failing 1500 rig was used for high
gpeed drilling and coring operations while percu-
gaion equipment, of types Goldfields G33-34 and
Ruston 225W~60RL, was used for other controlled
drilling and instrumentation, Four-inch and six-
inch diameter cores, which were taken with Triefus 5
feet triple-tube core barrels, were retained in solid
inner sleeves and treated on site to prevent initial
loes of moisture or disturbance.

Instrumentation within vertical holes may
conveniently be subdivided into extensometer, incli-
nometer and plezometer categories. Unusual
techniques associated with installation within each
of these categories are worthy of record.

{a) Extensometers

Preliminary tests on a recommended commerclally
available hydraulic extension anchor {manufactured
by Slope Indicator Co., Seattle, Washington, Usa)
indicated that the standard anchor was unsuitable for
penetration into Morwell browm coal. In order to
counter this deficlency, prong terminations were
gharpened, prong gulde heads were enlarged to near
actual bore diameter, and plston barrels were either
increased from 1% te 2 inch od. or heavier gauge oil
pressure lines were used. Subsequent installation at
oil line pressures of up to 2,500 psi provided
satisfactory prong penetration and anchorage.

As many as six anchors were satisfactorily
placed at various positions within individual
partially cased boreholes. Despite all feasible pre-
cautions, including the use of heavy drilling mud as
a means of support, caving of the walle of some bore-
holes occurred during installation of anchors. These
ingtallations had to be elther abandomed or modifiled.

{b) Inclinometers

Two accelerometer-type inclinometers are pres-
ently being used for bore surveys; an SEC Vic. -
University of Tasmania Mark 2 instrument, with a
designed accuracy of 1 part in 1,000, and a commer-
cial probe ("Digitilt" inclinometer, manufactured by
Slope Indicator Co., Seattle) with a designed
aceuracy of 1:10,000. The SEC instrument has been in
continuous use over a number of years and the
Digitilt for about six months.

Installation of aluminium inclinometer guide
pipe for the 'Digitilt" instrument necessitated the
maintenance of accurately aligned, clean guide-wheel
channels within the entire length of 3 inch id.
fluted casing. Precision cradles were constructed to
ensure accurate alignment of joined casing sections,
while great care was exercised in ensuring a
completely dirt and water-tight join. Excellent
seals, selectively tested to 50 psi were obtained by
butt-joining sand blasted pipe ends with a short pop-
riveted aluminium sleeve and by liberally coating
both inner and outer sleeve surfaces with Bond-0-Fil
plastic filler paste.

{(¢) Plezometers

Perhaps the most intricate technical procedures
were established during inetallation of up to 6 pore-
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pressure transducers (manufactured by Slope Indicator
Co., Seattle) to depths of 720 ft within a single
bore. Effective water seals between plezometers were
achieved by the pumped introduction of a 30 ft + col-
umn of diesclins based mud formulated on the weight
basis 14 dieseline, 5 cement, l0 bentonite. This so
called "gunk" mud solidifies and slightly expands on
contact with water held 1n the bore and ultimately
sets into a very effective seal with an unconfined
compreseive strength of > 30 psi. Water and "gunk”
cannot be allowed to mix within the delivery pipe
and, in order to effect this essential separation,
each measured volume of "gunk" is bracketed by
diesoline slugs. A greased squash ball, punctured
and weighted to give positive density, was found to
be a cheap, extremely effective squeegee for
isolating separate fluid slugs within the 1,5 inch
diameter polythene delivery tube,

Other equipment includes two types of stress
meter which also required comsiderable skill in their
installation, No useful results have been obtained
from these meters to date and this type of Investigae-
tion has been temporarily suspended.

Comments on installations at Morwell Open Cut
would not be complete without note of the recent
establishment of approximately horizental 6-inch
diameter drainage holes driven 800 feet into browm
coal and equipped with perforated pipe. The purpose
of these bores 1s to assist in the stabilization of
the toes of batters.

As indicated above, the coal seams have an un-
usually high temperature gradient and are underlain
by hot waters under high pressures. The coal and the
interseam sediments are relatively soft materials,
Iiable to be disturbed at any time by earth move-
ments. TFor this reason, the successful installation
of multiple equipment down deep boreholes in the sho-~
rt time available while the hole remains open, in
conditions of hot pressure waters, is a tribute to
the skill of the operators.

VI.- IRTERPRETATION AND SIGNIFICANCE OF DATA
OBTAINED

Field measurements are being made first te
determine the factors which contribute significantly
to the movements and second to obtain data for ailding
the prediction of movements associmted with the
development of existing and future open cuts.
Extensive laboratory investigations of the properties
of the various sub—surface materials (coal, clay and
sand) have also been undertaken and, while these form
an essential part of the overall stability problem,
it is not proposed to cover the laboratory investiga-
tions in this paper.

In discussing the field measurements, it 1s
proposed to direct main attention to the first of the
two aspects mentioned above, because the accumulation
of data necessary for improving predictions of future
movements is a longer term project. For example,
extensometer installations very quickly delineate the
atrata in which movements are taking place and hence
satisfy the first ailm at an early stage of the
investigations. On the other hand, data on the amount
and rate of consolidation of strata essentianl to the
prediction of future movements are necessarily very
limited in the short term.
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The overall shearing displacement is about 8
inches. Concurrently with these inclinometer mea-
surements, pegs on the floor of the open cut on a
line at right angles to the northern batters were
surveyed, It was found that the pegs were stable up
to lat July, but then moved to the south by an amount
7 inchea at the toe of the northern batters, decreas-
ing progressively to an amount 4 inches at a coal
lifting crack about 400 feet from the toe. This
means that part of the coal remaining in the floor of
the open cut moved with the batter coal.

(c) Piezometers

A knowledge of the water pressures existing in
the various atrata is necessary for stability calcu-
lations and for investigating the question of subsi-
dence arising from reduction in artesian and ground-
water pregsures.

Regults obtained with modified Casagrande type
plezometers have previously been discussed by Donald
and Krehula (Ref. 7). It was showm that the results
were conslstent with the assumption that unconfined
groundwater flow - either through the coal or more
probably along cracks ~ controls the water pressures
in the upper layers of the M1 coal seam, whereas the
aquifer pressure has an appreciable influence on the
lower layers of the seam.

Recent results obtained with the pore pressure
transducers supplied by Slope Indicator Co., confirm
that the pressure-depth relationship in the M1l coal
seam shows a distribution of pressures which is less
than hydrostatic, It has also been noted that the
pressure measured in the top of the M2 coal seam iz
significantly less than that measured iIn the baae of
the ¥1 coal seam.

Ground water seepage in the Ml coal seam towards
the open cut would, because of curved equipotentials,
give rise to a pressure distribution which is less
than hydrostatic. It now appears that the influence
of the changing aquifer pressure on water pressures
in the lower layers of the Ml coal seam may not be
80 significant, and this question is being further
investigated.

VII.- CONCLUSIDONS

Investigations for slope stability studies in
the Latrobe Valley open cuts have been in progress
for many years, latterly in collaboration with
Golder, Brawner and Associates Ltd. of Vancouver.

As part of this programme it has been necessary
to develop or adapt instrumentation and techniques
for installations in boreholes up to 720 feet deep
in the difficult subsurface conditions which prevail
at Morwell particularly. Notable examples are:

(a) the sealing of multiple piezometer installa-
tions with a mud formulation known as
n gunkll ;

(b} the development of extensometer anchors for
brown coal, based on an hydraulic anchor
nanufactured by Slope Indicator Co. of
Seattle;

(c) the installation of mealed lengths of
grooved '"Digitilt" aluminium inclinometer
casing.

Horizontal drains up to 800 feet long have also
been introduced from the toes of batters to aid
batter stability,

Geotechnical investigations as described in the
paper are a necessary part of the development of the
major brown coal open cuts in Victoria.
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The Practical Application of Thermal and Freezing Methods
to Soil Stabilization

By

T, Fuju
(Chief Engineer and Manager, Deparment of Engincering Development, Sanshin Kensesu Kogyo Co. Ltd., Tokyo, Japan}

SUMMARY.- Principal practical methods for thermal s0il stabilization are described, designed to strengthen the

soil deep below the surface of a slepe or under a foundation.

are compared,

Field data for two main types of heat treatment

For temporary stabilization of deep cuts, the so-called 'Quick-Freezing!' method using liquefied gas is out-

lined, and exemplified from experience.
pressures higher than those of conventional grouting.

I.- INTRODUCTION

In recent years thermal soil stabilization has
been attempted to prevent landslides in the U.5.S.R.
and Rumania. This method aims at strengthening the
s0il deep below the surface of a slope or under a
foundation.

The principle underlying this method is that
structural changes of the clay minerals will produce
stable soil particles when the temperature exceeds
400°C, and the strength obtained will not greatly
diminish even under submerged conditions.

For the temporary stabilization of cuts which
are deepened gradually, the so-called "alluvial grout-
ing" technique has been used for about 10 years, to
stop seepage through the gaps of the temporary timber-
ing. However, conventional grouting techniques are
not especially reliable for Japanese soils because
these are often non-uniform. In contrast to these
methods, the freezing method is the most reliable,
except for a few cases., The conventional brine cir-
culation method, though, is expensive and necessitat-
es periods of relatively long duration to complete the
desired freezing zone,

In this paper some practical applications of
thermal soil stabilization and quick freezing by the
use of liquefied gases are described. Also, a newly
developed injection technique which uses pressures
higher than those used in conventional grouting tech-
niques is outlined.

II.- PRINCIPLES AND PRACTICAL APPLICATIONS OF THERMAL
SOIL STABILIZATION

It is difficult to prevent local slope failures
in fine grained soils with relatively high moisture
content.

In recent years thermal soil stabilization has
been attempted to prevent landslides and similar fail-
ures in the U.S5.5.R. and Rumania., The principle in-
volved in this method is that structural changes of
the clay-minerals will produce stable soil particles

Reference is also made to a newly developed injection technique using

at temperatures exceeding 400°C by the bonding of
particles to each other, as is evident from Fig. 1.
The increased strength obtained will not greatly dim-
inish even under submerged conditions.
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Practical application of the thermal treatment
method is divided into two types:

The open (smoke-dust) type.
The closed (pressurized-burning) type.

The former is used in Rumania and consists of
two bored holes connected together at the bottom. The
burning equipment is placed over one of the two holes,
The latter is commonly used in the U.5.5.R., and uses
various fuels (gaseous, liquid or solid fuels) which
are burned by means of a special burner placed over
the closed hole with temperature controlled by keeping
excess air pressures between 0.25 - 0.50 kg/sq cm,
The heating of the soil is performed by infiltration
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produced at a central furnace and circulated between
groups of individual holes and the furnace by means of
a closed circuit system.

The injection of some kind of inflammable and/or
cooling material should also be investigated in order
to keep a satisfactory combustion in the closed type
of treatment.

ITI. THE PRINCIPLES AND PRACTICAL APPLICATIONS OF
QUICK FREEZING

As stated earlier, freezing is a reliable method
for temporary soil stabilization of deep cuts, includ-
ing shaft sinking, shield or pipe thrusting, tunnell-
ing, construction of frozen earth storages, etc.

Artificial freezing itself has a long history;
about one century. But the conventional brine-circule-
ation method is relatively expensive and requires a
long time to accomplish the expected zone of freezing,

It is sought to overcome these difficulties by
so-called "Quick Freezing"”, which aims at the effect-
ive usage of liquefied gases. Liquefied Nitrogen or
Liquefied Carbonic Acid is chiefly used for these pur-
poses, by means of freezing pipes as shown in Fig. 6.
Recently a combined method which consists of g period
of initial freezing by the use of liquefied gas, and
another period by the brine circulation method simply
to maintain the freezing condition has heen tried,
This is shown in Fig. 7.
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Fig. 7.- Combined method of quick freezing and convent-
ional brine circulation

Comparisons of freezing time and unit cost as
between conventional and quick freezing are shown in
Figs. 8 and 9. The temperature difference between
the freezing pipe and the surrounding soil is only
about 40° to 50°C in the former method, whereas in the
latter it will reach 100 to 150° or more. This is the
principal reason for the great time reduction in quick
freezing.
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Moreover, only a simple piping system is used in
quick freezing and the gases are transported by tank
or from the plant to the site; whilst a very complic-
ated system, including refrigerator and heat exchangers
must be used for the brine circulation method. Further-
more, legal authorisation must be obtained in Japan for
the use of a high pressurized cooling medium {10 - 30
kg/sq cm).

Table II shows the thermal characteristics of
liquefied gases. The cooling capacities of liquefied
gases in the applied conditions are as follows:

A.  Liquefied Nitrogen:

72.5 kcal/kg at -100°C, 1 atm
83.7 keal/kg at -50°C, 1 atm
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The Reole of Progressive Failure in Clay Slopes

P. M. Jamzs, B.Sc., M.Sc.(EnG.), Pu.D.,, D.I.C.

(Senior Lecturer in Civil Engineering, University of Queensland)

SUMMARY .~ Modes of time dependent weakening in clay slopes are discussed and evidence is quoted to show that

the dominant pre-slip mechanism of time dependent weakenin

g is a decay in cohesion, c', alone, while &'

remalns at, or near to, the peak. That is,progressive fallure (which may be defined as a simultaneous decay
in both the ¢' and the ¢' parameters) will be an untypical occurrence for the majority of clay slopes,
Mention 1s then made of existing hypotheses of progressive fallure which are suggested to provide an

inddequate explanation of the process when it does occur.

It is shown how large deformations, possibly of

the order of feet, are necessary in the field in order to produce residual conditions along a potential slip
plane and, neglecting landslides, such deformations can generally be satisfied enly under a certain set of
conditions. The common conditions which meet the requirements are non-homogenecus or localised straining

assoclated with the non-homogeneous swelling of swellin

are given In support of this hypothesis.
I.~ HISTORICAL BACKGROUND

The stability of slopes, especially in over-
consolidated clays and clay shales, is a central
problem in the Geomechanics field. Since the 1940's,
the problem has received increasing attention, with
particular attention being focused on the
discrepancies between the laboratory strengths of
formations and the much lower strengths at which
slopes in such formations often failed in practice.
Papers by Skempton (1948), Cassell {1948) and
Binger (1948) cite quantitative examples of the
divergence between laboratory and field, while the
first mentioned paper suggests a rate of stremgth
decay for the London Clay formation.

The above analyses, as with all prior to the
mid 1950's, were necesgarily confined to a ¢ = 0
approach, using cohesive strengths alone. A more
rational approach to stability analysis was made
possible with the development of the effective
stress method, and work by de Lory (1957) pointed
to a more fundamental mechanism of strength decay,
confined to the effective cohesion parameter, c',
while the parameter, ¢', was taken as sensibly
constant. At that stage the possibility of a
reduction in ¢' was not envisaged in Seil Mechanies,
and it was not until the early years of the last
decade that reliable case histories were published
where failure could not be explained even with a
cohesion term c' of zero. In other words, some
reduction in ¢' was also needed to obtaln a Factor
of Safety of unlty. Observations in the field by
Gould (1960), and in the laboratory by Borowicka
(1963) pointed to the fact that the angle of
shearing resistance of clays, ¢', was decreased
permanently due to strain, but the problem was not
fully resolved until the phenomenon of residual
strength was formerly postulated and defined by
Skempton (1964).

g solls present in a cutting or valley slope. Examples

The concept of residual strength has pessibly
effected the most radical chapge in philosophy in
Soil Mechanics during the past decade. Perhaps for
this reason there has been a tendency, 1n most
recent years, to over-emphasize the residual
approach to the design of slopes; an over—emphasis
since knowledge of the actual path from peak to
residual in the field, i.e, the progressive failure
mechanism, was largely hypothetical. Skempton
(1bid) himself introduced an R (Residual) factor to
describe the extent to which the strength of a clay
had fallen from its peak towards its residual,
since the evidence at the time pointed to an
inevitable progression of this nature.

It should be pointed out that progressive
failure is taken, in this paper, to mean a
simultaneous, or quasi-simultaneous, decay in both
the ¢' and ¢' parameters preceding actual failure.

Several postulations to explain the mechanism
of progressive failure have been put forward in
recent years:~ Skempton and La Rochelle (1965),
where the effect of fissuring in over-consolidated
clays is discussed; Bjerrum (1966), where the
release of straln energy on weathering forms an
important aspect of the hypothesis; and Yudbhir
(1969) who comsiders the release of horizontal
stresses in over—consolidated clays to be a dominant
factor,

In an effort to establish the validity of these
or other hypotheses, a large number of case
histories were analysed by the author, James (1970),
The formations studied were over-comsolidated clays
and clay shales and from the investigations a
pattern was observed which suggested progressive
failure was a most uncommon feature. Two dominant



phases were distinguished in the pattern of the
development of nmatural slopes.

(1) A pre-slip stage. Here the loss in strength
was found to be almost entirely due to a loss in
terms of the parameter c', as suggested originally
by de Lory (loc.cit) and quoted by Skempton (1970).
During this phase the value of the parameter ¢’
remains at, or very near to, the peak value since
the effect of weathering on this parameter within
engineering time scales is generally negligible.

Such a decay in strength is also along the lines
of the softening process outlined by Terzaghi
(1936). Or, as Terzaghi suggested: on excavation
of a cutting, fissures open due to the unequal
lateral expansion towards the face; this allows
ingress of water into the soil causing softening
and swelling along the fissure planes, subsequent
rupture of “imtact blocks” and thereby production of
further fissures. Ad infinitum or slope failure,
Slopes failing due to this process are referred to
as first time slips.

(11) A post—slip stage. The necessary condition
for this second stage is, cbviously, a landslip.
The catastrophic failure may have resulted from a
general loss of stremgth outlined in the above
paragraph (i}; or, alternatively, from scme form of
progresaive failure. In either event the clay ls
characterised by the presence of slip planes which
have undergone considerable strain, and along
which the angle of shearing resistance will have
dropped some of the way from the peak to the
regidual value, It is sufficient to note, at this
juncture, that the presemce of slip planes does not
necessarily imply the clay along the plane ig at
{its ultimate resldual stremgth, although it will
generally be close to the condition.

Within the general group encompassed by this
phase (ii) would be also included sites containing
Pleistocene land slip zones, cambered valleys or
periglacial ghear zones.

For the purpose of design of slopes it 1s
important to distinguish between first time slips
in undisturbed material and reactivated slips or
slips along some weak pre-existing shear zone as
mentioned above.

It is suggested that iIf a slope in undisturbed
material is designed for

*

(" >0

(

(¢' = ¢7 peak,

then the slope will be stable from the long term
point of view and, except under special circumstances,
will not be subject to progressive failure. This
is in contrast to the residual approach where the
design could be based oun the over—-conservative
parameters,

(c' =0

{
@' =4
* The value of c' may be increased for cuttings

required to be stable over a limited number of years,
Skempton and James (in press).
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Tt is the purpose of this paper to outline some
of the circumstances which are believed to lead to
progressive failure in undisturbed clays, and to
suggest means of predicting such occurences. The
criteria for a landslip caused by progreasive
failure is that (i) the landslip should be a first-
time failure and not due to any pre-existing slip
planes, and (ii) the slip should fail at a strength
at or near to the residual, or at least
substantially below the parameters glven by et =0,
' = ¢' peak.

II.~ STRATNS REQUIRED FOR RESIDUAL CONDITIONS IN THE
FLELD

Most hypotheses on progressive failure appear
to contain the implication that residual conditions
are developed rapidly on straining. However, before
proceeding to discuss the subject, it is important
to obtain some quantitative idea of the asorta of
deformations needed to produce residual conditions
along the slip plane of a landslide.

Tt has been found Peck {1967), that residual
conditions are reached slightly more rapidly under
low stress levels than under high; and this isa
frequently obsetved in shear box tests. Since the
majority of landslides in engineering works will
oceur under average effective normal stresses,

(g"), of around 5 1b/sq.in. or less, the tendency
will favour a rapid reduction in strength on sliding.
Alternatively, in larger landslides it may mean that
the slip zome in the toe area will exhibit a lower
strength than further back into the slipping mass
where the stress level is higher. The orientation
of the slip plane in relation to the bedding will
also tend to favour an unequal development, James
(1970).

However, laboratory work on the microscopic
structure of clays under shear, Tchalenko {1967),
suggests that for some considerable time after the
peak has been passed the shear zone will not
consist of a single plane but rather of multiple
planes (reidel shears), one set of which is inelined
at a small angle to the disturbing stress.
Coalescence of these into a single, undulatory,
shear plane, usually containing shear lozenges,
requires a large degree of deformation; perhaps the
equivalent of two or three travels in a repeated
shear box test. Hence, reaching residual conditions
can be a lengthy process and the effect of multiple
shear zones might be expected te be even more
marked under the characteristically less specific
set of stresses in the field.

In order to compare the various effects of
landslides a dimensionless factor, "fleld strain”,
may be introduced at this stage. This is taken as
the ratio of the amount of slip movement occurring
to the length of the slip plane or, more
approximately, the ratio of the vertical drop in
the head of the slip (height of scarp) to the
height of the slip. Profiles of slopes before and
after failure may be analysed to determine the
strength required under both conditiocms, and the
difference in stremgth can then be compared with the
field strain., First time slips, only, give useful
data.
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In order to illustrate such compensating effects,
it is useful to make use of two non-dimensional
ratios as defined by Duncan and Seed (Ref. 14),
narely a disturbance ratioc p and an anisotropy ratio
PA- The disturbance ratio is defined by the
equation

e, (from triaxial tests on vert. samples)

Py = (5)

insitu shear strength for vert. plane strain

The ratio hence reflects the difference between un-
drained strengths of disturbed vertical triaxial
samples as determined in the leborateory, and insitu
shear strengths for the same orientation of the
feilure plane, determined under plane strain
conditions. For the purpose of this investigation
a value of pp = 0.2 is assumed. Duncan and Seed
(Ref. 1), report a value of p_ = 0.24 for San
Francisco Bay Mud based on lab tests on high quality
samples subjected to minimal disturbance, and hence
the wvalue of 0.9 assumed would reflect good field
sampling techniques. The anisotropy ratio is
defined by the equation

_ Avge. insitu shear strength for plane strain (6)
Pa = Ynsitu shear strength for vert. plene strain

Values of pp hence reflect the effects of anisotropy
on undrained strengths mobilized over a failure
surface in the field. Assuming that the aenisotropy
ratio as defined above, is equal to the ratio
defined with respect to undrained triaxial strengths,
¢,» then from equation (3), we may write

b, = ;‘)—u[(lﬂ{)u + 35{1-k)sin2a cos(2f-21)} (1)

Based on the above two ratios, one can define an
"error factor"

-
Pa
c, {from triaxial tests on vert, samples)

(8)

avge, insitu shear strength for plane strain

As the factor of safety computed using the conven-—
tional "¢, = O" method of analysis is proportional
to the shear strength used in the analysis, the
"error factor" gives a direct indication of the
discrepancy between the calculated factor of safety
as found in the conventional "¢, = 0" analysis
(assuming isotropy), and the true insitu factor of
safety. Using a velue of op = 0.9, and eritical
values of p, corresponding to slip cirecles giving
minimue factors of safety as determined in the study
deseribed in the previous section, values of Ef were
computed using equation (8), and are showm plotted
against slope angle in Figs. 6, 7 and 8.

From the error factor curves, it may be seen
that for values of k of the order of 0.8, which
could be typical of many normally consolidated clays,
the effects of anisotropy and sample disturbance
tend to compensate, particularly for flatter slopes
and deeper seated failure circles. However, for
values of k less than 0.8, the conventional "3 = o
method in some cases overestimates the factor of



safety. For values of k greater than one, typical
of more heaevily cverconsolidated clays, the two
effects become additive. For example, from Fig. 8,
for = 30° slope where k = 1.2, Ey = 0.83. Therefore,
if the computed factor of safety using the conven-
tional "¢, = O" snalysis equels 1.0, then the insitu
factor of safety would be 1.2. It should be noted
that the discontinuities in Fig. 8 where the
eritical circles change from "base” to "toe"
cireles, indicate that although the factors of
safety for the two circles are the same at the
transition point, the actusl cireles are not iden-
tical. Also the trend for toe circles to approach
an error factor of 0.9 (i.e. an anisotropy ratio

of 1.0) as the slope angle increases, reflects the
fact that the failure arc tends towards a straight
line of slope f, feilure being gimilar to that of a
vertical sample
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VI.- CONCLUSICNS

The combined effects of undrained strength
anisotropy and sample disturbance on the conventicnal
g = Q" gtability analysis for slopes, have been
showvn to be of significance. The two effects tend
to be compensating, particularly for flat slopes
in normally consclidated clays, where undrained
strengths in the vertical direction are greater
than those in horizontal directions. However,
in some cases for marked degrees of anisotropy, the
conventional method may overestimate the factor of
safety. For heavily overconsclidated clays where
vertical strengths are less than horizontal
strengths, the two effects are additive, factors of
aafety computed by the conventional method being
somevwhat conservative.

For immediately after construction stability
problems for slopes in intect saturated cleys, the
conventional "¢& = 0" analysis has proved simple
and relatively reliable as a design tool, and no
doubt will continue to be used. However, it is
suggested that where economy or site conditions
necessitate the use of a factor of safety of the
order of 1.2 or less, the degree of anisotropy be
determined by testing triaxial samples trimmed in
both vertical and horizontal directions, and the
combined effects of anisotropy and sample disturbance
taken into account in assessing insitu stability.
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{(b) The Retaining Wall Model

This is shown schematically in Fig, 2 the most
important feature of which is the rigid model wall,
190 mm high (H), built entirely from seven small full-
width (?5 mm) load cells. They each had an active
face height of 25 mm, were very stifr (1.5 K /mm )
and measured normal forces only up to 100 N on this
face with a sensitivity of 0.4 N irrespective of the
eccentricity of the foree. The wall could be rotated
in displacement controlled inecrements about an axle,
25 mm above top fill level, supported in a very stiff
(lOKN/hm) instrumented bearing designed to measure
the vertical and horizontal reaction forces con the
axle. The force in the cable rotating the wall via
the quadrant at its top (Fig. 2) was also measured,
Theze three forces therefore provided an independent
check of the resultant forees acting on the wall,

quadrants —— )

brass rod fiil
(30%90 cm }
load cails — L

main frame

\ screw Jach

FIg, 2

III.~RESULTS
(a) Wall Pressurcs

Fig. 3 shows as full lines typical dimensionless
wall pressure distribution Q?%ﬁ)diagrams obtained as

the wall was rotated into the fill progressively
through angles of 0.2°, 0.4%, 0,8°, 1,52, 3%nd £°,

whare 1%0 rotation corresponds to a wall toe move-
ment of about 5 mm, The total normal force on the
wall increased rapidly with wall rotation reaching
a maximum at between 3~ and 6 and only decreased by
typically 10% as the rotation was increased to 10°,
Its maximum value was 270 N + 10 N acting at 0.28 H
above the wall toe which is quite close to the total
normal 'Rankine' force of 284 N calculated for a
smooth wall and g = 32°,
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Also shown in Fig. 3 (dashed lines) are actual
pressure distributions taken from Ref, 4, Pig, 19
for a similar model wall rotating into a loose sand
(e = 0.70, #=2357) through angles of 1°, 2.%° and
5.6° which are of 2 generally similar shape to those
obtained from the rod model and also indicate a
maximum total lorce occurring at about 6° wall
rotation although the centre of pressure is rather
lower on the wall at 0.21 H above the base., In this
case the maximum wall force measured was 720 N
whereas a smooth wall @ = 550 calculation gives

690 N and 720 N requires a wall Priction angle of 2°.
The similarity between the wall pressure distribute
ions, the rotation to peak normal force on the wall
and its small decrease with additional rotation in
both the rod model and the loose sand model suggests
that their behaviour is closely analogous at the low
stress levels used. It should be noted that identicdl
tests using a dense sand (e = 0.53) gave a peak
normzl wall force at 1.6° rotation which had
dropped by more than two thirds at a rotation of &°
(Fig., 172, Ref.L4}. Ieasurements made on a long
wedge shaped body (60° apex angle) driven vertically
into both sand and the same rad material (Ref.2)
showed that again the penetration resistance varied
8imilarly in the rod model and loose sand., Other
experimentzl evidence (e.g. Refs. 10,11) also
supports this conclusion,

Unfortunately the overall vertical friction
forces acting on the walls could not be compared
since the verticsi force sensitivity of the axle
support bracket in the rod model, proved to be
inadequate although the summation of the load cell
readings agreed almost exactly with the resultant
horizontal force measurements.



(v) Displacement and Strain Fielads

Photographs of the deforming model were taken
with the intention of measuring the displacement of a
marker grid (Figs. 4) (in this cese the end point of
a shadow cast by protruding reods) from which the
incremental strain field could be obtained. This was
attenpted for a cumulative wall rotation from O to
¢° by taking hand measurements from an enlarged
projection of the photographic negatives, a method
which proved to be not only very laborious but also
insufficiently sensitive. At a later date we
developed a stereo-~photogrammetric displacement
field measuring technique (Refs. 5,6) which does not
require the use of a special marker grid and 1is
equally applicable to either granular materials or
rod models. This was used with the negetives of the
two photographs shown in Figs. 4 (a,b) which refer to
one small wall rotation increment of from L4~ to §°,
If these plates are viewed in an ordinary mirror
stereoscope the three dimensional retief which was
contoured to obtain the complete horizontal and
vertical displacement field components shown in
Figs. 5a, b will be clearly seen. In particular the
major velocity discontinuity occurring along the
bounding slip line is very evident.

Displacement contours
Ch (mm) «=—— +ve

FIG. 5a
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The complete displacement contours were drawn very
simply in about two hours using & Galileo-Santoni
Mark II plotting machine as described in Refs. 5,6.
Subsequently more precise "spot-height" measurements
were made on the stereo modsl at points spaced 16 mm
apart in the real model from which the incremental
strain Tields shown in Figs 6(a,b) were calculated,
For this purpose the displacement components were
measured to 10-micron sensitivity using the original
58 mm square roll-film negatives which were approx-
imately & 1:5 scele reduction on the actual model
size. Obviously larger scale photographs on plates
can potentially produce much more precise information.
The rotation increment of 13° (.025 radians) is
elmost exactly that used (.023 rads.) by workers at
Cambridge to obtain the maximum shear strain contours
published as Fig. 6 in Ref. 3, Fig. 25a in Ref. L and
Fig. 19a in Ref. 15 for a wall rotating about its top
into a dense Leighton Buzzard sand {e= 0.52 - 0.55).

asy

Displacement contours
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FIG. 5b
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dilatancy rates can be measured.

(iii) detailed measurement and analysis of both
strain and displacement increment fields
shows that rigid body motions develop in the
rod material which do not do so in a loose
sand.

(c) The behaviour of the rod-analogue is therefore
somewhat ambiglous and it does not appear to be
suited to providing informeticn on either the
kinematic behaviour of loose granular materials
or the stress distributions associated with
dense ones.

The measurements made directly on the rod
analogue model were obtained by Messrs. R.J. Reynolds
and M.K. Chatterjee (1967) in connection with their
student research projects.
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SUMMARY .- The foundations of three multi-storey offi
mented by the CSIRO to investigate the performance 0
and silts. The field observation program is one of the
nics Project, the others being the determination of init
tion of raft performance.

The reinforced concrete rafts range in size from 100
thick. The variables observed are contact stresses on t
cells; pore water pressures on the underside of the raf
deflected shape of the raft by precise levelling; settl
movement at depth by lateral displacement gauges; stres
strain gauges; and column loads imposed on the raft

The installation and calibration of the instrumentat
struction phase of the projects are presented.

I.- INTRODUCTION

Instrumentation and field observations are needed
for two main reasons (Ref. 1). Firstly, when under-
taken during the construction phase, they permit the
measurement of some soil response properties that
could not be adequately assessed during the investiga-
tion and design phases. The data obtained can be used
to improve construction practices. Secondly, observa-
tions of performance are an essential ingredient in
the evolution of a more realistic and balanced synthe-
sis of the inter-related aspects of investigation,
design, and construction. This paper is concerned
with this second reason as applied to raft foundations
constructed over the deep deposits of interbedded
sands of the Perth City area. The main purpose of
these field observations are to examine the nature of
the bending of the rafts, the total and differential
settlements produced, and the stability of the rafts
under seismic loading. This last aspect is important
because, by Australian standards, the south west of
Western Australia has relatively high seismicity.
Reviews of raft foundation response to quasi-static
and seismic loading have been presented elsewhere
(Ref. 2, 3).

Relative to usual investigation costs, field mea-
surement projects are extremely expensive to uhder-
take, and it is important to examine their probable
economic returns. The major factors are the reliabi-
1ity of the readings, the ease with which they can be
interpreted, their relevance to design methods, the
likely savings due to improved design, and the extent
to which the particular project is representative of
the type of structure under examination.

Although there has been a general increase in

ce buildings in Perth, Western Australia, have been instru-
f rafts over deep deposits of sands interbedded with clays

three interacting components of an Integrated Geomecha-
jal conditions and material properties, and the predic-

ft by 100 ft by 4 ft thick to 200 £t by 100 ft and 7 ft
he underside of the rafts by means of earth pressure

ts and at depth by piezometers; total settlement and
ement at depth by vertical settlement gauges; lateral
ses and strains within the rafts by concrete stress and

s by concrete stress gauges and bonded strain gauges.

ion is described and observations made during the con-

field measurements, the instrumentation of a specific
type of geomechanics project is still very infrequent.
This highlights the need for extreme care in conduct-
ing such projects, including installation and calibra-
tion of instruments, and interpretation of results.
Carelessness can result in the adoption of erroneous
data that may not be repudiated for some considerable
time.

There appear to be few reported cases of compre-
hensive instrumentation schemes related to foundation
rafts, although SCHULTZE (Ref. 4) discusses the re-
sults of pressure distribution measurements beneath
buildings. In a more recent study, GOSBELL (Ref. 5)
describes the instrumentation of a foundation raft in
Perth, Western Australia, where readings of the inter-
face soil pressures were coupled with column load mea-
surements.

At this stage the Division of Applied Geomechanics,
CSIRO, is undertaking the instrumentation of three
raft foundations in Perth. The instrumentation work
is part of the application of the seientific method
in the form of an Integrated Geomechanics Project
(IGP). The integrated approach applied to foundation
response both under quasi-static and seismic condit-
ions comnsists of three components: the determination
of material properties and initial conditions relevant
to the predictive model to be used; the use of an
appropriate mathematical or physical model to predict
the performance of a structure under the effect of
estimated design loads; and field observations of the
performance of the prototype structure.

Field observations are necessary to provide an es-
timate of the accuracy of the prediction and to indi-
cate the validity of the method of modelling and the
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Fig. 3.- Instrument location - Reserve Bank.

Concrete stress, strain and temperature meters, placed
within the raft, form the third category. Finally,
there are column load measuring devices in the form of
concrete stress meters, bonded electrical strain gau-
ges on steel members, and 'Demec' points on the faces
of concrete columns. At this stage the costs involved
have not permitted the installation of accelerographs
to measure seismic parameters.

Because of the very high cost of installed instru-
ments, and the limited funds available, the layout
schemes adopted on each of the three sites fell well
short of the numbers of instruments that would be de-
sirable from a statistical point of view. The actual
schemes for the Reserve Bank, the N.B.A. House and
the C.B.A. House are shown in Fig. 3, 4 and 5, respec-
tively., A common feature on each site is the concen-
tration of instruments within an area of interest,
these being chosen because they contain relatively sim-
Ple portions of the rafts. Instruments placed outside
these areas were usually designed to examine conditions
along particular axes. The most important aspect of
the study, the relation between contact stresses and
raft bending, was instrumented in greatest detail: mea-
surements of raft contact stresses, column loads, and
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Fig. 4.- Instrument location - N.B.A. House.

the deflected shape of the rafts being undertaken on
all three sites. Associated measurements of concrete
stresses and strains were only undertaken on one site,
the Reserve Bank, because of the difficulty of inter-
preting results. The conditions existing in the sub-
surface soil layers were examined on the other two
sites (N.B.A. House and C.B.A, House) with measurement
of vertical and horizontal movements at depth together
with pore pressures.

The types and makes of instruments chosen to mea-
sure the variables depended not only on their techni-
cal suitability but also on expediency as dictated by
the limited time expected between the availability of
funds and the construction of the buildings. Details
of the types of instruments used and their installa-
tion are given in Appendix A.

113

BARRACY STREET

5T. GEORGES TERRACE
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368

were used as a check against each other. The Kyowa
concrete stress meters (Type CR120G) operate in a sim-
ilar way to the Kyowa piezometers and earth pressure
cells, while the Gloetzl stress meters are hydraulic-
ally operated. The latter incorporate by-pass valves
that operate when the pressure developed inside the
meters equals that applied in the measuring lines.
These lines are connected to a pump housed in the
gauge room. The Kyowa concrete strain meters operate
on an unbonded strain gauge principle and were cast
into conerete blocks 12 hours before installation by
attachment to reinforcing bars (Fig. 11). Installa-
tion took place immediately prior to pouring the raft
and every endeavour was made to ensure a close simi-
larity between the physical properties of the concrete
in these blocks and those of the concrete in the raft.

(e) Column Load Instrumentation

On the Reserve Bank project the columns are steel
and I-shaped in section. A configuration of six bond-
ed electrical resistance strain gauges will be used
on each instrumented column so that the axial load
and the movements about both horizontal axes could be
measured as well as providing several checks.

For the reinforced concrete columns of the C.B.A.
House and the N.B.A., House the instrumentation consis-
ted of concrete stress meters, bonded electrical resi-
stance strain gauges and 'Demec' points to measure
concrete strain. The concrete stress meters (Kyowa
Type CR120G) were installed at the interface between
the column and the raft, with the instrument diaphragm
placed on the surface of the raft and the readout cable
laid to the gauge room. The bonded electrical resis-
tance strain gauges were cemented to the deformed rein-
foreing bars at points that were prepared by grinding
flat, The gauges were placed on adjacent bars within
several groups, these groups being so spaced within
the columns to allow moments about two horizontal axes,
as well as axial loads, to be measured. The steel
strains measured by the bonded strain gauges were com-
bplemented by the measurement of concrete strains on
the faces of the columns. A 'Demec! mechanical strain
gauge was used to measure across 'Demec' points in-
stalled on a six point grid pattern on each face.

(f) Precise Levelling

A grid of points has been established on all three
rafts to measure raft flexure, differential settle-
ments and total settlements as well as to provide a
reference for the measurements of vertical movements
at depth. Two types of precise levelling points were
used: a domed head stainless steel stud cemented into
the raft surface, and a socket and pin type cemented
in the column surface. Bench marks well outside the
zone of influence of the buildings have been estab-
lished and all reduced levels are based on the Met-
ropolitan Water Supply Board Datum (RL) Low Water
Mark Fremantle.

10.

11.

12,

13,
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An Infinitely Programmable Stiff Loading Frame

0. G. IncLEs, B.A., M.Sc.
(Principal Research Scicnist, Division of Applicd Geomechanics, C.5.LR.C.)

AND

R. C. N1, B.E., M.ENG.Sc.
(Experimental Officer, Division of Applied Geomechanics, C.5.LR.0.)

SYNOPSIS.- The modification of a 30-ton loading frame is described which, by instrumenting specimens in a simple
manner with electrical output gauges, i.e. load cells, pressure transducers, linear transducers, etc., has been
coupled to a small computer, controlling movements in the frame and the environmental conditions of the speci-

men, according to any pre-selected program.

This procedure increases the effective stiffness of the system for stabilized soils and soft rocks, and per-
mits the testing of such materials in the brittle fracture range in such a way that transient changes of struct-
ure corresponding to new internal total stress states cam be held and examined in sifu under stress.

The procedure alsc permits not merely the usual dynamic or kinematic testing modes, but an infinite range
of hybrid and other test modes, for instance, constant rate of volumetric strain, constant principal stress

ratio.
I.- INTRODUCTION

It has long been recognized that material behav-
iour is directly related to material structure. For
individual specimens, the effect of stress path and
stress history is well known to be important to the
material behaviour, and the most logical explanation
for this is the occurrence of stress-induced struct-
ural changes in the fabric of the specimen. Such
changes have been observed and reported (for instance,
Ref., 1).

The methods hitherto adopted to obsexrve these
changes are still not satisfactory, however, especial-
1y for brittle materials. Sometimes the mechanical
behaviour of a specimen changes too rapidly for any
observation of structural change to be made, e.g.
region 4, the region of sudden failure, described by
Brace, et al. (Ref. 2). Sometimes phenomena occur at
low stress levels, e.g. the 'matrix yield impediment'
described by Trollope and Chan (Ref. 3) and by Herzog
(Ref. 4) in a stepwise fashion for which the usual
techniques of fabric analysis are quite unsuited,
since they involve desitruction of the specimen at
some given point of its loading history; hence they
will assume that similar specimens will behave ident-
ically. In addition, there are always objections to
techniques which involve any stress relaxation in the
specimen, or any drying and impregnation. The ideal
way by which to examine the interrelationship of mech-
anical behaviour and structural change is to use non-
destructive techniques for structure observation, and
to ensure that the given stress state is maintained
during the entire period of observation, even if that
stress state is otherwise very difficult to held, due
to rapidly changing transient structural phenomena.

With conventional equipment, the more sophisticat-
ed stress states which are important, for instance, in

modern pavement analysis are also difficult to examine.

Solly (Ref. 5), for example, using Gerrard's analysis
(Ref. 6), had to choose an arbitrary stress ratio from
values which varied between 1 and infinity, because a
more complex simulation of pavement stresses was bey-
ond the capacity of his experimental research equip-
ment. As a Tesult, either point estimates are made
of the mechanical behaviour of what are in fact sub-
stantial volumes, or alternatively a lumped estimate
is obtained by methods which do not simulate the true
situation at all points of the volume, and hence may
bear no relaticn whatsoever to a true mean.

In an attempt to overcome these objections and to
advance knowledge of the structural factors underlying
material behaviour, a new type of servo-control has
successfully been applied to conventional loading
frames. Commercially available servo-contrel loading
frames will at best give control programs only for
dynamic or kinematic modes, and with a very few select-
ed wave forms for fatigue or resilience testing. The
machine now described permits testing in any chosen
hybrid mode, and with an infinite mumber of time var-
iations which need not necessarily take the form of a
constant wave (with or without arrest intervals).

II. MACHINE PRINCIPLES

A first principle in the operation of any loading
frame is that of releasing as little energy as poss-
ible from the stored energy of the frame itself into
a rupturing specimen. This is especially important
for strong, brittle materials, which often disintegrate
violently. In principle, it seems that, if the frame
energy is released Tapidly into a much softer medium
than the Tupturing specimen, transient rupture phenom-
ena can be held for study. Such a soft medium is the
fluid of an hydraulic system, provided this fluid sys-
tem can be gated at a large orifice at a speed compar-
able and in synchronization with the internal stress
relief associated with the development of the failure
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Fig. 3.- Time Sharing of Computer Functions (Intervals 0.02 sec).

for timing intervals, the time utilization in the com-
puter is represented diagramatically in Fig. 3. This
gives a control function period of 0.04 sec. However,
if the mathematical filter were removed, the control
function period would be reduced to about 0.002 sec
for a calculation routine of moderate complexity.
(Even at this level, it would still be possible to in-
corporate a much simplified mathematical filter.)

The control program utilizes the valve character-
istic:

@ = Ki vP-AP

where @ = control flow « to machine displacement

sample load rate

sample stiffness

a proportionality constant

servo-valve current

supply pressure to servo-valve minus return

pressure to sump

pressure drop across the servo-valve control

ports

= machine ram pressure minus return pressure
to sump

rate =

R e

To maintain control as the applied load and sample
stiffness change during a test, and to compensate for
servo-valve control drift, the value of K is contin-
ually recalculated by the computer in order te set
the servo-valve current appropriate to both required
and existing conditions. The control program is des-
igned to maintain precise control correspending to
the last conmand within the time between successive
executions (0,04 sec approx.). Hence the servo-valve
setting is obtained from the filtered input complet-
ing the control loop. The control system described
occupies not more than 15 per cent of the computer
storage locations.

The computer output is directed into two channels,
one operative and one storage and display. The oper-
ative commands are transmitted via a single-channel
digital to analog converter* to the Moog valve, which
has a phase lag of 25° at 50 c/sec at a * 25 per cent
rated current imput. For rapid resetting (coarse
adjustments) of any of the displacement sensors, a
direct output is also provided to a stepping motor,
Slosyn §850-1001, which resets the sensors as directed
by the program. The accumulated data stored in the
computer may either be displayed during the test using
either an oscilloscope or an x-y-t plotter or they may
be retained for later recovery or more sophisticated
processing at leisure. This information can be plot-
ted, tabulated or punched on to paper tape or, if
available, magnetic tape. If plotted or tabulated,
the output data are displayed at 12 points per sec,

*Capable of being reset 6500 times per sec

but if an oscillescope is used the cutput data are dis-
played at 2000 points per sec.

The total system has an extremely fast response
time of ¢.0015 sec for a test, utilizing external elec-
tronic neise filters and small changes in servo-valve
current. The use of a mathematical filter to give
precise measurements, e.g. displacement measurement to
within # 0.5 micron, permits response times of 0.04
sec, at which flow changes will follow current input
changes with no loss in proportionality and very small
time delay. Thus, either the filter (if used) or the
servo-valve at present limits the overall system res-
ponse,

(c) The Sensors

Loads are detected with Kyowa and Shinkoh load
cells, having a minimum sensitivity of 0.5 micre-strain
per cent and a stiffness of 1.4.10% kg/cm. Pore pres-
sure measurement {(not yet installed) will also be made
by means of a load cell connected to a null point de-
vice.

Fig. 4.- Radial strain recording device.



Operational Programmes - Auto-Infinite

TABLE I.

Loading Frame

Control Mode Simultaneous Stored Type of
No. Description Output Output Test
1 Constant rate of axial strain Axial stress-— Axial strain ». time; Kinematic
axial strain Axial strain v. rad-
ial strain; Axial
strain v. volumetric
strain; etc.

2 (a) Constant rate of radial strain Axial stress- Axial strain ». time; New

axial strain Axial strain v. rad-
ial strain; Axial
strain v. volumetric
strain; etc.

2 (b) Constant rate of volumetric Axial stress- Axial strain . time; New
strain axial strain Axial strain v. rad-

ial strain; Axial
strain v, volumetric
strain; etc.

3 Constant tate of load Axial stress- Load v. time Axial Dynamic

axial strain strain v, radial
strain; etc.
4 Constant rate of strain to a Axial stress- Any strain v. time; Repeated Load
preselected stress, followed &xial strain Axial strain v. rad- (Symmetrical)
by cycling-between preselected ial strain; etc.
stress levels at constant
strain rates of equal magnitude
in either direction
5 As above, but unequal strain Axial stress- Any strain v. time; Repeated Load
rates in the cycling axial strain etc. {Asymmetrical)
6 Constant rate of strain up to a Axial stress- Any strain v. time; New
predefined change of modulus, Axial strain Axial strain v. rad-
after which: jal strain; modulus
v. load; etc.
(a) deformation is maintained Axial stress v.
constant for a preselected time axial strain; as above
interval, after which: Load v, time;
(b) program returns to original etc.
strain rate and proceeds to the
next change of modulus
7 Constant rate of strain to a Axial stress v. Any strain v. time Stage Loading
preselected load, after which: axial strain Loan v. time; Axial
strain v. radial
strain; etc.

(a) constant load is maintained Axial stress v.

for a preselected time after axial strain;

which: any strain ». time

(b) program returns to original

strain rate and proceeds to next

preselected load

8 Constant rate of strain for a Axial stress v. Load v. No. of cycles New
preselected time with the strain axial strain modulus ». No. of
cycled at a preselected rate and cycles; etc.
advancing by a preselected incre-
ment on each cycle

9 Constant rate of strain to a pre- Axial stress v. Any strain v. time; New

selected modulus or change of
modulus, after which:

(a) immediate reduction to any

preselected load, after which:

(b) program returns to original
rate of strain and continues to
cycle as long as desired

axial strain

Axial Stress v.
axial strain

modulus ». time;
modulus ». any strain;
etc.
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testing can be performed, the simplest of which is
determination of permeability (Ref. 8). Axial peTme-
ability is readily determined; methods for measure-
ment of lateral permeability within the loaded cells
are in preparation. For brittle materials, this pro-
vides a sensitive measure of the progressive inter-
linking of microcracks into failure planes.

(b) Model Studies

Scale models of footings, piles and retaining
walls can be accommodated on the loading table (which
has a working area of 2500em2, a vertical movement of
200 mm and a maximum clearance between the crosshead
and table of 800 mm}. Preselected controls of such
tests, as well as the measurement of significant para-
meters, can be effected over long time perieds.

(¢) Pavement Design

For pavement studies, it is possible to simulate
readily any desired stress ratio without time lag, or
to vary it during cycles of repeated loading. 1In
particular, by the use of soft, segmented, lateral
pressure controls, it becomes possible to simulate
any chosen pattern of stress ratio distribution with
depth, i.e. along the height of the specimen, and
thus to simulate a full pavement layer and to examine
regions of critical stress and strain in one test.

(d) Stress Path Studies

To examine the validity of mathematical models of
material behaviour, it is possible to program spec-
imens to follow complex stress paths to failure. In
particular, the minimum energy criterion can be adopt-
ed, and stress-dilatancy theory incorporated as a con-
trolling parameter for the evaluation of the structur-
2l basis of such theories.

(e) Tensile Testing

This may be performed either by direct or indirect
methods (Brazilian) with the same order of control as
for compression testing.

(f) Statistical Analysis

Any series of tests may be performed so that data

are stored and processed to give all relevant statis-
tical analysis on the test series as a direct output
on completion of the series.

The overall cost naturally depends on the number
and refinement of the sensors and output display de-
vices chosen. Allowing only one output plotter and a
simple basic range of load cells and linear transduc-
ers, but the full cost of a computer unit comparable
to that described here, i.e. no time sharing, the est-
imated overall cost is approximately $A23,000.
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Patterns of Strain in Strength Test Samples
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AND
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SUMMARY. - The paper presents internal strain data obtained using an X-ray Method from rectangular prismetic
plene strain compression samples and on cube and cylindrical samples tested in triaxial axtension and

compressgion.
are performed using lubricaeted platens.

The results show that homegensous strain conditions develop in these samples as long as tests
The uss of rough platens should be aveided sincs the severe

distortions which are produced meake the strain data of questionable valuse.

I.- INTRODUCTION

Reports by Kirkpatrick & Belshaw (ref.2) and
Kirkpatrick & Younger (ref.3) describe investigations
into the distributions of strein within cylindricel
triaxial compression test samplas in an attempt to
asteblish the velue of this teat as s means of
providing reliable stress-strain data. It was
concluded in these reports that for drained sands
at least, relatively upifarm distribution of strain
and hence homogsneous strein states ere developed
within the compresasion cylinder as long as adequate
preceutions are taken to reduce end restreints by
providing eatisfactory lubrication at the end platens.
This condition is importsnt since the usual practice
of estimating streins from displacemsnts measured
at the sample boundaries is thus walid. S5uch
practices cannot however be considered valid in
ceses where platen lubrication is not provided gince
the severe distortioms induced in these cases raesult
in large gradients of strain throughout the sample.

Since the publication of these reports the work
has been extended and the pressnt peper describes
investigations into the conditions within cylindrieal
extension samplas, cubical samples under direct
extension or compresaion, and rectangular prismatic
samples tested under plane strain deformation.

11.- EXPERIMENTAL WORK

Internal strains are datermined from displace-
ments of lead shot pleced within the semplaes on s
square grid at roughly 25mm spacing observed on
radiographs exposed to an X-ray beam directed through
the sample. The principles of the method and tha
experimental procadures have been described
previously by Kirkpatrick and Belshauw (refF.2).

a) Cylindricel Samples

Cylindrical Samples where bokth rough and
lubricated end platens wers used were tested under
conditions of triaxial sxtension. Rough sand paper
discs were inserted at the sample ends to produce
rough platens while end lubrication was achieved
by placing two laysrs of greased latex over polished
glass plates placed on top of heavy duralumin platens.

Samples in all cases had a diameter of the order
of 220mm and a length to diameter ratie of 1.
Conventional tests with rough platens are perFformed
on samples with length to diameter raties of the order
af 2, For the convenience of testing in the presant
tests it was presumed that the strein conditions in
a synmetrical half of such a sample could be re-
produced in a sample with a length to diamaeter ratio
of 1 tested with a lubricated platen at one end and
a rough platen at the other. The adequacy of this
simulstion in which the lubricated platen is taken
to represent the mid plane of the convantional rough
platensd sample has been shown For the compresaion
test by Kirkpetrick and Younger {ref.3).

b) Cubse Semples

Both compreesion and extension tests were
performed on samples of cubical Form. These samples
had side lengths of approximately 190mm and were
tested in all cases betwssen lubriceted end platensa.

A cube sample set up and ready for a compression test
is shouwn in Fig. 1, The symmetry of deformation in
cube tests was checked by comparing the latseral
displacements meesured across opposite faces of the
cube with those measured on tha disgonal between
opposite corners by taking X-ray observations of lead
shot placed in both of these planes. This was done
in two ways. In the firat case the leed shot was
placed in both planes within the same sample and X-ray
exposures were taken normal to each plane. This
entailed unloading and rotating the semple for each
observation. In the second case the lead shot grids
wers set up separmtely in pairs of samples, a diagonal
grid being formed in one while the grid across the
faces wes saet up in the other. Both samples in the
pair wsre prepared to have closely comparable initial
porosities and thes X-ray observations were takan at
the same boundary strain valuss in =ach test. The
symmetry chocks were thua meds without nesding to
unload the samples. Symmotry checks were not made
in the tests on cylindricsl samples since previous
observations in this test {Kirkpatrick and Belshaw
ref.d indicated that s high degree of symmatry can be
axpscted. X~ray observations in the cylindrical
tests were only made thersfore while the sample was
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in the extenaign test are much less severe tham those
of the compreseion test over much of the stress strein
curve. Another dissdventage of the rough platened
axtension test under normal conditions liea in its
tendency to form local necking in the eample at
stresses close to peak. Thie clouds the accuracy of
the stress determinations at thesa stagea. Necking
was not detected in the present tests but rather e
reduction in dismeter which was greastest at tha
lubricated platen. This difference in behaviour
compared with that more generally reported for
conventional rough platened extension tests with
length to diameter ratios nearar 2 may be due to the
inexact simulation of the mid height conditione
provided by the lubricated platen in the present tests,
The conditions at the rough platens should howsver

be representative.

The strein conditions in the lubricated
cylindrical extension test are in contrast reasonably
uniform and only slightly less ideml than those
already proved for the lubricated compreseion
cylinder. Thesa conditione are appreciably better
than those provided by samplee tested with rough
platens and the benefite of using pleten lubrication
is therefore readily epparent.

b) Cube Extensiocn Tests
The stress-strain behaviour of the cube samples

in exteneion wes very similar to that of the
cylindersa, In Fig. 6 the exial displacement data

AXIAL  DISPLACEMENT (&) mm
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L
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FIG. 6 CUBE EXTENSION AXIAL DISPLACEMENTS TEST 201

for an extension test showe that uniform strains
develop throughout the sample up te high atrain velues.
Lateral displacements measured across a diagonal plane
between opposite corpers are shown in Fig. 7. Thase
indicate e high degree of aymmetry about the geo-
metric centre line of the eamplae. The dietribut.
ions of lateral displacement are linear from the
centre line outwards. A high degree of homogeneity
is thus seen to exist up to strains beyond the peak
stress conditions which occurred at boundary axial
strains (B.A.S.) slightly below B8%.

The shape of the sides of the sample at variocus
axial straein values are also shown in Fig. 7. The
asides are seen to have moved inward uniformly up to
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boundary exial straine of sbout 6%. Beyond this
stage the base of the sample shows no further movement
wvhile movement has continued st the top. Shear
planes developed st ebout 10% axial strain but no
localised necking occurrad in eny of the samples.

This slight lack of uniformity also occurred in the
cylinder extension tests as indicated previously. It
is suspected thet this behsviour has been caused by
the sample having & tendency to coms to feilurs first
in the zone near the top where undar the alight
gradient of body stress due to the weight of sand the
strees deviator (0°) «O 3) will be slightly greater
than at the baes. The effect which is exaggerated

in the present tests involving large samples at
relatively low confining pressures was not S0 noticeable
in the more normal type of axtension test per formed

on 100 mm x 100 mm sized samples at confining pressures
of the order of 420 kN/m2 (6D psi). It is claimed



howsver that the present tests show highly homogen-
gous strain states although tests per formed under
more normal practice would be sven more ideal.
Sinca feilures by localised necking did not occur
egtimates of sample cross section areass to be used
in the calculation of axial stresees should be
relativaly eccurata.

A comparison of the latsral displacement data
measured in diagonel planes between opposita corners
with that measured in the planes normal to opposing
faces allows a check on the symmetry of lateral
doformation to be mads. In all caees the strains,
(messured as the slope of ths displacement curves)
were uniform and egqual irrespective of the direction
in whieh the strain was measured.

The equelity of the lateral strains and the
general homogeneity of the atrain state devslopment
in the cube extension test leads to the acceptance of
the method at least from the point of view of strain
conditions as being equally as good as the cylind=
rical extension tast. Non~-uniform strain conditions
due to "eorner effects" have not been detected in
the cube sxtension teste end hence such effects
cannot ba the remson, s8s suggeated by Procter &
Barden (ref. 4} for the differsant strengths measursd
by some investigators in the cube and cylindrical
extension test.

e¢) Cube Compression Tests
In cubical samplee testad in compression highly

homegeneous strain conditions developed throughout
the sample. Axisl deformations are plotted in Fig.8
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and show that the displacements meaeured throughout
the entire semple lie close to a uniform distribution.
A= in the cese of the cube extension semple latersl
straine were Found to be equal irrespective of the

sl

direction of measurament and corner effecte were again
aboent. 1t is mgain @een therefore that accurate

gotimates of strain can be obteined from displacements
measurnd at the boundaries and that tho lubricatad
compreseion cube can bo eccepted along with the other
lubricated cubicel and cylindrical extension and
compression triaxial samples aes relatively ideal test
forms.

d) Plane Strain Comprassion Taests

The influence of the end restraint conditions
provided by rough and lubricated platens obeerved on
cylindrical trisxial asmples was aleo noted in the
plane strain compresaion tests. Fig. 9 shows the
trigid!' wedge sheaped zones identified from lateral
displacement meeasursmants, which developed in a plane
strein eample tested with rough pletena. Thaesa
zones extend into the sample to distances of about
0.6 x the width, The wedges thus occupy 60% of the
height of the 2:1 length to width ratio aample testsd
and sre somewhat mors extensive than the rigid cones
developing in the 2:1 length to diemeter ratio
cylindrical rough ended compreession samplea. Theaee
“rigid" zones develop early in the taest and do not
appear to vary as tha strain increases.

The severely non homageneous strain conditions
noted from the lateral deformestions are also reflectad
in the data shown in Fig. 10. In this figure the
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axial displacements far the lesd shot in the various
columns are plotted. The distribution is nearest
uniform for the columna near the outside adge of the
sample while the columns near the centre show zero or
neer zero strein at the platens and very high strains
at mid height.
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shot in small plastic containers, Care is exercised
to ensure that the load is vertically beneath the
leading bar glued to the rock specimen. The load was
applied quickly but gently to prevent impulse effects,
The position of the loading point can be adjusted to
suit the individual rock specimen - a weaker rock will
require the loading bar to be moved closer to the
bearing plate, while for stronger 'rocks the reverse
applies. A microammeter is used to detect the
electrical contact between the micrometer and the
stainless steel ball cemented onto the specimen (Fig.
2). This electrical circuit system for the detection
of contact has proved to be very effective. An earlier
method, using dial gauges was found to be unsuitable,
because of the friction associated with the gauges.
The accuracy of the electrical contact system is
limited by the quality of the micrometers used, the
reproducibility of a given reading, both for a single
cperator and for various operators, and the cleanli-
ness of the contact surfaces. The micrometers enable
measurements to be made to 0.0001 cm. Reproducibility
for a single operator is within 0.0002 cm., while for
two operators the accuracy is 0.0003 cm. The system
is very sensitive and an increase of 0.1% in a 1 kg.
load can be detected.

Creep tests on rocks are best conducted in a con-
trolled envircnment where temperature and humidity are
constant. The accuracy of the system was found to be
unaffected by the thermal expansion and contraction of

the rig due to temperature variations., A steel control
beam was tested simultaneously with the rock beams and
over a five-month period the effect of temperature
changes in the experimental room was negligible,
Variations in humidity results in accelerated creep and
even negative creep for some rocks. Details of humidity
effects on the rocks tested are provided in a study by
Wallace (Ref. 4).

In order to test the force applied on the beam
{steel ball) when the contact is closed, an electrical
strain gauge was cemented to a steel control beam.

This applied force could not be detected by the strain
gauge. The strain gauge system was also used to
measure strain in the steel beam during early calibra-
tion tests. Strains measured in this way were compared
with the strain calculated from the cantilever de-
f1e§tion using the elastic bending theory. Average
variations measured were found to be less (0.5%) for
the electrical micrometer system than for the strain
gauge (1.2%). Factors such as air flow, floor
vibration and movement of people in the room were

found to interfere with the readings. Such effects
were reduced to negligible proportions by the use of a
large concrete block resting on several layers of thick
felt as the support for the apparatus. The overall
accuracy of the cantilever system for deflection
measurements is approximately 0.5%.

Cantilever Test Apparatus

Plate 1,
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IV.- CHARACTERISTIC EXPERIMENTAL RESULTS

Three types of results can be obtained with this
apparatus. Time-independent tests are used to in-
vestigate the tensional characteristics, rupture
strength and hysteresis. For example, the sandy
dolomite in Fig. 3, Curve A, behaves almost like an
elastic material., In contrast, the diapiriec breccia
(cold intrusive rocks), Fig. 3, Curve B, mt only
has a much lower rupture strength, but also shows
vinterim or partial failures" (arrows, Fig. 3.

DIAFPIRIC BRECCIA

SANDY DOLOMITE

soar (A) (B)
500~
E
=
401 w00k
a
§ Rupture . Rupture :
L 305 kg/em* 200 557 kg cm'
(5420 psi) (790 psi)
o i 3 1 A 3 1 0 1 1 1 1 i —l
0 -4 8 12 ¢ L] 12 18

DISPLACEMENT {mm}
Load ys, Displacement curves

Fig. 3.

Beams loaded to 50% of their rupture strength
reveal that the amount of permanent set or hysteresis
is also larger for the hreccia than for the dolomite

(Fig. 4).

SANDY DOLOMITE DIAPIRIC. BRECCIA
400
400 100 |- .
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<
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Unloading curves
Fig. 4.

Again comparing the breccia and the dolomite, Fig.
5 shows that the amount and nature of creep is markedly
different for these rocks. The primary (Fig. 5,
Curve A, Zone 1), secondary (2), and tertiary (3)
creep zones can be identified for the breccia. For
the same duration the dolomite remained in the
secondary creep region.

The end displacement of the heam (y) follows
Grigg's (Ref. 5) empirical creep equation, For the
sandy dolomite (Fig. 5, Curve B) the co-efficients
are y = 24,197 + 0,010 log t + 1067t when t is in days
and ¥ in cm x 1073, These coefficients were
detetmined by a computer-based regression analysis
{Ref. 4}, The standard error in y for the above
results is 0.173 indicating that the Griggs empirical

equation is yalid for the sandy dolomite.
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Fig. 1.- Schematic diagram of thermocouple probes:
{a) laboratory probe; (b) field prabe.
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heat transfer from the surroundings to the wet bulb.
Equilibrium is reached when the heat lost by mass
transfer equals the heat gained.

Peck (Ref. 14) has made the most recent and compre-
hensive analysis of the Spanner psychrometer. He ass-
umes that, before the passage of the constant cooling
current through the junction, temperature and water
vapour concentration are uniferm throughout the psych-
Tometer chamber. At all subsequent times, temperature
and water vapour concentration are constant at their
initial values on the walls of the chamber, which are
assumed concentric with and very much larger than the
thermocouple junction.

For convenience, the junction was assumed to be a
spherical bead of fused metal, radius r.. Evidence
also suggests that convective transfer ° of heat from
a sphere in air is negligible in comparison with ther-
mal conduction, provided the Raleigh number (Ref. 14)
is less than about 0.1.

Heat is transferred to the junction by conduction
through the air (H,) and the thermocouple wires (Hy),
and by net radiation from the chamber walls (Hp) .

Heat is lost from the junction by evaporation of water

(Lq). The junction energy balance gives:
s
c T = Ha + Hr + Hw - Lq (2

Applying eq. (2) to the probes used by the author (Fig.
2), and using the expressions and data from Ref. 14,
the following expression for the wet buib depression
at 20°C can be obtained.

6, = 0.000285°C/p.s.i., (0.00000419°C/cm water)
soil suction

For Chromel-P Constantan thermocouples used in this
paper, this is equivalent to:

E = 0.01676 micro-Volts/p,s.i. soil suctien
i.e. the calibration between psychrometer ocutput and
soil suction is linear. Calibration of the probes in
the laboratory is also approximately linear (Fig. 2).
However, the line does not pass through the origin
(zero offset). But field evidence suggests that the
field calibration curve is linear through the origin
and parallel to the laboratory curves, as discussed
below. The mean slope of a large number of these
experimental calibration curves is given by:

E = 0.0182 micro-Volts/p.s.i. soil suction
which compares favourably with the theoretical expres-
sion.

(c) Peltier Cooling

By including the transfer through the thermocouple
wires to the junction of heat generated by Joule heat-
ing (i2R) of the wires themselves and heat lost from
the junction by the Peltier effect (Pi/J), shown in
eq. (2), the following expression can also be obtained
for the probes during the condensation phase, viz.:

0, = -19.7i - 2.89,10*.h - 1.01,102.i2 ., (3)

For a given value of h, this is a quadratic equation
in i, and shows a maximum degree of cooling when the
current equals 97 mA (§6/61i = 0). 1In practice, the
current actually used varies depending on time of

1500
— RANGE OF VALUES
1000
3
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0 ! 1
0 5 10 15

Euk)

Fig. 2.- Calibration curve of a typical laboratory
probe.



reading, etc., but at present 120 mA for 180 sec is
giving satisfactory performance.

(d)} Temperature Control

If the temperature changes sufficiently slowly to
allow both the wet bulb and the sample temperatures
to change at the same rate, then the humidity change
is negligible. The calibration factor will change
slightly with ambient temperature, but this can be in-
corporated into the calibration curves (Ref. 1 and 5}.

The most serious errors occur where the wet bulb,
the dry bulb and the sample temperatures differ over
a significant length of time. The author (Ref. 12)
showed that the error in the maximum theoretical wet
bulb depression at 20°C is:

T error = 19AT .. (4}
where AT is the temperature difference between sample
and wet bulb.

To obtain a sensitivity of less than £ 5 p.s.i.,
T error must be less than 0.076°C and AT less than
0.004°C. This can be achieved in the laboratory by
maintaining a temperature control better than * 0.001.
In the field, the temperature variations in the ground
at depth are sufficiently slow and small to meet these
requirements. However, the depth above which these
probes becomes too inaccurate for engineering purposes
is not known, but experience has shown that sensible
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[
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Fig. 3.~ Mean calibration curve and range of readings
from field probes before and after installation.
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results can be obtained to within about a depth of 1
ft from the surface in many cases.

IV.- APPARATUS

The equipment used in this work is basically the
same as that already described in Ref. 13. The labor-
atory and field probes have been modified as shown in
Fig. 1. The laboratory instrument, consisting of a
constant temperature bath and an automatic scanning
read-out unit, has undergone slight modifications to
permit up to 28 samples to be handled sinultaneously.
The temperature controller and the design of the bath
have also been improved so that a temperature control
within % 0.0002° can still be achieved with smaller
temperature gradients within the bath.

The manually operated field read-out unit has not
been altered, but a new portable automatic scanning
field unit has been built, and shows a similar perform-
ance to the laboratory unit.

V.- LABORATORY MEASUREMENTS

Using the previously described technique (Ref. 13)
for laboratery measurements, in which the probes are
individually calibrated against standard sodium chlor-
ide solutions, excellent accuracy and reproducibility
can be achieved on 'intact' samples. A typical cal-
ibration curve is shown in Fig. 2. With reasonable
care, an accuracy of about * 2.5 p.s.i. or % 5 per
cent (whichever is greater) can usually be obtained.
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Fig. 4.- Field calibration curve,
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However, in routine production testing, an accuracy
of + 5 p.s.i., or + 10 per cent (whichever is greater)
is probably a better estimate.

VI.- FIELD CALIBRATION

In order to evaluate the field probes shown in
Fig. 1, some 30 probes were installed in the grounds
of the Division of Applied Geomechanics, CSIRO, Syndal,
A random selection of eight of these probes was calib-
rated in the laboratory unit before installation.
After approximately 12 months in the ground, a number
of probes were successfully recovered and subsequently
recalibrated. The results, shown in Fig. 3, indicate
that the curves, derived from the original laboratory
curves, had not changed greatly during the 12-month
use of the probes in the ground, and were essentially
similar to the curves derived for laboratory probes
(Fig. 2), that is, there has been no significant drift
in the calibration curves during the 12-month period.
However, using these calibration curves (Fig. 3}, the
readings from the probes in the ground gave soil suct-
ion values which experience suggested were consistent-
iy too low. This indicated that the calibration curv-
es obtained for these probes in the laboratory might
not be applicable to use in situ, and should be closer
to the origin. An assumed calibration curve was then
drawn through the origin parallel to the mean obtained
in the laboratory, this also approximates to the theor-
etical calibration curve (Fig. 3). Subsequent 'intact'
sampling on the circumference of a circle of 3 ft
radius centred on the respective probes gave soil suc-
tion values that were considered mote Teasonable.
These values were then plotted against the readings in
micro-Volts from the corresponding field probes (Fig.
4). Because the correlation between the assumed curve
and the field calibration points, as plotted in Fig.
4, was considered acceptable, this curve was subse-
quently used to determine soil suctions from the field
probes.

In accordance with the theory presented by Peck
(Ref, 14), that was unfortunately not available umntil
after these probes were built and installed, four fac-
tors could result in the zero offsets observed in the
laboratory calibration curves, viz.:

(i) inadequate heat dissipation in the massive
junctions or heat sinks,

(ii) changes in effective junction size due to

uneven deposition of condensed water, e.g.

a4 water repellent junctiom,

incorrect interpretation of the transient

temperature changes during the wet bulb

reading, and

temperature gradients down the probe, e.g.

due to heat conduction along the leads to

the probe.

(iii)

(iv)

Due to the large thermal mass of the soil surround-
ing the probe <n sifu, it is considered that the zero
offset resulting from (i) and (iv) above could be
greatly reduced in the field. Further investigations
into these important factors are now being carried out
and should lead to improved probe design and calibrat-
ion procedutes.

VII.- FIELD MEASUREMENTS
The 30 probes were installed, in sets of 6 placed

at 2 ft intervals, in five holes {subsequently referr-
ed to as sites). Site 3001, installed in July 1968,

was located under the 48 ft wide concrete slab of the
laboratory, 22 ft from the north wall, Site 3002, in-
stalied in September 1968, was located 12 ft from the
north wall of the laboratory under an open sloping
lawn and site 3003, installed in August 1968, 48 ft
from the north wall under grass covered with native
Australian trees up to 30 to 40 ft in height. During
October 1968, following 'intact! sampling at sites
3002 and 3003, sites 3004 and 3005 were installed in
the sampling holes, drilled 3 ft from sites 3002 and
3003 respectively. After having recovered the probes,
sites 3002 and 3003 were destroyed during 1969,

Readings were taken more frequently than monthly
but, for clarity, approximately only one reading per
month is shown in the plots of suctions versus time
(Fig. 5) for the probes at sites 3001, 3004 and 3005.
The combined rainfall plus garden sprinkling at site
3004 is also shown in this Figure.

The results of six 'intact! sampling programs are
plotted as suction profiles in Fig. 6, and the compar-
able field suction profiles are shown for comparison.
Although the laboratory profile for site 3001 was ob-
tained from 'intact' sampling only during installation
useful comparisons were possible, due to the stability
of moisture conditions under the floor (see Fig. 7).

VIII.- CONCLUSIONS

The results from the field probes in Fig. 5 and 6
are very encouraging. As expected, the probes near
the natural surfaces at sites 3004 and 3005 indicate
reasonable, seasonal variations in so0il suction that
decrease with depth. The long term stability over 18
to 24 months appears to be satisfactory. This is
clearly indicated by the stable conditions under the
slab floor at site 3001 as shown by the envelope in
Fig. 7.

The comparisons between field readings and those
determined on 'intact' samples in the laboratory are
also satisfactory, particularly when considered in
relation to the wide range of readings that can occur
in the field. They certainly enable readings to be
made in the field with far more confidence than prev-
iously possible.

Finally, the envelopes of all readings taken from
the three sites were plotted against depth (Fig. 6).
These plots clearly indicate, vertically, the extent
of seasonal variatioms, particularly the influence of
the trees at site 3005, creating both higher suctions
and larger variations in suction at depth than those
under the well-watered lawn at site 3004. The results
from site 3001 are in good agreement with both theory
and previous experience.

The above results have been presented in some
detail, to enable the reader to draw his own conclus-
ions, The results are considered satisfactory and
suggest that the techniques described will be extreme-
ly useful in most soil engineering applications in the
drier environments commonly found in Australia.

As a conservative guide, it can therefore be sug-
gested that this technique will permit the measurement
of negative pore pressures or soil suction over the
range normally encountered in engineering practice in
Australia, viz. 0 to 1500 p.5.1. suction (pF 0 to 5.0)
with an accuracy in routine use of % 10 per cent (low-
er limit * 5 p.s,i,) in the laboratory, or * 50 per
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Fig. 6.~ Suction profiles - compaction between intact sample and in situ values.
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IIT.- DESIGN AND MANUFACTURE OF THE
UNIVERSITY OF MELBOURNE DIRECT SHEAR
TESTING MACHTNE

The machine was designed and constructed
within the Mining Department with the
manufacture of major items being cenducted
by engineering firms. The loading capacity
of 20 tons allows pressures of up to 10,000
p.8.1. to be applied to the surface area of
the joint. Tests can be conducted on
various core diameters te a maximum of 3.5
inches, with an allowable shear displacement
of 1 4inch in each direction and a normal
displacement of ,5 inch, A photograph of
the machine 1s shown in Fig. 1.

Rotation 1

joint - aligned with
shear direction

BN
O

Fig.l The Shear Testing Machine.

Rotation 2

further rotation allows
shear in any direction

NORMAL

Fig.2 Rotations required prier to a test which aligns the joint with the shear direction.




The design is such that:

(a)

(b)

Prior to a test the core specimen can
be rotated relative to the loading
points. This allows testing in any
direction alomg the joint plane,
providing the joint Intersects the
core at angles greater than 30°%,

Twe rotations are required. The
first 1is around the line
perpendicular to the core axis and
parallel to the joint plane. This
aligns the joint with the direction
of shear loading. Secondly, rotation
around the line perpendicular to the
joint plane allows shearing novement
in any direction on that plane.

These pre-test adjustments are shown
in Fig.2.

The core is Tigidly held in sleeves,
ensuring uniform loading to the
specimen on each side of the joint
plane. The sleeves are of varilous
gtzes to allow testing of core up to
3.5 inches in diameter. Also, the
ends are cut at angles between 30°
and 90° to the core axls so that
specimens with weak plane
intersections in this range may be
tested with gupport to within .25
inch of the joint plane. The core
and sleeve are held neatly in the
specimen holder with packers and a
screw adjustment. (Fig. 3). A
keyway in the holder prevents axial
rotation.

The specimen holder and sleeve,
ahowing the specimen location.

Each specimen holder is clamped
between the upper and lower parts of
one of the two universal loading
frames. The specimen holder and the
universal loading frame have circular
mating surfaces for rotation priow
to testlng to orilent the joint
gurfaces. (Fig. 4). Flat
teflon~surfaced bearings on the
outside of the universal loading
frame control the movement of the
two sides of the specimen. One
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frame can meove parallel to the joint
with the other perpendicular to this
direction, so thet riding over
irregularities may ocecur.

(e)

(d)

(e)

The Universal Loading Frame and the
Specimen Holders, showing how
rotations can be conducted.

Shear loading can be applied in
either direction to allew reversal
of the test, and reach the residual
strength, Loading is applied by
hydraulic rams between the main
frame and the universal loading
frames. A constant normal leoad was
applied by using a loaded lever arm,
while a constant volume displacement
0il pump provided the sheat load.
The shear eystem allowed pressure to
build up at a uniform rate, reaching
the resisting strength developed
along the weakness plane before
failure ocecurred. Thils compaTes
with the situation found in situ
wherte the forces causing sliding are
thought te build up after each slip.
The hydraulic circuits are shown in
Fig. 5.

Measurement of the loading applied
to the specimen was made using
pressure gauges in the hydraulic
circuits. Displacements of the
specimen were neasured by using
Linear Variable Differential
Transformers (L.V.D.T.'s) between
the two universal loading frames.
The loading and resultant
displacements were recorded using
a four track Watanable comntlinuous
recorder.

Using an overhead block and tackle
system, it was found that a specimen
could be tested and replaced within
two hours.
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V.- CONCLUSIONS

It is considered that this machine has
fulfilled the requirements of providing
measurements of peak and residual frictional
properties of jolnts., The design has
accomplished a degree of rapidity and
versatility not present in other testing
machines, allowing core samples from depth
to be tested.
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iation, i.e. while more than one species or genus may
be present, the species or genera always occur in the
same relationship to each other and there is no dis-
continuity in their occurrence.

“The major axis of a slope can be regarded ae the line
on the aurface, ignoring minon irregularities, that
joina the highest and lowest points of the particular
slope. As such, it will usually be at right angles to
the contours in general sense."

"The minor axis of a slope may be regarded as the line
of maximen extent on the surface, ignoring minor irre-
gularities, bounding a vertical plane cutiing the sur-
face and set at vight angles to the major azie of the
slope”.

Features not to be considered when rate of change
of slope is determined are as follows:

(i) Microtopography which consists of small-scale
natural topographic features, i.e. an inher-
ent part of the particular piece of landscape
and not of foreign material introduced accid-
entally into that particular piece of land-
scape from another part of the general land-
scape. It is considered arbitrarily that any
such topographic feature with a relief ampli~
tude of not more than 3 ft and an areal ex-
tent of not more than 600 sq ft falls into
this category.

(i1) Rounded, angular, or irregular rock outcrop.
Such outcrop may be of any size, but mostly
will not be of large dimensions.

(iii) Elements such as rocks, boulders, cobbles,
etc, derived from another part of the general
landscape and introduced accidentally into
the particular piece of landscape. Such ele-
ments may be of any size, but mostly will not
be of large dimensions.

While elements of microtopography, rock outcrop,
or accidental introduction as defined above are spec-
ifically excluded from slope considerations in the re-
cognition of terrain components, they must enter into
the descriptive phase of terrain component recognition
as surface features. In these circumstances, a terr-
ain component with any of these fearures will be ess-
entially different from one similar in all other re-
spects but containing either no, or different, surface
features,

The exclusion of these features from slope con-
siderations is based upon the principle that in any
form of terrain classification that is to be workable,
arbitrary lower limits must be placed upon the amount
of variation allowed in any of the recognition erit-
eria for each class, If all possible variations on a
continuously varying medium are considered separately,
an infinite number of varieties is possible; any sys-
tem so based must be unworkable,

(b} Terrain Unit
A terrain unit is the area covered by a single
physiographic feature of geomorphic significance hav-

ing characteristic soil and vegetation associations.

The terrain unit so defined can be regarded as
being composed of a limited number of terrain compon-

ents which always recur in the same sense within the
terrain unit. The characteristic slopes and soil and
vegetation associations of the terrain unit will be
those produced by a synthesis of those of the terrain
components associated to form the terrain unit.

Topographically, the terrain unit will fall into
classes and, within each class, will have a character-
istic association of slopes and a consistent local re-
lief amplitude. The classes so far recognized are
listed as follows, but the list is not exhaustive,

(i} Surfaces, flat or with varying degrees of
undulation, i.e. undissected, dissected, and/
or eroded. These surfaces are not necessar-
ily tied to specific erosional or deposition-
al surfaces, i.e. the same terrain unit may
occur on more than one erosional or deposit-
ional surface; such occurrences Will be sep-
arated by a terrain unit classified under (ii)
below.

(ii) Slopes between surfaces as in (i)} above;
gentle, steep or escarpment-like,

(iii) Isolated hiils, ridges, etc., except those
with flat tops; in the latter case the flat
tops and surrounding slopes have been given
independent terrain unit status in accord-
ance with (i) and (ii) above respectively,

(iv) Drajnage lines, lakes, etc.

The characteristic soil association of the terr-
ain unit will be dominated by one of the following
textural types:

Rock outcrop, pockets of shallow soil or gravel
Clay soils (Ug)* Sand over clay soils (D)
Clay soils (U or G) Sandy soils (U or G)
Clay soils (D) Stratified soils -
Silty soils Organic soils
Sand over clay soils ©)
* The symbols refer to the classification system
of Northcote (Ref. 3.

The characteristic vegetation formation will be
dominated by one of the following vegetation classes:

Bare, sparse grass, occasional tree or shrub

Grassland Woodland

Shrubland Forest

Open woodland Rain forest

Savannah woodland Fresh-water swamp forest
Salt-water swamp forest

{¢) Terrain Pattern

A terrain pattern is an area of constant geomor-
phic association containing recurring topography and
soil and vegetation associations. The terrain pattern
can be regarded as being composed of a limited number
of recurring terrain units always associated in the
same sense, and should be coincident with the area re-
Presented by a pattern on an aerial photograph of suit-
able scale.

Criteria for the delineation and Tecognition of
terrain pattern boundaries are as follows:

(1) the continucus terrain unit or group of units
changes;



terrain units included within the continuous
terrain unit or group of terrain units
change;

(1)

the continuous terrain unit or group of umits
and included terrain units do not change, but
relative dominance of continuous and included
terrain units changes;

(iii)

type or demsity of the drainage net changes
significantly; and

(iv)

(v) local relief amplitude changes significantly.
(d} Province

A province is an area of constant geology at the
group level and is composed of a limited number of re-
curring terrain patterns always associated in the same
sense. When there is a change of province, the entire
terrain association also changes.

The details of the scheme were elaborated by Grant
(Ref. 4) and its application in the engineering sense
by Grant (Ref. 5). Grant and Lodwick (Ref. §) suggest-
ed the rudiments of an automatic data storage and re-
trieval system to operate as part of the scheme,

1IT.-THE USE OF TERRAIN EVALUATION IN THE PROCEDURES
OF ENGINEERING GEOLOGY

Engineering geology is concerned essentially with
geotechnical information gathered as part of the site
investigation process. Terrain evaluation does not
replace site investigation but supplements it by offer-
ing a rational system as 3 basis for the investigation.
Geotechnical information may be gathered at two levels:
{a) on a regional basis to determine the best location
for a project, and (b) in a detailed site investigation
when the site of the project has been determined, Ter-
rain evaluation can operate at both these levels.

The first stage in any procedure using terrain
evaluation is to classify the terrain. The methods of
conducting this phase have been discussed by Grant
(Ref. 5).

The level to which terrain is classified is depen-
dent upon the scope of the investigation. Classific-
ation to terrain unit level is sufficient for regional
studies, Classification to terrain compenent level is
necessary for detailed site investigation. In general,
classification to terrain unit level will be done by
mapping terrain patterns at a scale of 1:250,000 and
describing each terrain pattern in terms of the recog-
nizable characteristics of its constituent terrain
units. An example of part of such a description of a
terrain pattern of widespread occurrence in the Mel-
bourne area is shown in Fig. 1. A complete descript-
ion of the Melbourne area (Ref. 7) at a scale of 1:
250,000 is in course of publication, The work was
conducted in association with the Town and Country
Planning Board, Victoria, as part of a project for the
urban and rural planning of the Port Phillip District,
Victoria. Classification to terrain component level
will nsually be done only in close proximity to the
known project site. Terrain units may be mapped at a
1:50,000 scale, or terrain components at larger scales.
At this level, each terrain unit will be described in
terms of the recognizable characteristics of its con-
stituent terrain components. An example of part of
such a description of a terrain unit is shown in Fig. 2.
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The terrain unit described appertains to the terrain
pattern in Fig. 1. It was described as part of a pro-
jeet conducted in association with the Country Roads
Board, Victoria, for an experimental site investigat-
ion based upon terrain evaluation along the route of
the proposed deviation of the Hume Highway between
Wallan and Broadford, Victoria. A portion of the ter-
rain component map for this project is shown in Fig.
3, The classification to terrain component level of
a limited area such as along a road centreline in
this particular project is a logical extension of a
regional terrain classification as conducted in the
Port Phillip District. It can be seen that the reg-
ional terrain classification, although originally con-
ducted as a basis for urban and rural planning, re-
mained valid as a basis for the more detailed classif-
jcation necessary for the road construction purpose.

When the terrain has been classified, information
gathered during the geotechnical processes can be at-
tributed to the appropriate member of each class of
terrain; general information may be appropriate at
terrain pattern or terrain unit level, detailed inform-
ation may be appropriate at terrain component level
only, although some of this type of information may
be appropriate at terrain unit level. Examples of
general geotechnical information, attributed to terrain
pattern and terrain unit level relevant to some as-
pects of railway constructiom, are given by Grant (Ref.
5), {Tables 4 and 5) and appropriate levels for expres-
sion of some factors of engineering significance ave
included in Grant (Ref. 8). The list given in the
latter paper is by no means exhaustive, but it is not
a difficult procedure to determine the appropriate
jevel in the classification for each relevant factor
of engineering significance. Thus all geotechnical
information significant for engineering purpeses can
be tied to the terrain itself by the use of a system
of terrain classification.

If it is presumed, in accordance with the basic
principle of terrain evaluation, that all occurrences
of each member of each class of terrain are essential~-
1y homogeneous, the geotechnical information collected
for any one terrain class member can be extrapolated
over all occurrences of that member. Using this hypo-
thesis a facility can be incorporated into engineering
geology for the advance prediction of material locat-
ion and geotechnical properties over an area as exten-
sive as that over which the terrain has been classif-
ied. In addition, the geotechnical information tied
to the terrain base is in a convenient form for effic-
ient and, if necessary, automatic data storage. Once
stored, the information may be retrieved fer use on
subsequent similar projects to which it is appropriate,
conducted in similar areas.

Terrain evaluation is thus a tool in the engin-
eering geology process; it effectively rationalizes
the collection of geotechnical informatiom, proposes
a system for storing this information for subsequent
retrieval, and provides a basis for the extrapolation
of information from one area to another and a facility
for the advance prediction of material situation and
properties.

REFERENCES

1, AITCHISON, G.D. and GRANT K. - Terrain Evaluation
for Engineering. In Land Evaluation, G.A. Stew-
art, Ed., Melbourne, Macmillan, (1968), pp. 125-
146,
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LITHOLOGY -

OCCURRENCE -

TOPOGRAPHY -

TERRAIN PATTERN No.14

Siltstone, claystone, sandstone, minor conglomerate

Widespread in areas underlain by Silurian-Devonian rocks; areas of lower relief

Undulating terrain containing smooth sloped isolated hiils

PROVINCE No, 33,001
Silurian~-Devonian

INCLUSIONS - Terrain pattern 36, province 33,001, terrain pattern 06, province 51,008, terrain pattern 03, province 52. 010
CHARACTERISTIC CROSS-SECTION SHOWING TYPICAL LOCATION OF TERRAIN UNITS
la
1ed-:
1
8
™
o
0 0,25 0,50
Vert. scale = twice horiz, scale ' N
Miles
TERRAIN UNITS
Terrain Description of Dominant
Pattern P
Number| Area Occurrence
(%) Topography Soil Land use
1,1.41 5 Discontinuous; Flat surface Uniform light grey or grey-brown deep clayey silt Melbourne area, parkland;
floodplains {ML;U£) other areas pasture,
adjacent to drainage some agriculture
1.4,31 80 Contimuous; Undulating surface Duplex light grey clayey silt @ 10 in, over yellow Melbourne area,
or extensive crests: rounded, linear to 5° { mottled heavy-textured clay {ML/CH;Dy) over de- wrban development;
1,4,35 slopes: convex to 10° compoged rock at variable depth other areas pasture,
some agricultre
3,531 5 Sometimes leading Dissected slope Duplex light grey clayey silt to 10 in. over yellow Melbourne area,
or to drainage slopes: convex to 10° mottled heavy-textured clay (ML/CH;Dy) over de- wban development;
3,5.35 composed rock at variable depth other areas pasture,
some agriculture
4,3,31 10 Inclusive in undulating | Complex hill Shallow duplex light grey or grey-brown clayey silt Melbourne area,
or surface crests: rounded, convex to |to 4 in, over yellow mottled heavy-textured clay urban development;
4.3,35 10° to 3 ft (ML/CH; Dy} other areas pasture
slopes: convex to 10° or
crests and upper slopess light grey or grey-brown
clayey silt to 4 in. over decomposed rock with some
rock outcrop
lower slopes: duplex light grey clayey silt to 10 in,
over yellow mottled heavy-textured clay to 3 ft
{ML/CH;Dy) over decornposed rack
4.8,31 5 Inclusive in undulating | Elongated rourded hill Shallow duplex light grey or grey-brown clayey silt Melbourne area,
or surface crests: rounded, convex to 4 in, over yellow mottled heavy-textured clay urban development;
4.8.35 to 59 to 3 ft {ML/CH;Dy) other areas pasture
slopes: convex to 10° or
crests and upper slopes: light grey or grey-brown
clayey silt to 4 in. over decomposed rock with some
rock outerop
lower slopes: duplex light grey clayey silt to 10 in.
over yellow mottled heavy-textured clay o 3 ft
(ML/ CH;Dy) over decomposed rock
9,2,41 <1 Drainage Minor stream channel, Uniform or stratified dark brown, grey-brown or Unused
often artificially often depressional occasionally yellow mottled silty or clayey fine sand
covered and controlled | slopes: concave to 10° or silty clay, some angular gravel towards stream
in the Melbourne area heads (SM-ML-SC-CL) some GM-CC;Um

Fig. 1.- Typical description of a terrain pattern in terms of terrain units
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LITHOLOGY -

OCCURRENCE -
TOPOGRAPHY ~

INCLUSIONS -

TERRAIN UNIT No. 1.4.31

Siltstone, claystone, sandstone, minor conglomerate

Continuous, extensive

Undulating surface

PROVINCE No, 33,001
TERRAIN PATTERN No, 14

Terrain pattern 36, province 33, 001, terrain pattern 06, province S1,009

TERRAIN COMPONENTS
Slope
Terrain
Component Dominrance Occurrence Paralle]l to  |Transverse to Soil Description
No, Major Axis  {Major Axis
120022 01 Low [Lower slopes to Planar to 20 [Flzt Darle brown clayey silt to 6 in. over light yellow-grey clayey silt to 2 ft

drainage over yellow mottled medium to heavy-textured clay to > 3 ft
131 022 02 or (Dominant [Slopes of interfluves |Planar to 5° or |Planar to 19 Dark brown clayey silt to 6 in, over light yellow-grey clayey silt to 2 ft
421 022 02 or |Low [between crests and |Concave to 2° over yellow mottled medium to heavy-textured clay to > 3 ft
431 022 02 Low drainage or to 50
141 052 02 or [Very low  Steep slopes of inter4Planar to 10° or [Planar to 1° Dark grey-brown to pale grey gravelly fine sandy clayey silt to 1 ft over
441 052 02 Very low  [fluves between crests| Concave to 100 yellow mottled medium-textured gravelly clay to 3 {t over tock
and drainage
233 042 01 or {Very low  [Minor drainage Planar to 5¢ Concave to 5° |Grey-brown to yellow-grey clayey silt or silty clay to 8 in, over stratified
234 04201 Very low  [floors or to 10° |yellow mottled gravelly clay to > 6 ft over rock
243 022 Q1 Very low  [Steeper minor Planar to t0°  [Concave to 5° |Dark brown clayey silt to 6 in, over light yellow-grey clayey silt to 2 ft
drainage floors over yellow mottled medium to heavy-textured clay to > 3 ft
313 002 02 Low Sub~linear crests Planar to 1° Convex to 5° Decomposed rock with areas of rock outcrop, pockets of duplex dark brown
of ridges to light grey clayey silt to 4 in, over yellow mottled gravelly clay o 18 in,
over rock
32 oiz2ol Very Jow  [Broad gently sloping [Planar to 2° Convex to 2°  |Grey~brown to yellow=grey clayey silt or silty clay to 1 ft over yvellow mot-
(local) crests of interfluves tled heavy-textured clay to 4 ft over gravelly clay {decomposed rock) to
5 ft over rock
323 032 02 or [Sub-domin=|Broad sloping inter~ jPlanar ta 2° Convex to 5°  |Grey-brown clayey silt to 8 in, over yellow mottled medium to heavy-
ant (locallyfluves textured clay to 3 It over rock
332 032 02 or {Low or to 5° or to 2°
933 032 02 or |Sub-domin-~ or to 59
ant
334 032 02 Low
34300202 or |Very low [Steeper sloping Planar to 10° Convex to 5° Decomposed rock with areas of rock outcrop, pockets of duplex dark brown
344 002 02 or |Very low [interfluves orto 10° to light grey clayey silt to 4 in. over yellow mottled gravelly clay to 18 in,
943 002 02 Very low or Convex to 109 orto 52  |over rock
522012 0t or (Very low [Depressions between |Concave to 20 Concave to 2° |Grey=brown to yellow-grey clayey silt or silty clay w 12 in, over yellow
532012 01 or (Very low [interfluves or to 50 mottled heavy-textured clay to 48 in, over gravelly clay {decomposed rock)
533 012 01 or :Low or to 5% |to 5 ft over rock
543 012 01 Very low or to 100
623 002 02 or |Low Saddles Concave to 2° [Convex to 59 Decomposed rock with areas of rack outcrop, pockets of duplex dark brown
633 002 02 or to 50 to light grey clayey silt to 4 in. over yellow mortled gravelly clay to 1 ft
aver rock
751 052 02 or jVery low  [Steep slopes of Convex to 20° Planar to 1° Dark grey-brown to pale grey gravelly fine sandy clayey silt to I ft over
761 052 02 (local) gently sloping or to 400 yellow mottled medium~textured gravelly clay to 3 ft over rock
interfluves
Fig. 2.- Typical description of a terrain unit in terms of terrain components




DIAGRAMMATI

TERRAIN COMPONENTS WITHIN TERRAIN UNIT

Parzgmeters of Terrain Unit

12002201 32303202 23304202 2300202 $2300202 53301202

C REPRESENTATION OF TOPOGRAPHY AND ARRANGEMENT OF

Esoﬂ
siltstone
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Local Relief Length to Width to
Amplitude to (ft)
200 Extensive Extensive
Vegetation Terrein Parameters
USC | PFF Land Use Spac- | Tree | Cirth | Local Relief { Length | Width
Description ing Height i Dizm,| Amplitude to to
to{ft) {to (ft) |to(in.) o [t}
ML Dy| Pasture Grassland, tussock grass, bracken fern - “ - 50 500 1000
(mostly unimproved) yards yards
ML Pasture Grassland, short grass, occasional trees, peppermint, Scatter-| 40 18 100 1000 500
Dy | (mestly unimproved) yellow box, grey box, messmate, oceasional black wattle ed yards yards
CH
ML=-GM Pesture Grassland, short grass, occasional trees, peppermint, Scatter-| 40 18 100 500 100
GC Dy| {mostly unimproved) yellow box, grey box, messmate, occasional black wattle ed yards yards
ML-CL -~ Pasture Grassland, tussock gress, bracken fern - - - 100 1000 50
GC {mostly unimproved) yards yards
ML Pasture Grassland, tussock grass, occasional trees, peppermint, Scatter-| 40 18 100 1000 50
CH Dy! {(mostly unimproved} yellow box, grey box, messmate, occasional black wattle ed yards | yards
ML Pasture Grassland, short grass, occasional trees, peppermint, Scatter-| 40 i8 20 500 100
GC Dy| (mostly unimproved) yellow box, grey box, messmete, occasional black wattle ed yards yards
ML-CL Dyj Pasture Grassland, tussock grass - - - 20 1000 500
CH {mostly unimproved) yards yards
GC
ML Dy| Pesture Grassland, chort grass, occasionel trees, pappermint, Scatter- 40 18 100 1000 100
CL-CH (mostly unimproved) yellow box, grey box, messmete, accasional black wattle | ed yards j yards
ML Dy| Pasture Grassland, short grass, occasional trees, peppermint, Scatter-| 40 18 100 500 100
GC {mostly unimproved) yellow box, grey box, messmate, occasionel black wattle ed yards yards
ML-CL Dy| Pasture Grassland, tuswock grass, bracken fern - - - 100 500 100
cH {mostly unimproved} yards yards
GC
ML Dy | Pasture Grassland, short grass, occasional trees, peppermiat, Scatter-| 40 18 20 500 100
GL {mostly unimproved) yellow box, grey box, messmate, occasional black wattle ed yards yards
ML Dy| Pasture Grasslond, short grass, occasional trees, peppermint, Scatter-; 40 18 50 1000 20
GC {mostly unimproved) yellow box, grey box, mesimate, occasional black wattle ed yards yards

Fig. 2 (cont.) - Typical description of a terrain umit in terms

of terrain components.
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LSE. WALL 2'8"THICK
OR SHEET PILNG WALL.

PILES SUPPORTING FRAMES .

+
7
rr ff/alz
Result:-— Walls would bresk &
bottom heave up when

exevn. to 50 ft,depth.
Reject system.

THREE FRAMES

STRUT FRAMES 7

Hence:
FiG,1. THIN WALL,

20'DIA CAISSONS
OR 15' THICK SOLID
LOR CELLUAR GONC.

CAISSONS  SUPPORTING
FRAMES
_CSTRUT FRAME

Max, int. free space for
theatres.Ret,walls built
first s0 no int. heave,
Hence: Method adopted.

FIt.2, THICK WALL,SINGLE STRUT FRAME

IV SPECIFIC UNDERGROUND INVESTIGATION

OBJECTIVES

The objectives of this investigation were to
determine:—
1. The rock surface beneath the site, particularly
tv1 the perimeter.

¢ The properties of the rock, i.e, dip and strike
of bedding planes, jointing orientation,
frequency and extent of clay filling, strength,
density and permeability.

Se ae properties of the insitu soil, e.g. strength,

rermeability and earth pressures.

Some properties of the frozen soil, e.g. strength
compressive and tensile ereep.

SCQOFPE

In order to obtain maximum value for the invest—
igation expenditure of $150,000, the work was -
divided into four separate contracts as deseribed
below, each being suited +o one special functionm.
The whole was co-ordinated and supervised by M.J & A.
and took place between June 1969 & July, 1970,

Perimeter Drilling by Soil Mechanics Tid.

Thirteen boreholes spaced at approx. 100 f+,
centres were drilled around the perimeter of the site,
a5 shown in Fig. 3 and penetrated 40 ft. into the
Silurian bedrock, 44" diameter undisturbed samples
were teken of the organic clay stratum for laboratory
testing and 51" diameter rock cores were taken for
detailed description and permanent record purposes.

Caisson Sinking by McDougall-Ireland Pty,Ltd.

Two 5'-9" dia, steel-lined shafts apprex,.100 ft,
deep were sunk. One of these shafts, the North
Caisson, penetrated the rock a distance of 0 — 2 £+,

A chamber 11 ft. diameter was excavabted below this
level for conducting insitu rock strength tests and to

vermit wall tenderers to evaluate the rock en masse.
The South Caisson was sunk to the surface of the rock
to determine water flows in the sand stratum at that
level. It also enabled the placement of pressure
cells and piezometers,

Observation Wells by W.L, Sides & Son Pty.Ltd.

Four eight inch diameter horeholes with filter
screens were drilled around the South Caisson to
observe water levels,

Testing by Soilmech Pty.Ltd. in conjunction with
Dr. J. Morgan, Reader, Department of Civil Engineer~
ing, University of Melbourne., Some specialised tests
were also carried out by Professor Davis and Dr. Lee
of the Department of Ciwvil Engineering, University
of Sydney,

A comprehensive programme of ambient and frozen temp-
erature soil laboratory tests was conducted on
undisturbed samples. Insitu horizontal shear strength
tests on rock were performed in the North Caisson.
Pressure cell installation and pump tests were made

in the South Caisson, -

FIELD WORK ~ DRILLING, SAMPLING, CORING AND TELE-
VISION INSPECTION

The 13 boreholes were sunk by the cable drop
tool method inside 10" and 8" disgmeter casing., The
sequence of strata revealed is summerised in Fig. 4.
The 7 ft. above the locetion of any undisturbed
sample was excavated by hand augering.

38 No., undisturbed samples were recovered in
43" 0.D. x 10g. x 3'-6" long sample tubes,

Diamond drilling was carried out with 2 ~ 7" 0D
53" I.D., 5 ft. long triple tube core barrels,
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In order to determine the direction of dip of the
Silurian rock bedding planes, an underwater television
camers installation was developed specifically for
this project and used in 8 representative boreholes,

The camera, which was 53" dia, and 2'-8" long
wes designed to operate underwater at depths up to
160 ft. Lighting was built into the camers. The
camera lens was fixed, but side viewing in all direct-
ions was obtained hy means of a metallic mirror which
could be rotated about the longitudinal axis of the
camera by remote control from the surface.

Directional orientation was obbtained by a
magnetic compass built into the camera, 6%" and 23"
television screens were provided in the control
caravan for picture monitoring and for phetographing
results,

LABORATORY TESTING AND STRATUM PROPERTIES

These tests were performed to provide informetion to
design and evaluate any construction method,

Black/Grey Silty Clay

The samples were predominantly stiff grey and
black silty clays, but did include clayey sands,
sandy silty clays eand these materials with lenses of
fine sand. The group symbols were predominantly
CH, C1 and OH with some CL and SC.

The progremme of laboratory testing included the
following tests. Typical results only are quoted,
the detailed results appearing in Reference No. 1.

Tests on insitu samples:-—

Water content 48% Bulk density 113 lb.per cu.ft.
Liquid Limit 81% Plasticity Index 55%.

Undrained Triaxial Cy 8 p.s.i., $u 4 deg.

Constant Axial Stress Triaxial Type P, Initial K'0.56
Epin 900 p.s.i., Epax 6700 p.s.i.

Consolidated Undrained Triaxial C' 2,5 p.s.i.,# 32 deg
A(1) 0.31 A(3) 0,08

K'y 0.45 2 0
Consolidation My 0,016 £4°/T at % ~ 1 T/pt-.

Tests on Frozen Samples:
Creep tests - tensile strength ranges from
10 k.s.ft. to 25 k.s,.ft. for temperatures of 14 deg.F
and -4 deg.F at rates of strain between © and 1.5 x
1074 in/min.
Creep tests — compressive ranges from 10 k.s.ft to
33 k.s.f%. ot 14 deg.F for 0 to 1.5 x 10~% in/min
rate of strain and 47 k.s.ft, to 77 k.s.ft. at -4 deg,
P for 0 to 0.5 x 15% in/min rate of strain,
E, 65,000 p,s.i.

Heave test 2% weight and height increase with vert-—
ical stress applied — Test of short term duration,

Silurian Roek,

The salient features revealed by the cores are
as followsiw

a) General Description of Rock Cores.
This general description was prepared by

Mr, J. L. Neilson, Senior Geologist, Victorian
Mines Department,

"Recent drilling at the site to test for the
proposed peripheral retaining wall has found
unusually fresh and hard Silurian mudstone
(with lesser fine sendstone) extending down at
least 40 4, from the topographic upper limit
of the Silurien bedrock, The rock is hard and
mostly sound; very few unstable shear zones
were discovered, and clay bands are rare.

Dip and strike of the beds are fairly constant
over the site, and bedding planes contain small-
scale irregularities which would make slip on
them difficult, The beds intersect the line of
the wall at large angles, which alse imhibits
s1ip. Only at the south-west corner of the site
will beds dip into the excavation and strike
along the wall elignment; there, care will be
necessary, particularly if any clay seams should
be present,

Jointing is not intensive end is confined to
high-angle joints, It is low-angle joimts (from
horizontel to 30°) which would be of most signif—
icence in foundation failure of the wall by
horizontal stregses, and such joints are tight
and always irregular, never completely planar,
which in addition would make failure along them
more difficult. Some joints were limonite (iron
oxide) cemented, and none was clay filled.

Several shear zones of unknown orientation do
not appear to Be serious weaknesses but should
be carefully considered,"

B)  Core Recovery.
100% recovery was obtained in all boreholes,

¢) Dip of Bedding Planes.
Apart from e fgw isolgted occurrences the dip
ranged from 15° to 40 . The dip at the north-
west end of the site was 35° +59 (i.e, in bore-
holes P11,P13 & P15). ~10
The dig for the remainder of the site peri%eter
was 25°+10°, The direction of dip was 355
* 20° rel. to mag, north,

d) Rock Quality Designation.
R.Q.D. is defined as:-

The Agpregate Length of Core Pieces 4" long x 100

e)

Total Length Drilled

This varied considerably within any one borehole
in quite a random manner (e.g, 15% to TO%
typical). The total range for this site was 0%
to 1005 with epproximately 30% of the 0-33%
R.Q.D. present, and approximately 30% of the
33-67% R.Q.D. present,

Rock Strengths,

13 unconfined compressian strength tests ranged
from 420 to0 10,300 1b/in“ with an average of
3,600 1b/in2, The planes of weakness were
flatter than 34° and failure generally was by
vertical splitting,
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FLOW IN THE AQUIFER

The pump test conducted in the South Caisson
involved the observation of rate of drawdown of
ground water level in the four surrounding observatim
wells. This enahled the average permesbility of the
confined agquifer to be computed. Observation of
water levels without pumping enabled the maximum
velocity of water to be computed. This information
is required before the feasibility of freezing this
stratum can be assessed.

The test arrangement included the pumping well,
i.e. the 5'-9" dia. steel-lined South Caisson with
its open base with a graded filter penetrating the
aquifer to RL-70 ft., and four observation wells
located as shown in Fig,l,

The graded filter to the South Caisson consisted
of, from bottom to top =~

3 ft. of 1" screenings.

3 ft. of 2" - 3" screenings.

2 layers of A.S5. No. 300 fabric.

Steel joists at 8" ¢/s welded to sides of caisson,

The four observation wells were 89/32" I.D. steel
cased, The screens were of phosphor bronze material
5¢" I.D., 7" 0.D. with holes ranging from 0.123" to
0.036" diameter.

& submersible pump was located at RL 62' and
connected by a 6 inch P.V.C. delivery pipe to a
section of steel pipe at the top of the caisson.
This section contained a contreol valve, pressure
gaunge and 13" orifice plate and manometer. The
discharge pipe was approximately 500 feet long
and drained into a stormwater manhole in Sturt
Street.

On the basis of previous trials, the discharge
control valve was set at 55 gallons per minute and
meintained constant for the duration of the test,

The permeebility k of the aquifer was found to
be:-

6.1 x 10_3cm/sec. +30% - 204.
The maximum velocity of weter was found to be 0,7 £t/
day which will not affect freezing in the aquifer,

¥  ANALYSIS OF ROCK STABILITY

Fig. No. 9 shows typical pressures acting on the
externsl face of the perimeter wall together with the
horizontel reactions provided by the top strut and
the rock at the base of the wall,

For unit length of any wall e.g. Sturt Street,
5t, Kilda Road, etc. the horizontel resistance
provided by the rock has been considered as being
supplied by a reaction wedge bounded on its underside
by joint planes parallel and perpendicular to the
bedding and oriented in the most adverse manner

possible (i.e. to give minimum capacity). Fig. 10
shows the forces acting on this wedge which are
consistent with the following assumptions:~-

1. PFailure will not occur across intact rock since
joints will be assumed to exist in the most
adverse configuration.

2. The rock mass is assumed to be cut by three sets
of orthogonal joint planes at any spacing.

3. One set of joint planes is assumed parallel
to the bedding plane,



10,

The other two sets of joint planes are defimed
by their intersection with the bedding planes
being parallel end normal to the wall under
consideration.

The shear force transmitted from the wall to the
rock is limited to the buoyant weight at the
wall; this force always being less than the shear
strength of the joint, i.e. V=P = U.

Seepage forces on the underside of the failure
wedge have been ignored.

The most adverse measured values of Dip and
Strike for any particular wall have been adopted
for the determination of the depth of penetration,
Hydrostatic uplift U under the wall is based on a
flow net assuming homogenous rock.

Shear strength law on a typical joint plane is

of the form -
Q::K'l'ﬁ’n'tvﬂll¢
where K = constant
@, = normal stress
#§ = angle of internal friction.

All soil and rock properties, dip, strike, etc.
are based on the test results of the Underground
Investigation, dated July, 1970,

K = 0.45 K/Ft2,

viz: = 3
@ = 38 degrees {y, = 85 1b/ft”.
A
FIG 9 WaLL STRUT
TYPICAL PRESSURE et
DIAGRAM
SCALE:®
1H/ft
5!
WwaLL
rs
HYDROSTATIC /| EFFECTIVE
~F |t
PRESSURE [~ PRESSURE
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Critical Dip and direction of Dip of joint planes

Neme of Wall Dip Deg. Angle between
Dip & Wall
St. Kilda Road 20 55
Gallery 44 75
The capacity of the wedge to resist horizontal

forces imposed by a wall was computed upon our
.E. 265 Computer E,D.P. for varying values of
depth of penetration. This enabled the approp-
riate depth to be selected to satisfy the
following criteria:—

i) VWedge capacity to equal

1.5 {F of 8) times the working reaction of the

wall, as supplied by the wall designer.

A maximum of 25 ft., but if the factor of safety

associated with this depth is less than 1.5 then

the additionel horizontal capacity is supplied by

rock anchoring the wedge ta the underlying rock.

iii) A minimum of 15 f£t., to provide sufficient water
cut off and to limit horizontal deflections.

ii)

The results of these analyses led to the adopt-
ion of penetration of 15 ft. for the Gallery wall and
25 ft, for Sturt Street and St.Kildae Road, with 204
of the horizontal load capacity at §t.Kilda Road being
provided by rock anchoring through the reaction wedge.
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Preliminary Geological and Foundation Investigations for a
Nuclear Power Station at Jervis Bay, N.S.W.
By

1. P. MAcGrEGOR, B.Sc., D.I.C., A.M.Aus. . M\.M.

(Enginecring Geologist, The Electricity Commission of New South Wales)

SUMMARY. The investigation to determine the optimum site location for the power station is described in this
report. The work has included geological mapping, land and marine geophysical surveys, auger and diamond
drilling, water pressure testing, field ripping tests and laboratory testing of samples. In addition it has
been necessary to evaluate the possible seismic risk as a result of fault movement in the area,

The paper demonstrates how the various techniques contribute to an understanding of the geology of the
area and shows the limitations of certain methods of investigation., This work has resulted in the selection
of the area with the highest quality foundation material as the preferred site and has enabled a comparison to
be made of different circulating water arrangements. The engineering properties of the rock are discugsed in
relation to the possible effect of loading by the station structures.

I. INTRODUCTION north-south trending ridge which reaches a height of

205 feet with cliffs averaging 130 feet in height on
In 1969, the Australian Atomic Energy Commission the ocean side.

sought the assistance of the Electricity Commission

of New South Wales to investigate sites suitable for T 7O SYDNEY . (rj

the construction of a nuclear power station in f 120 MILES

Commonwealth Territory on the south-eastern shores & @

of Jervlis Bay. After the examination of several

possible sites, work was concentrated on an area
close to Murrays Beach. This paper describes the
geological and geophysical investigations which have ,Q CURRARON
been carried out in order to determine the site with
the optimum foundation conditions for the station

and elso to compare the geological aspects of the Hy Ee
possible circulating water configurations which have JERVIS W
been proposed. It is emphasised that this has been -
a preliminary study and further detailed work will E%
be required for design. BAY o

II. TOPOGRAPHY NAVAL COLLEGE

___..--—""" BOWEN ISLAND
f =t MURRAYS BEACH
o/ N JERVIS BAY

P.S. SITE

The area chosen for detailed investigation is $T_GEORGES JI'”
located on the east coast of New South Wales about BASIN ;,/
120 miles by road south of Sydney (Fig. 1). Murrays &
Beach is situated lmmediately west of Governor Head
which, with Bowen Island, forms the southern entrance
to Jervis Bay. The site lies on the northern shore
of the Bherwerre Peninsula which constitutes the #
Commonwealth Territory, Jervis Bay., The peninsula SOUTH
is dominated by a north-west/south-east trending
ridge covered by low scrub and reaching an elevation
of 550 feet above sea level. This ridge is flanked
on either side by lower country which is densely
wooded.

SCALE-MILE

Fig. 1
Location of Power Station Site, Murrays Beach

Murrays Beach is a small inlet about 1500 feet
wide formed in the sheltered area west of Governor
Head and south-west of Bowen Island. To the west
and south-west of the beach the ground gradually
Tises to an elevation of 90 feet above sea level.
This wooded area has been chosen as the proposed
site. Between the site and the Tasman Sea lies a

ITI, REGIONAL GEOLOGY

Jervis Bay is located on the southern side of the
Sydney Basin, which is composed of rocks of Permian
and Triassic age. The Bherwerre Peninsula is under-
lain by a thick series of medium to coarse grained
sandstones which are considered Lo belong to the






418

ITAABYE
3715113 YE|

3

193 Y5

242 |$B4YH

38000YE
ITHSYE

YERHOR HEAD

""%:—-"?j unnvuw

MURRAYS BEACH

3

INTERMEDIATE GREY 3ILYY SANDS
LOWER LIGHT GREY SAMDETOHE r T PBEDOlNG
- >

-
BOTE: LEVILS BASED OH STN DATUM SEA [LEVEL=OOFT
SCALE-FEET

OIAMONE pRILL HOLE
SEISMIC TRAVERSE
INREA

OF BAsE OF
YRITE JANDSTORD

#‘/f' Z

Fig. 2

Location of Site Investigation and Simplified Geology

In the cliffs south of Governor Head, the Upper
White Sandstone is underlain by a massive mid-grey
coloured, medium~grained silty sandstone band, This
band has also been located in 34 diamond drill holes.
Where the contacts above and below this stratum were
recognised the thickness of the band ranges from
29 feet to 56 feet. The Intermediate Grey Silty
Sandstone generally contains a higher silt content
than the sandstones lying above and below, but there
is considerable variation within the band with the
content of clay minerals ranging from 10-70%. This
band ranges in colour from light grey to dark grey
and obviously represents a period of deposition in
which there were some variations in lecal conditioas.
Petrographic examination shows that the quartz grains
are separated by clay minerals., Although these
minerals {kaolinite and illite) have low expansive
properties, the band is not strong and loose blocks
of silty sandstone disintegrate rapidly.

The base of the cliffs at Governor Head and most
of the cliffs on the ocean coastline to the south
are made up of a light grey, medium to coarse-
grained sandstone which underlies the Intermediate
Grey S5ilty Sandstone. The thickness of the Lower
Light Grey Sandstone is not known but at least 150
feet have been penetrated in drilling. The rock is
uniform, light to mid-grey in colour with large scale
banding more strongly developed than in the other
rocks. These rocks contain up to 10% of alkali feld-
spar and 15% of iron oxide minerals. The presence of
the feldspar and the iron has resulted in a much

stronger bond between the individual grains and also
a strong matrix. Some pressure welding is also
evident.

{(b) Structure

The uniform nature of the rock types has
resulted in poorly developed bedding over most of
the area. However, on the cliffs where the rocks
have been exposed to weathering, the bedding planes
are more prominent. On Bowen Island, there is
uniform dip to the west of 2% to 3°, while south of
Governor Head the westerly dip increases to 15° and
then decreases to an anticlinal crest about 1.4
miles south of Governor Head. Beyond the crest, the
sandstone dips to the east and at Steamers Beach the
anticlinal axis is again found.

The proposed station area is therefore on the
western limb of an anticline whose axis trends
north-east., In the drill cores bedding is not well
developed but, by plotting the levels of the contacts
between the rock types, the peneral bedding attitude
shows a general north-westerly dip of between 3° and
6° to the horizontal. Some very gentle subsidiazy
folding may be present.

Widely spaced high angle jointing is developed
throughout the Bherwerre Peminsula. The joint
directions indicated on the aerial photographs and
measured on the ground in the Governors Head/Murrays
Beach area show azimuth maxima between 325° and 025°



and between 065° and 115°. Joints are mormally tight
with no infilling. Wo extensive area of close
jointing was located by the drill holes.

The Ulladulla 1:250,000 geological map shows the
geological structures on the south-western side of
Jervis Bay to be trumcated by a major fault which
crosses the ocean coastline about one mile south-east
of the proposed station site. In order to assess the
significance of this fault and associated fractures
on the proposed station site, a detailed examination
was made of the faulting in the area (Ref. 6). This
study found that, although a number of faults can be
recognised in the cliffs south of Governor Head, the
fanult planes are narrow, the displacement along
individual faults is less than 10 feet and the move-
ment has had little effect on the surrounding strata.
These faults in general strike north-east, dip to the
west at between 35° and 50° to the horizontal and in
almost every case in which movement can be measured,
the faulting is reverse, i.e., compressional. The
faulting is parallel to the anticline in this area
and it is considered that any movement is of a minor
nature and that it took place under the regional com-
pressional stresses that caused the folding in this
area during the Jurassic periocd. HNo faults were
found which would significantly affect the structural
level of the geological formations in the station
area.
VIII. ENGINEERING PROPERTIES OF ROCKS

The power station structures will be founded on
the Upper White Sandstone. This material proved to
be relatively easy to drill and cere recovery was
good. Seismic velocities in the Upper White Sandstone
ranged from 3,000 feet per second to 10,000 feet per
second. With the exception of a thin upper layer of
highly weathered rock which was extremely friable and
not suitable for testing, it was found that the Upper
White Sandstone could be divided into two groups as
shown in Table I.

TABLE T

STRENGTH OF UPPER WHITE SANDSTONE

Unconfln?d Secant Moduluf
Compressive 6
Strength | p.s.i. x 10
psS.ie
Semples taken from
above the lowest 1822-9300 0.12 - 1.5
10 feet of the stratum
Samples taken from the
lowest 10 feet of the 390-2050 0.12
stratum

% At 318 p.s.i. (approx. 20 tons per square foot)

The ripping tests showed that a D9 bulldozer could
prohably rip this rock in areas where the seismic
velocity was below 6000 feet per second. During the
test the ripped material hroke up into its component
grains and hoth these conclusions have been confirmed
during the excavation of the site.

419

Four core samples of the Upper White Sandstone
withstood 300 cycles of simulated accelerated
weathering without appreciable effect but two samples
gave losses of 55% after the sodium sulphate sound-
ness test and there was a loss of up to 88% after
the Los Angeles abrasion test.

The Intermediate Crey Silty Sandstone is of
variable lithology and generally has a lower strength
than the Upper White Sandstone. Due to the higher
velocities in the overlying white sandstone, it was
not possible to define the extent of the Silty
Sandstone layer by seismic methods.

The silty sandstone is soft enabling rapid
drilling but core recovery in this material was
relatively poor, probably due to the presence of hard
chert pebbles which caused grinding In the friable
silty matrix.

The unconfined compressive strength of samples
from this band ranged from 360 p.s.i. to 8,130 p.s.i.
Sixty percent of the samples gave strengths below
2,000 p.séi. Secant moduli values ranged from 0.10 -
0.60 x 10° p.s.i. at a loading of 318 p.s.i.

Weathering in the Intermediate Grey Silty Sand-
stone is moderate with the exception of an area south
of Murrays Beach where the Upper White Sandstone is
missing and there is up to 50 feet of completely to
highly weathered silty sandstome.

A much slower rate of drilling in the Lower Light
Grey Sandstone indicated that this rock type is much
harder than the other rock formations present in the
area. Unconfined compressive testing of samples gave
a range in stremgth from 5240 - 14,000 p.s.i. The
Secant Modulus.at & loading of 318 p.s.i. ranged from
0.9 - 3.6 x 10" p.s.i.

A sample of the Lower Light Grey Sandstone gave a
loss of 6% after the sodium sulphate test and a loss
of 33% in the Los Angeles abrasion test.

IX. EARTHQUAKE RISK

The seismicity of the Sydney Basin has been
sumarised by Doyle, Cleary & Gray (Ref. 9} and the
possible seismic risk at Jervis Bay has been studied
by Underwood (Ref, 10). With the exception of the
shaking centred in the Robertson area some 40 miles
to the north-west in 1961, no earthquake of signifi-
cant size has been recorded from the area around
Jervis Bay. Underwood concluded that the most likely
source of shaking which might have damaging effects
on a power station at Murrays Beach would be an
earthquake resulting from movement along the major
fault south-east of the station. However, the site
investigation indicates that this major fault does
not exist and that there is no evidence of any fault
movement in recent geological time. The seismic Tisk
in the Jervis Bay area is therefore considered to be
low, but in order to evaluate any shaking which may
occur, it is proposed to install a long period com-
tinuous recording seismograph close to the station
site.

X, SELECTION OF THE MOST SULITABLE STATION LOCATION

From consideration of the maximum water levels,
cooling water pumping costs and site geology, the




420

station site level (grade level) has been fixed at
15 feet above mean sea level (R.L., 115 ft.). The
optimum position of the station, having regard for
foundations, is the site where -

(i)} rock capable of supporting the station
structure is close to R.L. 115 ft.;

(ii) where there is a minimum of excavation to
R.L. 115 ft.; and
(iii) where there is a maximum thicness of good
quality rock below R.L. 115 ft.

Other factors which have to be taken into considera-
tion are the length and position of the circulating
water canals and the presexvation of the countryside
around the station area.

The level of the top of good quality rock is
indicated by the drill holes sunk in the area and the
seismic survey has been used to interpolate between
drill holes. The usefulness of the seismic work has
been limited by the presence of the relatively weaker
band of Intermediate Grey Silty Sandstone below the
Upper White Sandstone. Where the Upper White Sand-
stone Is thick, the séismic survey located the top
of bedrock but failed to indicate the weaker band.

On the other hand, where the white sandstonme is thin
the seismic work sometimes picked up the upper level
and at other times located the interface between the
Intermediate Grey Silty Sandstone and the Lower Light
Grey Sandstone., Thus the interface depths appear to
vary greatly and in this situation the seismic work
is difficult to interpret.

As the rocks in the Murrays Beach area dip to the
north-west, the maximum depth of the Upper White
Sandstone is found on the headland to the west of the
beach. 1In this area it has been found that the
seismic survey corresponds closely with the drill
hole information. In order to preserve a nature
strip along the coastline the station site should
be at least 150 feet from the sea and with this
provision, the station site has been located as
shown in Figure 3. The drilling in this area
indicates a thickness of Upper White Sandstone below
grade level ranging from 26 feet at the south-east
corner to 55 feet in the north-west corner. If the
reactor and turbine house were located at the western
end of the station area, there would be a minimum of
45 feet of good quality white sandstone below grade
level.

XI. PERFORMANCE OF THE FOUNDATION ROCKS

The jointing at the selected station site is
tight, the materlals are reasonably uniform and it
is considered that for a preliminary estimation of
settlement the foundation can be treated as composed
of several horizontal layers behaving in an elastic
manner .

The settlement of a semi-infinite elastic medium
with uniform strata can be calculated using the
Steinbrenner approximation by which the settlement
of a multi-layered mass is estimated by using the
stress distribution for a homogeneous half-space,
but using the relevant elastic parameters of each
layer to calculate the settlement within each layer,
the sum of such settlements being the surface
settlement.

Fig. 3
Site Layout showing Five Alternative
Circulating Water Conduit Locations

Based on the rock testing carried out on core
samples from the station area, the following average
Elastic Moduli values can be assumed:

Main part of Upper White Sandstone
0.2 x 10° p.s.i,

Bage of Upper White Sandstone and
Intermediate Grey Silty Sandstone
0.1 x 10° psS.i.

Lower Light Grey Sandstone
1.3 x 10" p.s,.i.

Using these values a typical column footing in
the turbine house with dimensions 10 feet by 10 feet
bearing a load of 2,500 tons would settle about 0.3
inches, if based on 20 feet of Upper White Sandstone
and 50 feet of Intermediate Grey Silty Sandstone.

If, however, the footing is located directly on the
Intermediate Grey Silty Sandstone, the settlement
would be about 0.5 inches and the load at the
surface would be close to the ultimate unconfined
compressive strength of the weathered rock.

A 150 foot diameter circular reactor building
with an average loading of 5 tons per square foot
would settle about (.6 inches if sited on 20 feet
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Mr. C.K. McKinnon who carried out the settlement
analysis.
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Some Properties of Weathered Greywacke
By

M. J. PENDER, B.E. (Hons.)
(Soils Engineer, Ministry of Works, Central Laboratory, Lower Hutt, New Zealand)

SUMMARY . -

The behaviour of weathered greywacke from a particular gite in Wellingtonm is discussed.

The degree of weathering varied congiderably and &o¢ the material was classed visually into feur
categories using a acheme for classifying weathered rock similar to that of Fookes and Horswill.
The results of the usual so0il mechanics classification tests confirmed the grading system 28 did the

results of tests for the mechanical properties.
properties were found for each grade.

Characteristic ranges of values for the various
Furthermore reasonable correlations were found between the

void ratio of the material and the values of the mechanical properties.

I.~ INTRODUCTION

Much of Wellington is built on an extensive
deposit of greywacke which is found in various
stages of decomposition ranging from unweathered
rock to highly plastic clay. The material whose
properties are discussed in this paper was ob-
tained from one particular site in Wellington
during the course of an investigation for a
multistorey building. Although all the material
present is weathered greywacke the degree of
weathering varies censiderably and in addition
the stratigraphy is not simple. The overall
assessment of the site and prediction of the
likely performance of any foundation constructed
there would be greatly facilitated if some means
of sorting the material into characteristic types
could be developed.

On the basis of visual logging it was po&sS-
ible to class the material into four grades.
Similar approaches have been used elsewhere.
Knill and Jones (Ref.?1) have used a visual grad-
ing scheme for classifying weathered and/or
fractured rock at dam sites whilst Ward, Burland
and Gallois (Ref.2) have classed chalk into five
grades to assess its deformation properties and
Chandler (Ref.3) has used a fourfold grading
scheme in discussing the properties of weathered
marl. These have demonstrated that it is poss-
ible to classify weathered materials visually
into grades which are confirmed by the values
for the various properties. Each grade is assoc-—
iated with a characteristic range of values for
properties such as density and modulus values.
saunders and Fookes (Ref.4) have compared these
and other systems in a paper on the significance
of rock weathering to foundation engineering.

In Ref.4 information about the properties of a
range of weathered rocks is summarised and it is
apparent that there is little informatiomn avail-
able about the properties of weathered sandstone
of which greywacke is a type. In New Zealand
the term greywacke is applied to poorly sorted
well indurated sandstone (Ref.5).

In this paper it is shown how a similar grad-

ing system is applicable to a particular site in
Wellington. This visual grading is confirmed for
the more weathered material by the standard class=-
jfication tests used in s0il mechanics and also by
the range of values for the mechanical properties.
In addition reasonable relations exist between the
void ratio of the weathered material and the
values for the mechanical properties.

II.~ SAMPLING, DESCRIPTION AND GRADING OF THE
MATERIAL

Continuous 4" diameter undisturbed samples
wmere taken with a triple tube rotary core barrel.
In this barrel, designed by Northey (rRef.6), the
sample was not retained in the usual split liner
but in a series of copper rings 4w 1.D., and 2" or
41 long held in a split liner. Up to 32" of core
could be recovered per Tun. With this barrel it
was possible to obtain goed quality undisturbed
gamples of the wide variety of material at the
site. After sampling the core wWa& wrapped in
thick plastic sheeting and stored in a humid room
in an attempt to maintain the in-situ moisture
content. Preaumably the material is saturated in-
situ, but it is likely that there is a decrease in
the degree of saturation associated with the
stress relief on sampling. At present these cores
provide the only means available of examining the
material at the site.

The material was logged visually and could
be divided into four groups ranging from complete-
1y weathered greywacke in the form of a red highly
plastic clay to a noderately weathered material.
In all the classification schemes discussed in
references 1 to 4 the unweathered material has
been termed grade I and the same idea of assigning
the lower grade numbers to the least weathered
material is followed here. An attempt is made to
follow the cglassification gystem of Fookes and
Horswill (Ref.l4) for the weathering of hard rocks
explained in reference 4 and the details of which
are given in Table I. Following this system it
seems that the least weathered material found at
the site corresponds to Fookes's and Horswill's
grade III and the most weathered to their grade
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obtained from the two sizes of sample holders de-
spite the difference in height to diameter ratios
and the treatment of the inner surface.

Before moving onto the discussion of the
triaxial test results the significance of large
values obtained for the preconsolidation pressure
requires comment. The usual explanation for pre-
consolidation is that at some time in the past
history of the so0il stresses of the order of the
preconsolidation pressure have been applied to the
material and subsequently removed. The material
"remembers™ this and it is reflected in the shape
of the e, log p curve. However in the present
case it seems to the writer that previous loading
of the magnitude required is most unlikely.

It is known that when a material is loaded in
a consolidometer at stresses less than the precon-
solidation pressure the deformation is approximate-
ly recoverable whereas substantial irrecoverable de
formation occurs, no doubt with interparticle move-
ment and rearrangement, at higher stresses. When
the applied stress approaches the preconsolidation
pressure there is a definite change in curvature
of the e log p curve. It is suggested here that
this -change in curvature as p, is approached will
be exhibited by any granular material that is
found under stress conditions of magnitude such
that only recoverable deformations are possible.
In other words it seems to the writer that the so
called "preconsolidation pressure™ is merely a
measure of the stresses that must be applied to
the material before the onset of any substantial
irrecoverable deformation on leoading in a consol-
idometer.,

The behaviour of weathered greywacke dis-
cussed in this paper is suggested as an example
where the existence of an apparent preconsolida~
tion pressure considerably greater than the ex-
isting overburden pressure may not be the result
of the previous loading history. Rather it is
thought to be a consequence of the weathering
process. Initially the unweathered rock is very
dense and as the weathering process proceeds the
void ratiec increases, each change of void ratio
giving a material with slightly different con-
sclidation properties. However at each stage of
the weathering the resulting material is still
comparatively dense and so large pressures have to
be applied before there is any irrecoverable
change of void ratio. As the void ratic increases
the stress required to cause this irrecoverable
deformation would be expected to decrease as
suggested by Fig.6.

V.- TRIAXIAL TEST RESULTS

A number of consolidated undrained triaxial
tests were performed and the resulting effective
angle of internal friction is plotted against the
initial void ratio of the material in Fig.?. The
failure criterion used in determining #' was the
peak value of the principal effective stress ratio
and a strain rate of 0.1%/minute was applied to all
the samples. Once again it is seen that there is
a reasonable relation between this parameter and
the void ratioc of the material. Three of the six-
teen points plotted fall well outside the suggest-
ed band, at this point the reason for this is not
clear. In Fig.8 the values of the effective co=
hesion intercepts obtained from these undrained
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triaxial series have been plotted against void
ratic. The majority of the points fall into a
fairly broad band which suggests that as the void
ratio increases there is a general decrease in the
effective cohesion intercept. Most of the pairs
of values for c' and g*' were obtained from a
triaxial series consisting of tests on 5 separate
samples consolidated before testing at cell
pressures ranging from 5 psi to 120 psi. Although
the values of ¢' and f' have been associated with
one particular void ratio in Figs.7 and 8 there
was in fact a range of values for the calculated
void ratios of the samples tested in each triaxial
series. Typically these variations ranged from
0.03 to 0.10 over the five samples for a given
series. Variations of this order did not seem to
have a significant effect on the graph for which
the shear strength parameters were determined.

The majority of the triaxial samples failled
by the formation of slip planes that became
evident at about the same axial strain as the peak
value of the principal effective stress ratio was
reached. Despite the joint planes in the original
greywacke still being evident in grades IV and V
material only a very small number of ths total
number of samples tested actually failed along
one of these planes.

Apart from the usual precautions of careful
setting up and filling the cell base and pore
pressure transducer with de~aired water no special.
effort was made to ensure full saturation of the
sample and pore pressure measuring system for most
of the triaxial tests. The calculated degrees of
saturation suggested that the material was either
fully saturated or within a few percent of satura-
tion in most cases. Unfortunately the indirect
procedure involved in calculating the degree of
saturation is very prone to the cumulative effects
of small errors and so it is only possible to
specify the degree of saturation to within a few
percent. Thus the exact degree of gaturation of -
the samples tested remains umcertain but it seems
probable that most of the samples were not quite
fully saturated. The importance of this was in-
vestigated by a few series of tests conducted on
samples saturated by the application of back
pressure. Another effect was also investigated.
Some of the triaxial results were obtained on
samples 3" high by 13" in diameter with porous
stones at each end while others were determined
from tests on samples 4" high and 4" in diameter
with the free ends developed by Rowe and Barden
{Ref.8). In these there were two 0,012" thick
rubber disks between the sample and each end
platen. Silicone grease was smeared on the end
platens and between the rubber disks before test-
ing and the disks were also cut radially and
circumferentially to reduce any restraint pre-
venting free expansion of the sample., In Fig.9
the result of a triaxial series conducted on 12
samples of grade V material is plotted. The
pointes were determined from tests on back pressure
saturated and unsaturated samples some of which
were 3" x 14" and the others 4" x 4!, The back
pressures used varied between 60 and 90 psi and
saturation was checked by measuring the gpeed
with which the pore pressure tramsducer responded
to successive 5 psi increments in cell pressure.
In all cases the reading from the pore pressure
transducer reached a steady value in less than
10 seconds which is taken as evidence of
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saturation. Fig.9 in which the twelve points are
plotted suggests values of ¢' and 4' determined
are not dependent on the sample Bize or the
soamples not being quite fully saturated. The
initial void ratios for these twelve samples were
in the range 0.6% * 0.05. However it was noted
that the form of the atress paths determined from
samples with back pressure saturation was slightly
different from those without the saturation. Thus
any accurate consideration of streas paths or pore
pressure parameters requires that messures must be
taken to ensure that the sample and pore pressurs
measurement system are fully saturated.

It was also noted that the initial part of
the stress~strain curve (principal effective
stress difference v axial strain) was linear for
these undrained tests. When the curves were
corrected for initiel bedding errors it was poss-
ible to determine the tangent modulus for the
initial parts of these stress-strain curves. The
corrected stress-strain curves were linear for
the firat one per cent or so of axial deformation.
The tangent modulus values calculated from the
slope of these curves are plotted against the
effective consolidation pressure in Fig.10 for
the same twelve samples that have already been
discussed above. From this it is seen that there
is an approximately linear relation between the
tangent modulus value and the pressure under which
the sample was consolidated. In addition Fig.10
suggests that the values measured for the tangent
modulus are not particularly sensitive to the
sample size or to the sample not being quite
fully saturated. Similar linear relations were
obtained for triaxial series on material with
other initial void ratios. As the void ratio de-
creases the values for the tangent modulus in-
crease. Similar behaviour was observed by Lumb
(Ref.9) for the secant modulus measured from
drained tests on residual s0il from Hong Kong.

It must be noted that this initial linearity
of the stress-strain curve does not mean that the
material can be regarded as elastic. The fact
that the modulus value is not independent of the
applied stresses and that the deformation along
the initial linear part of the stress-strain
curve is not fully recoverable demonstrates this.

Examination of the stress conditions at the
onset of the nonlinear part of the streass-strain
curves reveals that the curves are linear until
the stress path has almost reached the failure
line. For samples consolidated at cell pressures
up to about 30 psi the stress conditions at the
onset of nonlinearity were very close to the
failure line and at higher consolidation pressures
a little below the line, the distance increasing
with consolidation pressure. If this aspect of
the behaviour is confirmed for drained tests a
pseudo-elastic procedure would probably be suit-
able for predicting the settlement of the material
under foundation loads.

VI.- CONCLUSIONS

This work on the properties of weathered
greywacke found at a particular site in Wellington
has shown that it is possible to relate the index
and mechanical properties for the various
materials to a scheme for classifying the weather-
ing of hard rocks. For each grade there are
characteristic ranges of values for the various

/20
I | I

X 47x 47 SATURATED

‘;‘;\ 90 +— @ I"xI" SATURATED

g 0 3"xl? AS SAMPLED

e o

—~~ /

¥ 69 L

| M ¢”- F&e

Q& a0 ] C'e § p5/4
N »*"‘I,

o t
o 30 20 120 S0 200 240

60
%fs)+ &%) (p.ai)

FIG.9 TFAILURE POINTS FOR SPECIAL TRIAXIAL SERIES
24,000
| I | I

X &7x47 SATURATED
I o 3"x/R7 sarurATED
O " xtfa¥ AS SAMPLED

AN

pd

16,000 r

8,000

UNDRAINEQ TANGENT MODULUS (ms.i)

o

)

20 &0 &0 &0 100 20 hd
CONSOLIDATION PRESSURE [o.5./.)

FIG.10 VALUES OF THE UNDRAINED TANGENT MODULUS

properties., It has also indicated the limita-
tion of such a procedure in that for a particular
grade the range of values for a property can be
fairly wide.

Figures 3, 5, 6, 7 and 8 indicate that the
magnitudes of the various mechanical properties
for the weathered material are related to the void
ratio of the material. Despite a certain amount
of scatter among the points plotted, as is to be
expected with a natural deposit, these diagrams
do indicate a fairly uniform trend as the void
ratio changes. This means that although in soil
mechanics terms the weathering process results in
a whole spectrum of materials with differing
properties the current void ratic of the material
gives a reasonable indication of the likely range
for the values of the various properties for this
particular weathered greywacke.

The majority of samples were tested at the
degree of saturation after sampling and no
specific procedure was used to ensure full satura-
tion. A limited number of triaxial series with
back pressure saturation indicated that the
measurement of the effective angle of internal
friction, the effective cohesion intercept and
the tangent modulus is not particularly sensitive
to the sample being a few per cent short of full
saturation.,
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Seismic Attenuation in Engineering Site Investigations
By

E.]. Porak, Dirr. MiN. ENG., PH.D., M.I.E.AUST.
{Geophysicist, Burcau of Mincral Resources, Geology and Geophysics)

SUMMARY. - During geophysical site investigations on sixteen engineering projects, the rate of attenuation of
seismic energy travelling through the rock was measured with specially calibrated seismic refraction
equipment. Attenuation factors were measured in bedrock and also, in cases where the bedrock/overburden
interface was sloping, in the overburden. The results indicate that attenuation factor is related not only to
the kind of rock but also to its porosity, Jointing, and moisture content. Attenuation factor measurements
may indicate discontinuities like faults and dykes, end may support and extend the evidence given by seismic
velocity measurements in engineering site investigations.

I.- INTRODUCTION

During seismic refraction surveys, measurements
of the pulse amplitude and frequency are not gener-
ally made (Ref. 1), These measurements are not
difficult but require additional time, especially as
the gquality of recording must be much higher, The
normal refraction technique therefore depends almost
entirely on the velocities of longitudinal and
(sometimes) transverse waves as the criteria for
determination of properties of concealed rocks.

Laboratory and field experiments on the propaga-
tion of seismic waves in rocks show that the trans-
mission of elastic energy is not perfect, and that
several factors influence the loss of energy. Not
all the losses can be explained by the radiation and
the geometrical effects; some losses are due to
departure from perfect elasticity, friction between
particles, composition of rock, water content, etc,
As the attenuation of stress in a solid bedy express-
es the mechanical response of the body to applied
stress, measurements of attenuation may reveal some
of the physical properties. These properties, as
well as those obtained from the transmission times of
seismic pulses, can assist in planning engineering
projects,

IT.- NOTATION

Ao; A1; A2 = relative amplitudes

Vo; Vq; Vé = seiemic velocity in km/sec
d = distance

K = attenuation factor

@ = angle of dip

P
]

critical angle of refraction
ITII.- SEISMIC PULSE AMPLITUDE

%hen an explosive charge is detonated in the
ground the expanding gases press on the rock radial-
1y near the shot. In the "fracture zone" the rock
is shattered and a large amount of energy is

converted to heat which increases the temperature of
the gases in the cavity.

A short distance from the fracture zone, where
the applied stress still produces permanent
deformation by shearing and '‘plastic flow'!, the
attenuation of seismic pulses is affected by the
inelastic behaviour of the material,

Cutside the plastic flow =zone, the general theory
of elastic wave propagation is applicable, This
assumes a proportional relation between stress and
strain.
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Fig. 1 shows the amplitude/distance curve
obtained on a geophysical survey in Tasmania. The
relative amplitudes are plotted on a logarithmic
scale while the distance is linear,

A general formula giving the decrease of the
amplitude of the seismic pulse is:

A, = Ao exp {-kd)

] cernavas (1)

The formula does not include the factors of geo-
metrical spreading and frequency. The geometrical
effect of spreading can be omitted as the distances
on which attenuation is measured are similar in
engineering refraction surveys at different
locations and for different purposes, This also
applies to the frequencies, and the question whether
the attenuation is due tc "viscous damping" (Ref. 2
& 3) and therefore is proportional to the square of



its frequency, or is due to the "internal friction"
(Ref. % & 5) and is directly proporticnal to freque-
ncy, does not arise. Fourier analyses were carried
cut on several records, and indicated that the
maximum energy is transmitted at frequencies of 4o
to 50 Hz. Born (Ref. 5) has shown that with
frequencies below 150 Hz viscous damping is not
important.

To avoid any confusion with the results of other
investigators it is proposed to call the numerical
value obtained from formula 1 the "attenuation
factor. It means that corrections for the effect of
frequency and geometrical spreading are not made.

IV.— INSTRUMENTATION AND FIZLD PROCEDURE

Two standard seismic refraciion units with 12 or
2l channels were used in the attenuation tests. DBoth
units were calibrated for uniform response in frequ-
ency, phase, and amplitude.

After extensive tests with geophones of sizes
ranging from 110 g to 1.5 kg and frequencies ranging
from 2 to 40 Hz a set of 30 geophones weighing 110 g
with natural freguency 20 Hz was chosen. These
geophones produced best coupling with the ground,
there was no differential movement of geophones
relative to the ground, and no resSonance of the
geophone; good reproducibility was obtained with
repeated shots, and identical results were cbtained
with "bundle tests', where 2ll the geophones were
placed together.

A puise of 50 Hz frequency from an oscillator
was fed parallel into all the channels after each
record to obtain the relative gain of the amplifiers.
The amplitude of the signals received through the
ground by different geophones were calculated by
dividing the amplitude of the deflection cof a trace
of the field record by the amplitude of the corres-
ponding calibrating record.
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V.-~ CALCULATION OF RESULTS

Fig. 2 shows a complete set of the results of a
field test at Koombocloomba, Queensland. The top
graph in the figure shows the time-distance curves
obtained from shots fired from beth ends of the
geophone spread. It is a standard plot as used in
seismic refraction surveys. From this plot we obtain
four values.

(i) The downslope velocity Vy= 3.3 Km/sec
(ii) The upslope velocity v, = 6.3 km/sec
{iii}The true velocity = 5.4 km/sec
(iv) The angle of dip = 3745

At the bottom of Fig. 2 the relative values of
the amplitude of the deflection on the field record
are plotted against distance from shot to geophone.
The best-fitting straight line is calculated using
the least-sguares method.

On geophones 2, 5, and 4 the times of first
arrivals plet below the lines. These early
arrivals are due to thinner overburden. The atten-
uation curve shows similar distortion. Geophone 6
indicates a smaller pulse amplitude without any
corresponding anomaly in the time-distance curve.
This anomalous attenuation may be the result of poor
coupling between gecphone and ground.

In the example in Fig, 2 the interface is
sloping at 3°45'; therefore two values of
attenuation factor are obtained:

The upslope attenuation factor k = 0.147
The downslope attenuation factor kd = 0.327

Tye formulae were developed for the case in
Fig. 2z

(i) The true attemuation factor ir a refractor
with velocity V1 is

ky = (kd + ku) / 2 cos ® SR -3
(ii) The average attenuation factor k_ in the
overburden with an average veloclty Vo is

k= [%d cos(i-@) - K, cos(i+@i] / sin 20
R )

Critical angle of refraction, i, is calculated from
Snell's Law (Ref. 1).

Tt is clear from the above example that in the
case where an interface is parallel with the ground
surface, only one value for the attenuation factor is
obtained and the calculation of the attenuation
factor in the overburden is impossible.

Tn the case of a sloping interface it is also
possible to calculate the attenuation factor
graphically.

Fig. 3 shows the results obtained at a damsite
in Tasmania. The angle of dip of the interface (as
obtained from the seismic velocities) is plotted
against the attenuation factor k. A straight line
is drawn through each pair of points. The
intersection of this line with the zero dip line
gives the value of the attenuaticn factor in the
refractor (the bedrock).







(i) Igneous rocks

dolerite 0.230 to 0.345
granite 0.230 to 0.345
trachyte 0.2185 to 0.230

(ii) Sedimentary rocks

argillite 0.414  to 0,460
chert 0.299 to 0.280
greywacke 0.299 to 0.368
limestone 0.357
pyroclastics 0.368
quartzite 0.299 to 0.545
sandstone 0.357 to 0.575
(iii) Cverburden 0.57% to 2,415

(b} Porosity, Jointing and Moisture Content

The influences of these three factors must be
investigated together as they are very closely
related.

The attenuation factor of dry consolidated rock
is directly proportional to the porosity {and
therefore to the seismic velocity). At low
porosities there is no difference between attenuation
in dry and wet rock. With increasing porosity in
saturated solid rock the attenuation increases,
especially if the pores are interconnected so that
scme energy is used in pvercoming friction when
liquid is forced through passages (Ref. 5 & 7Y. This
relation does not apply to cavernous chert.

The attenuation is greatly reduced when an
unconsolidated layer becomes water-saturated. In
this case there is a bodily movement of liquid with
material suspended in it. As an example wet sand
has an attenuation factor of 0.207 to 0.598, moist
sand 1.035 to 1.725, and dry sand 2,300 to 3.220,

The presence of clay, expecially of the expansive
type, lowers the attenuation factor greatly when wet.

(¢) Pressure

A1l the engineering geophysical surveys deal
with near-surface layers of rocks, so that the
increase of pressure with depth is not significant.
However, it is reascnable to infer that the attenua-
tion factor will decrease with an increase in press-
ure. Indeed, during crustal studies (Ref. 8) the
measured attenuation factors at a depth of about
30 km were 0,0014 and 0.0168.

(d) Faults and Dykes

The attenuation factor increases greatly across
a fault or a shear zane, the increuse depending on
the characteristics of the material in the zone and
the thickness of the zone.

COn one survey the attenuation facter across 2
fault zone Q.6 m wide in quartzite was measured at
1.15 compared with 0.299 for the undisturbed state.
Similarly in chert the attenuation factor increased
from 0.345 to 0.552 when crossing a fault.

The presence of weathered dykes in granite
increased the attenuation factor from 0.23 to 0.403,

433

(e) Attenuation Anisotropy

On one site in pyroclastics, attenuation
factors were measured parallel and at right angles
to the bedding. The attenuation parallel to the
bedding was one-half of that measured at right
angles. This case was complicated by the fact that
the steeply dipping bedding planes were parallel to
the sides of the gorge; the release of the pressure
could have opened joints parallel to the bedding
planes and so increase attenuation. Similar facts
have been noted in another location, where the
exfoliation of trachyte in a gorge influenced the
attenuation at right angles to the faces of the
gorge. On two other sites the results suggested
that attenuation anisotropy was caused by slumping
of overburden down the slope.

{f) Increased Attenuation in Thin Beds

This effect is quite common in seismic
refraction work and was noted on four surveys.
GQuantitative investigation is impossible without
drilling evidence.

VIIT.- CONCLUSIONS

There are three characteristics of a seismic
pulse travelling through a rock: the velocity, the
shape of the pulse, and the amplitude.

Initially only the velocity was used to
determine the depth and the character of the buried
rock. With the advent of magnetic recording, the
frequency of the pulse started to play a part in
interpreting the characteristics of the rock. The
data in this paper indicate that the attenuation of
seismic waves in the rock can not only support
the evidence provided by velccity but can give
additional information to be used for the efficient
engineering design of foundations.
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Fig. 1 -- Photograph made from acetate peel (2},
Granite No. 1.

are from the various mines in which other operational
and geomechanical data are obtajned. If this study
can lead to even a rough quantitative classification
of joint filling materials it would assist in assess-
ing the ground supportability of the rock materials
in exploration cores,

In block caving mines it is frequently reported
that some areas are easy to cave, whereas others are
more difficult to cave. This difference is due in
part to the degree in spacing of joints and frac-
tures. However, it is also due in part to the de-
gree of alterarion in the host rocks which, in turn,
is probably related to the rock strength, An inves-
tigation, alsc under the direction of Pincus and
Wipf, is in progress to determine if an alteration
index for rock can be developed, that is, some quan-
titative measure of the degree of alteration, It is
hypothesized that alteration is accompanied by the
development of microfractures, and that the degree
of microfracturing is related to the degree of alter-
ation. Also, alteration may produce preferred spa-
tial orientations of microfractures. The degree of
microfracturing is being investigated by two tech-
niques, The first involves applying a flucrescent
dye penetrant to a sawed rock surface and observing
the microcrack in this surface under ultraviolet
light. In the second technique an acetate sheet
softened in acetone is pressed against a sawed rock
surface, When the sheet hardems it is peeled from
the rock and the fractured detail observed on the
peel,

Fig. 2 -- Photograph made from acetate peel (X},
Granite No. 2.

The dye penetrant-ultraviolet light technigue
produces some visual enhancement of the microfrac-
tures, and even better detail is shown in the photo-
graph of the peel. Photographs of peels taken from
two granite specimens are shown in Figs. ] and 2.
The peel has a further advantage in that it can be
subjected to an optical processing technique devel-
oped by Pincus (3,4), a technique that is helpful in
determining if the microcracks lie in preferred di-
rections, Using these methods, both the extent and
orientation of microfractures can be quantized.

An up-hole or cross-hole seismic method is also
being developed for evaluating in situ ''rock quality!
In this method 8 small charge is detonated in an ex-
ploration hole and the generated seismic signal pick-
ed up either at distant points within the same hole
(up-hole) or im other exploration holes (cross-hole}.
From an analysis of the amplitude-frequency spectrum
of the received signals, a seismic absorption coef-
ficient for some specified frequency can be deter-
mined. This coefficient is semsitive to both rock
type (5) and the degree of jointing and fracturing
within a given body of rock (8). A 'rock quality"
index is being developed by comparing the absorption
coefficient for a rock mass to the coefficient for an
intact specimen taken from the same mass,

Collectively, the results from these studies in-
dicate that at least three factors affect the caving
properties of rock, or the ability of rock to sustain
a specified unsupported span; namely, and in order of
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