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ABSTRACT

In this thesis the technigues used for determining the shear strength
.0f rockfill, both in the field and in the laboratory, are reviewsd,

Very little research has been carried out to date to predict the
shear strength of rockfill from laboratory investigations.

It was thought that if geometrically similar gradings of a material
"were tested under similar oconditions a similar behaviour might be expected.

A large scale triaxial apparatus was designed and constructed and a
series of experiments were then carried out on geometrically similar
gradings of silurian cleaved mudstone, granitic gneiss and chert.

From this investigation a number of conclusions hawe been reached

on the behaviour of rockfill materials.
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CHAPTER I

Introduction

Civilisations have always been dependant on adequate supplies of fresh
water. Water is essential for human life and regions of the world without
it are devoid of habitation. Climatic changes were respongible for the
migration of the centres of early civilisations.

Man glowly learned to control some of the gifts of nature and stored
water in reservoirs many thousands of years ago. There is evidence that
earth dams were built in China, Psakistan and the Middle Bast as many as
5000 years ago.

One of the earliest known dams, Sadd el Kefara Dam, was built in
Bgypt about 2500 years B.C. It comprised two rubble masonry walls
enclosing an earth core and the dam failed soon after construction by
overtopping because it was not provided with a gpillway. A later dam
though, of the rockfill type, built at Homs in Syria about 1300 years B.C.
is still in use today. (Schnitter 1967). However, most of the early
gtructures probably failed by internal erosion or overtopping.

With the development of quarrying techniques, mortars and concrete,
subsequent structures were of masonry construction which was less easily .
eroded.

Within the last hundred years a number of minor dams have been
constructed using wood or steel and, more recently, structures with a
variable crest elevation have been constructed in the form of an inflatable
PVC bag. They have not always met with complete success and, on one
project, a rockfill bund was substituted.

In general, dams may be built for four functions, water storage,
irrigation, flood control and the generation of power. Liquids other
than water may be impounded and some major structures have been built
for the storage of crude oil. L

Positioning a dam across & river does not always have wholly benefi;'““
‘cial results. Farmers in some parts of the world have relied, for thous-
ands of years, on the annual fiood depositing a thick coat of fertile md
on the land with which to grow the new years crops. A dam which impounds
an enormous reservoir puts an end to this. Serious doubts about the
economic viability of some projects may be raised because the substitution
of electrical energy may not be w rth thc Tertilising powor ef the silt.

There has always been a tendancy to solve problems along the lines
of well established practice, with little added originality. A rock

foundation was, for many years, regarded as the ideal upon which any



gtructure might safely be constructed. Masonry, concrete gravity and
cupola arch dams were built in valleys where rock formations were stable

and where there was little alluvium to be excavated before bed rock was
reached. Arch dams have also been built for political prestige at sites
where an earth or rockfill structure would have provided the better engineer~
ing solution, simply because a slender arch structure commands more admira-
tion from the layman than a seemingly enormous pile of earth.

The reservoir sites where foundation problems existed were abandoned
in favour of easier locations, even though they may have been further from
the market for water or power.

We are now rapidly reaching the stage where all the easy foundation
sites have been developed and future dams will have to be built in the more
difficult regions previously abandoned.

The world is becoming progressively more cost conscious too so there
is added incentive for originality in economic and safe dam design.

There are now more large dams being constructed of earth and rockfill
than all other types put together. The reason for this is that they are
ag safe as concrete dams, they are much more durable, and they are cheaper.
The mein reasong for the reduced cost are severzlfold.

A minimum of foundation excavation is required and earth and rockfill
structures mey be built on hundreds of feet of alluvium as Serre Poncon,
High Aswan and Mattmark Dams (Fig.1:1).

The material for construction is near at hand and needs a minimum of
specialised processing and control. Specialised products, such as steel
and cement, do not have to be shipped or hauled over great distances.

Perhaps the most significant factor is the change in relative costs
of concrete and earth or rockfill. This has been achieved mainly by the
efforts of American engineers in their development of enormous and very
reliable and economic earth moving plant. The number of operatives is
low and the unit cost of excavation and placing of fill has continually
reduced as the unit cost of concrete has risen,

The excavated material from spillways, power house foundations and
tunnel spoil may be used in its entirety instead of going to waste or to
special processing for concrete aggregates.

One of the earliest rockfill dams in North Americzs was English Dam,
built on the Mid Fork Yuba River in 1856. It was essentially a planked
timber crib 100! high with an upstream slope of I vertical on 0.87
horizontal and a downstream slope of I vertical on 0.60 horizontal. This
is a smaller cross-section than many concrete gravity structures. This dam
disappeared in 1883, supposedly after being blown up.

The more usual type of rockfill dam though was constructed as a dry-
stone wall battered at a slope upstream of I vertically to 0.5 to 0.75
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horizontally (Fig.l:2b). This was faced with wood, mortar, steel, bitumen
or concrete and supported on the other side by loose rock placed at its
angle of repose. This form of construction was followed for several dams
around 200! hich, built in Algeria in the late 1920's and early 1930's.

When railways using steam traction were the main medium of transport
for constructing rockfill dams it was necessary to have almost level haul
roads; As a result if a 300! high dam was to be constructed of rockfill a
frestle, 100' high, was built across the valley and & guarry opened up with
its floor at that level, All transport was then carried out at one eleva-
tion and the dam constructed by side tipping rock blocks up to & maximum of
25 tons in weight from the trestle. Compaction was by the kinetic energy
of falling blocks. PFurther trestles were constructed and guarries opened
up at the required elevations until the dam was complete.

An upstream facing "cushion" of derrick placed rock was constructed
against the upstream face of the dumped rockfill. Finally, a facing of
wood, gunite, concrete or asphalt was added.

Dams of this type were prone to excessive settlements which led to
cracking of the upstream face.

Meanwhile, in Furope, similar dams were being constructed by placing
the fill material in thin lifts and subjecting it to heavy compaction and
sluicing to minimise deformations.

The problem of constructing earth dams throughout the year in Northern
lattitudes was partially overcome by building the downstream shoulder of
rockfill with the upstream slope at the angle of repose, This work, comp=-
rising the greater volume of £ill, could continue for most of the year and
then filter and core placing could be carried cut at a great pace in more
clement weather conditions. The resulting inclined core necessitates
flattening the upstream slope, Such a core is probably less likely to
crack as a result of differential settlements than a central vertical core
of similar thickness.

The contact stresses between rockfill particles «re very high and
there is a growing awareness that this is potentially very dangerous in a
saturated fill if subjected to shear from seismic shock. As a result,
the highest dams under construction in the western world have well graded
dense f£ills with maximum particle sizes of 6" to 8",

Materials of this size are being used for the 984' high Nurek Dam, in
Russiz, which, it ie believed is being constructed by hydraulic fill, a
process last used in the western world for large dams at Fort Peck, although
part of the island for the Expo World Fair was constructed by this method.

Dump trucks now have carrying capacities in excess of 100 tons and
1000 horse power dicsel electric drives but, on the larger projects,

difficult hauls may be carried out by conveyer, as at Portage Mountain



Dran (600 high).

Here, the main conveyor was fed with the glacial moraine material by
gathering conveyors which werc fed by trap loaders loaded by D - 9 Cater-
pillar tractors fitted with extra large blades. At Oroville Dam (735'high)
borrow pit excavation was oarried out using a 5,700 tons per hour bucket
wheel excavator. Bven larger excavators of this type are at work in open
cast lignite mines in Germany.

Many concrete dams have been replaced by earth or rockfill structures.
The arch - gravity Exchequer Dam in California now forms the upstream toe
of the new Exchequer Dam, a 480' high rockfill dam with an upstream membrane,

In Norway, the Tunhovd Dam had to be converted into an earth and rock-
f£ill structurs because of grave deterioration of the concrete due to the
action of acid water (Sande 1966). The rebuilding was effected without
emptying the reservoir. A boulder clay cere and filter and the downstream
rockfill were constructed in the dry against the downstream face of the old
dam and the upstream shoulder was added by dumping rockfill into the
reservoir from the crest of the existing dam (Fig.l:2a)

A concrete dam begins to weather and deteriorate as soon as it is
exposed to the elements whereas an carth dam is constructed of material
which has withstood the ravages of time for thousands of years and is very
likely to continue doing so for hundreds, if not thousands more.

The main disadvantage of an earth or rockfill dam lies in its poor
registance to erogion if overtopped. Floods of the megnitude that over-
topped Kariba (2) or Aldeadavilla (3) dams during construction would cause
considerable damage to an esrth structurce so that conservative and expensive
diversion schemes are nearly always necessary.

The foundation conditions for an hydro-glectric power station and the
Djatiluhur Dam (Fig.l:3 on the Tjitarum River in Indonesia were so bad that
a unique design was developed (Coyne 1958). The power station and over-
flow spillway were combined in a circular structure 315' in diameter and
rather like 2 cooling tower. By keeping the elevation of the dam well
shead of the spillway large floods could be passed during construction with
minimal diversion works. Several similar structures have since been
constructed in Yugoslavia (1).

There are, however, severwl rockfill dams which have been over-topped
during construction and with the impervious zones in place. The Brownlee
Dam, on the Snake River in the U.S.A., was overtopped by & flood of 70,000
cusecs with little damage. In 1963 a flood of 457,000 cusecs was passed
over part of the crest of the Akosombo .Dam . in Ghana and the core material
was scoured out right down to bedrock.

Although a well designed and constructed earth dam is capable of

absorbing energy from seismic activity it is very vulnerable to erosion
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from overtopping by subsequent tidal waves and libeéral freeboard should be
allowead.

It has been suggested that rockfill underwater bunds across tid=l
estuaries would form an ideal foundation for hosts of tidal power turbines
housed in individual caissons and sunk onto the rockfill foundation.
Construction would be particularly chep by comparison with conventional
methods.

Meanwhile rockfill dams on dry land are rising to ever increasing
heights and design parasmeters are becoming wider extrapolations of previous
experience. Deformations are probably the more serious problem at present
and most design is aimed at reducing differential settlements between rock-
£fill and core to 2 minimum. At least in this field design parameters can
be checked by the appropriaste instrumentetion.

as yet, no rockfill dam has feiled catastrophically by a deep seated
shear failure but cases have occurred where rigid concrete cores have been
sheared off at the first reservoir filling because of excessive deformation
of the downstream rockfill shoulder. At the same time, no one knows what
the shear strength of a rockfill is under high stresses, The time 1s
therefore ripe to attempt to find out.

In this thesis determinations of the shear strength of rockfill in the
laborstory and in the field have been reviewed and investigations concerning
one dimensional consolidation will be reported by Pigeon (1969).
Investigations reported elsewhere have, in the main, either tested naterials
at non representative stresses or else non representative materials.
Investigations with geomstrically scaled gradings hsve been inconclusive
because of other variables.

Many other investigations, however, have been carried out with a
reduced number or variables but the results have not been mcde generally
available,

This thesis also describes the design and construction of triaxial
apparatus copable of applying to a sample of rockfill, one foot in dimmeter
by two feet high, major and minor principal stresses of 2000 p.s.i. and
500 p.s.i. respectively. The results of a series of experiments on
geometrically similar gradings are then reported uznd discussed in the

light of our present knowledge on the behaviour of rockfill dams.
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CHAPTER 2

Ficld detcrminations of the shear strenzth of rockfill and associzted
g

mnaterials

(2:1)  Intrcduction

Rules of thumb techniques for the design of earth and rockfill struct-
ures have slowly given way to more sophisticated theory and the scientific
experimentel approach as gross oxtrapolations of previous expericnce have
been proved 1o be dangerous.

The volume, and hence the cost, of a rockfill dam is very dependant on
the angle of internal friction of the rockfill, Although the cost of shear
tests on rockfill is very high it is surprising thot a more cuncerted effort
has not been maie to determine this parameter for the conditions actually
experienced in the heart of very high rockfill structures. Without the
relevent shear strength porameter not only is the safety of the structure
always in doubt'but, more important, the lives of all those perscns living

downstrcam arce threatened,

(2:2) The determination of the angle of friction between bedrock and a

rockfill,

To obtain design parameters for the angle of friction between bedrock
and rockfill for the T.V.ai's South Holston Dam large scale shenr box teste
were carried out with. rockfill compacted against bedrock (Leonard 1958).
It was stated that tie rockfill must be made of sound rock having good
compressive strength and durability against weathering. Quartzites,
limestones and dolomites of the region werc gencrally acceptable, whercas
shales were not, At South Holston Dam o high gradce sandstone was used
and the characteristics of this material were uncertain. When the quarry
wag opencd up apprecinble quantitics of shale and sandstone weres found in
which the comenting agent had disappearad. Large scale shear box tests
were carried out on these materials., The shcear box wos supported just
clear of the beadreck area .nd rock particles between 6' and 12" dinmeter
were compacted in the box by vibration. & surcharge of gix feet of
concrete was alded to preduce the normal load.  This though hardly scems
to represcnt the stress condition prevailing ot the foundation of a 285!
high dam and the particle size used was probably excessive too for that
slze of shear box.

The shearing force was applied by hydraulic jacks (Fig.2:2:1) and
it was obscrved that o certain amount of particle breakdown took place

during shear.
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The tests indicated an angle of friction of 450 between bedrock and
the sound sandstone .nd 300 for the uncemented sandstone and shale,

It w.s concluded, therefore, that the tests effectively verified the
use of the generclly assumed value of 450 for the angle of friction of a
good dumped rockfill.

A similor test to determine the angle of friction between rockfill
and bedrock at the site of the Djatiluhur Dam was reported by Coyne (1958).

In Norway it is generally assumed that the angle of friction between

a rockfill and bedrock polished by glociation is 400 (Kjaernsli 1968).

(2:3) The determination of the angle of internal friction of rockfill

by means of shear box tests

(2:3:1) Sowers 1961

For the design of the 300' high Lewis Smith Dom a series of shear
tests was carried out on carbonifersus sandstone. A shear box, with a
cross-section measuring 6' by 6' and with a total depth of 3', was used
for the tests. The box was placed on the fill of a trizl embankment and
further material was compacted in and around it using the normal compact—
ion equipment. When compaction was completed the material around the box
was excavuted. The normal and shear loads were applied by hydraulic
Jacks. The reactions were taken in a similar manner to those in the
shear box in Fig.2:3%:2. In this case, however, the tie¢ bars were anchor-
ed to the lower box and & set of rollers was inserted between the top cap
and the hydraulic jack. Shearing was carried out by pushing the upper
box over the lower box. The grading analysis of the material tested is
shown in Table 2:3%:1.

The normal stresscs applied varied between 14.5 p.s.i. and 27.8 p.s.i.
Once again, this hardly simulated the worst stress conditions in a 200!
high dam, The value of ¢£, obtained, when testing a grading with partic-
les up to 12" diameter was 450. The unconfined compressive strengths of
intact and weathered sandstone wers 7,800 p.s.i. and 2,000 p.s.i.

regpectively.



Sieve size (mm) % passing
300 100
150 93
100 88
30 52
10 31
3 22
1 17
043 14
0.2 13
0.1
0.03
0.01 J

Table 2:%:1 The grading analysis of carbonifercus sandstone rockfill

tested by Sowers

A complementary series of toests was carried out on the same nmaterial

but with a maximum particle size of 5mm, in small scale triaxial apparstus.
. s . . -+ (¢} . -

The angle of internal friction was found to be 427 but the grading, applied

stresses and sample gize were not statad.

(2:3:2)  Nichiporovitch 1967

Shear bex tests were carried out on sandstone and gravel to obtain
shear gtrength parametors for tne design of Nurck Dam in the U.S.S.R.
Tie shear box is shown diagramatically in Fig.2:3:2. The normnl and
shear stresses werc applied by hydraulic jacks and the displacements
ware measured with dial gauges. Shearing was carried out by pulling the
lower box under the upper box. Bach half of the shear box was 41 cms.
deecp and the sample cross section measured 150 cms by 150 cms.  The

maximunm size of material tested was 20 cms. which scems somewhat on the

I

arge size for a shenr box of thess dimensions,
Although the provosed heigsht of Furck Dam is 984!, the maximun

normal stresses applied to samples in the shear box were about 150 p.s.i.

Both tune shingle and the sandstone showed a straight line relation-
ship at any given porosity between the normal pressure and the angle of
internal friction for noriul stresses up to 7 kg/cmz. At higher stresses
a reduction of ﬂ; was noticed.
For the shingles ¢f‘ varied from 400 to 47O for porosities from 29%

Co- S . , 260 0 s
to 21% respectively ani for the sandstone 387 to 47 for porosities from



40% to 33% respectively.
With the field shear box a reduction of the cochesion intercept was
noticed when the clearance betwgen the upper and lower boxes was increased

from 35mm to 160mm (Fig.2:3:2)

(2:3:3) Krsnmanovic 1967

A very large shear apparatus, for testing rockfill to be used for

three large dams in Yugoslevia, was described by Krsmanovics

The cross-section of the shear box measured 290 cms. by 190 ems. and
the total depth of the box was 150 oms.

In order to obtuzin the necessary reactions to apply normal stresses
of up to 360 p.se1l. the apparatus was instelled in an adit.

The lower box was mede of steel and shedring wags accomplished by
pushing it over the lower one by means of eight 300 tons cupacity jacks,
The normal reaction, which was provided by eight 150 tons capaeity jacks,
was tzken by the roof and floor of the adit (Fig.2:3:3)

Samples were compacted using a Vibromax plate compactor. The maxi-
num particle size in the samples tested was 70 cms. There appeared to be

no provision for reducing %o a minimur the apperatus friction in the hori-

- zontal direction. These last two points miy well be responsible for the

shape of the MShr failure envelopes shown in Fig.2:3:3.

(2:3:4) Bwlch-y-Gle sheur test
Insitu shear box tests were carried cut on the compacted £ill of the
Bwlch-y-Gle Dim.

The material wus o weathered shale and the particles were f1.t and

elonguted. The £ill was placed in layers 18" thick and compacted with a
5 tons vibrating coller operating at a frequency of 30 cycles per second.

A test pit was excavated in the fill, to a depth of about 5' and a
stump of £ill left which was then carefully trimmed to fit & 2' squure
shezr box. Four shear tests were carried out on saturated samples,

The samples were loaded by hydraulic jacks and the loads were measured
by clectrie.londealls, Displaecements were determined using long travel dial
EaUEES . The reaction for the normal load was provided by =z bridge of
rolled steel joists weighted with concrete blocks. The grading of the
material and the results of four tests at various normal loads are given

in Fig.2:3:4.

(2:4) Passive cone shear test.

A few passive wedge tests have been carried out by the Institute of
Foundation fngineering of the Beyerishe Landesgewerbeanstatt, Nurcmburg,

to determine the shear strength of compreted rockfill,
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One such test which relies on a passive oone theory developed by
Steinfeld (1952) was reported by Kany (1967). The general arrangement
of this test is shown in Fig.2:4:1.

An area, about 35 metres in diameter, was stripped of overburden and
a circul:x pad, 5 metres in diameter, was constructed of concrete in the
centre. On this area teflon sliding bearings were constructed for four:
concrcte segments which were going to be used to push outwards on the fill
to induce a passive failure cone. The four segments were cast on the
bearings and then tests were carried out to determine the friction between
the concrete and teflon.

A circular embankment, 3 nectres high, was then constructed around the
seguents, using normel construction equipment. The main compactor was an
ABG SA 180 vibrating roller and fill adjacent to the segments was compact-
ed with a Losent ‘sen aT 2000 plate vibrator. The normal grading is
shown in Fig. 2:451 but the surface was levelled with fines and a skim of
lean gypsum sand mortor was added to detect the failure surface.

The £ill material was described as trap sandstone and had a bulk
density, when placed, of 1.98 tons/u@tréi

The sheuring force was applied to the conecrete segments by hydraulic
Jjacks with a total potential force of 2400 tons. Power was supplied by
a mobile test vehiele fitted with equipment to monitor the readings of
displacenent transducers so that equal displacements could be given to
each segment,

The load-displ=cenent curves are shown in Fig.2:4:2 along with the
failure diagram and the formula derived by Steinfeld for calculating ¢{.Ep
is the force applied to each seguent and the angle of internal friction
determined from this tost was 48.50.

The normal stresses in the test werec about one tenth of those in the
actual construction so one might expect a reduction of ¢} to something

lsss than 48.50.
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SHAPTER 3

Some laboratory investigations of the shear strength of rockfill and

associsted maiterials.

(3:1) Introduction

"Rockfill" was the term used by the Americans to describe & material
consisting of very hard, durable rocks varying in size from about 40 pounds
to 20 tons in weight. This material was used for harbour breakwaters and
dams built in very high 1lifts dumped at the angle of repose.

It was impossible to determine the angle of internal friction of such
a grading experimentally without inducing failure in z trial bank 100 or
more feast high. This would have been a very costly experiment and, as
numerous 4oms had been built to 300" high without any failures, there
geemed little need to do other than copy previous expericnce,

The term "rockfill" is now more loosely used =nd, in general, incorp-
orates all coarse grained aggregates, including quarried rock and tunnel
spoil,

With the increasing height of rockfill dams and especially in the
case¢ of those in seismic arcas a new appraisal of the significant design

and construction procedures was called for,

(3:2) Th2 drained shear strength of rockfill under triaxial conditions,

In 1948 the U.S.Army, South Pacific Division, carried out a series of
triaxial tests using a vacuum apparatus. The sample size was 18" diameter
by 37" high and a quarried granite, with 2 straight line grading from 4"
to 28mm. was tested at confining pressures of 4.4, 8.8 and 13,8 p.s.i,

The respective angles of internal friction weré 47.20, 43,8O and 44.80,
However, it is not clear whether the samples were tested dry or saturated
or how the sample volume changes were measured.

4 vacuum triaxial apparatus for testing samples 50 cms. diameter by
125 cms. high was used by Schultze (1957) to obtain shear parameters for
a slatey greywacke which was to be used for heightening Schwammenauel Dam,
The confining pressure was applied using a water ejector to evacuate the
specimen and diameter changes were calculated from the extension of a
circumferential belt at the sample mid height.

Six tests were carried out on dense samples at confining pressures of
0425, 0,50 and 0,75 kg/cms. using materisal less than 10 cms, in diameter.
A tangent drawn to the MShr circles at the two lower pressures gave an
angle of internal friction of 430 and a cohesion intercept of 0,45 Kg/cu?

The third MChr circle suggested a higher angle of internal friction.



(Fige3:2:1)

Nine further tests on loose samples indicated an angle of internal
friction of 42_.2O and & cohesion intercept of 0.095 Kg/bmg—. The dense
samples reached a distinct peak but the loose ones did not and failure in
the latter case was defined as the point at which the stress strain curve
became a straight line (Fig.3:2:2). The points of failure for the three
tests fell on a common straight line.

It was stated that field shear tests were carried out which confirmed
the above results,

In 2 series of tests on & gravel, at a parosity of 25%, from a lignite
wvaste tip, an angle of internal friction of 350 was obtained in the vacuum
triaxi 1l apparatus. Small tests, with the porosity of 29%, gave un angle
of internsl friction of 410 which was deemed an excessive result. Purther
tests in a Cassgrande 10 cm, x 10 cm. shear box, with the porosity 28%,
gave a value of ¢f of 42°. In a 6 om.x 6 cm.constant rate of strain shear
box and with n equal to 29% the value of ¢/ was 450. In the smuall tests
particles retained on a Smm sieve were discarded. It was stated '"this
could only reduce the angle of friction".

Vacuun tests on a further material gave a ﬁ’ value of 520, whereas
in the small triaxial, with n = 44.3%, ¢/ was 28°. With the Casagrande
shear box, n = 45%, ¢/ = 340 and with the constant rate of strain shear box
n = 4%, g = 5n°.

Schultze drew the following conclusions from his series of tests:

1. Direct, as well as triaxial, large shear tests make it possible to
investigate filling wmaterial with coarse particles for earth dams.

2 If the appuratus is to be simple to manuficture and handle, the
maximun normal pressures are limited to 1.5 Kg/cm?

3. Whether the shear envelope up to 1.5 Kg/cm2 is also accuratc snough
for higher normal stresses depends on the material tested. In
general, the shear envelope is not so curved at the beginning, so
that large errors do not appear. This gquestion has to be cleared up
by comparison tests with large and small apparatus. For this, only
fine grsined soll can be used in the small apparatus.

4. With slightly cohesive soils it is recomnended that the actual lateral
pressure be determined in the sample with pressure cells.

5. The coarse fraction of the soils tested produced & higher sheaxr
strength, Congequently, sieving out the remainder and testing it in
small apparatus is unrealistic.

6. The density of the soils does not affect the internal angle of friction
but it does affect the cohesion and compressibility.

7. Bxact details of the relationship between the largest grain diameter
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and the instrument diameter have not yet been determined. Up to now,

when using a flaky, broken slate, the ratio of the grain size to

apparatus diemeter has not exceeded 1:5 . However, only a small
proportion of the whole was made up of coarse particles.

A cert.in doubt exists as to the validity of some of the above

statements,

Direct comparison between the results obtoined for various sizes
of sample is complicated by the use of different types of apparatus as
well as various rotios of maximum particle size to sample size. This
ratic may well vary for triaxial and shear box samples.

The initial design work for E1l Infiernillo Dam was carried out in 1960.
However, no design parameters could be obtained for the rockfill with
exlsting soils equirpment. Casagrande, therefore, recommended a compre-
hensive investigation requiring the design of large scale and sophistica-
ted rockfill testing apparatus. The design of the apparatus and the
initial testing programme were reported by Marsal in 1965.

The main item of equipment was a triaxial cell capable of testing
samples of rockfill 113 cms diameter by 250 cms high at confining pressures
up to 25 Kg/cm? This apparatus had a dual function as a plane strain
attachment to test samples 75 em x 75 cm x 180 cms could be fitted into
the cell in place of the normal triaxial sample (Figs.3:2:3, 3:2:4).

To initiate a testing progrsmme as soon as possible and to train
operatives a vacuum triaxial apparatus with the same sample size was built
whilst the more sophisticated apparatus was under design and construction.

In addition, a further triaxial apparatus was designed to test sam-
ples of 20 cm diameter by 50 cm high at confining pressures up to SOK'g/cm2

(Fig. 3:2:5)

Two oedometers were also designed, one to test samples 50 cms diameter
x 50 cms high at normal stresses to 32Kg/cm2 and another, samples 114 cms
diameter x 60 cms high &t normal stresses of 320 Kg/cm2

i direct shear apparatus was designed to obtain the coefficients of
friction of various materials so that a suitable material might be chosen
to line the walls of the above mentioned plane strain cpparatus.

The main apparatus, contained in a sphericsl pressure vessel 4.2
metres in diameter, required a laboratory building 33' high and a 22 tons
capacity overhead travelling crane.

The deviator load was applizd by numerous hydraulic retracting rams
and the confining pressurc was held constant at verious set values by a
standpipe from overflow tanks situated at various elevations on a hill
adjacent to the laboratory.

Two membranes with a 5 cms thick sand cor clay filling between them
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were used for tests on samples containing material up to 20 cms. These
membranes were made on site,

A1l the initisl samples were tested dry and volume changes were cal-
culuted from deformation belts placed around the sample. The deviator
lo..d was determined from the pressure acting ih the hydraulic rams.

Preliminary conclusions suggest that for the five materials tested
the MShr failure envelope curves considerably . Values of the angle of
internal friction varying from about 50O to 350 at confining pressures of
0.5 Kg/cm; and 25Kg/cm2 respectively. Samples of a natural mixture of
sand, gravel and boulders showed the gre.test sheur strength,

The axial deformation reguired before the peak shear strength was
nobilised increased with increasing confining pressure especially with the
more uwniformly graded materials,

Most samples consolidated initially under shear loading and then dila-
ted, the dilotancy being less noticeable at high confining prassures.

Repetitive tests on Malpaso conglomerate showed that each successive
test displayed a higher shear strength, a smaller axizl strain to failure
and a greater dilatancy.

Ocdometer tests showed that perticle breakdown was a function of
particle strength and of intergr.nular stress which was dependant on the
applied stresses, the grading and void ratio of the sample.

There were important secondary effects, such as the appreciable addi-
tionul settlement on saturation of an initially dry sample which had already
achieved & state of equilibrium under a given stress condition.

Measurcements carried out in the £ill of Bl Infiernillo Dam suggested
that deformations were considerably smaller than those predicted in
triaxial compression tests. It was, therefore, recommended that plane
strain apparatus be used to test rockfill samples.

The MShr failure circles for four materials tested in the dry state
are shown in Figs. 3:2:6, 3:2:7, 3:2:8, 3:2:9,

Marsal (1965) reported a reduction in shear strength with_increase
in sample size when testing silicified conglomerat from El Infiernillo Dam
and a2 granitic gneiss in samples 113 cms. diameter and 20 cms Jizmneter,
The results and gradings are given in Fig, 3:2:10. The densities were
about the same for @ll samples of such material, The relative densities
for the large and small samples were, therefore, probably quite different,
especially as the gradings varied, However, the gradings tested were not
geometrically similar and the ratio of sumple dizmeter to maximum particle
size was not the same for each case.

A distinction was drawn between the structural void ratic e and
the sample void ratic e for samples contaeining mixtures of two sizes of

particle Fig. 3:2:11a,
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Leussink (1965) found that the flatter the grading curve the smaller
the wngle of internal friction und suggested that as long as geometrically
the smme materinl was tested in various sizes of apparatus the result wa
gimilar (Fig.3:2:llb,c). The explanation for Marsal obtaining lower angles
of interncl friction in the large apparatus was thet the gradings in that
apparatus comprised 50% coarse material which performed s different funct-
ion during shear, In the large specimen the load is mainly transmitted
by the lerge grains boecause of their much higher modulus of deformability
compared with that of the total assembly of grains. Poarticle breakage in
the large tests was 46% to 130% greater than in the small tests. Very
often cne observed large purticles with well developed shear planes through
their mess after the completion of a shear test.

The results of further investigsztions on basalt and granitic gneiss
were reported by Marsal in 1967, Material passing the 200 mm sicve was
used for the tests and the membrane sand jacket was made up of that fract-
ion of the material being tested which passed the No.4 sieve. These
materi.ls were tested in o soturated condition end the volume changes were
messured both by burettes and circumferential extensometers., There was a
lerge discrepancy between these two methods which was due to an error in
determining the volume change with the circumferentiul extensometers
(Marsal 1968). is usuzl, the materials showed a decrease in the angle of
internal friction with incressing confining pressure. The actual values
obtained theough are suspect because it is not known which method of volume
change measurement was used in determining the mean cross-section of the
sample.

In 1967 a short report was published (4) of the investigations on
the shear strength of rockfill carricd out by the Snowy Mountains Authority
for the design of their roeckfill dams.

A triaxial appasratus was designed to test 225" diameter by 45" high
samples at confining pressures up to 200 p.s.i, The deviator load was
applied and ceasured in & MO8Hr and Federhoff 180 tons universal testing
machine. The cell was fitted with a rotating bush and the sampls was
loaded via 2 spheric.l seating designed to rotate under load, Cell
pressure was walntained by an air water systen.

Tests were carried out on geometricelly similar gradings on several
smeller sizes of sample. Scaling the particle shape was the difficulty
and small samples comprised particles which were hand picksd and sorted.
This sorting operation made the cost of & test on a 6" diameter sample
about the same as that on =z 224" diameter sample. 4As yet no data has
been published.

Unfortunately, this alsco applies to a vast amount of data accumulased
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in the last ten years by the U.S..rmy Corps of Engincers and many other
bodies. However, o tnble of results of 2 recent study (5) on the shear
strength of rockfill is given in Fig,3%:2:12. Two materizls were tested,
crushed basalt and metavolcanic. Tests were carried out on samples of
either 12" or 6" dicmeter, depending on the maximum grain eize. The foll-

owing straight line gradings were used

Grading i Cu
+" to No., 30 3.3
" to No. 30 4.7
1" to Fo. 30 6.7
2" to No. 30 9.4
3" to No. 30 11.6

Table 3:2:1 Gradings used in the U.S.Army Enginecrs' Tests,

The dense samples were at o relative density of about 95% to 100% and the
medium dense at about 70% to 75% relative density.
A certein number of conclusions were reached as a result of the study:
1)  The metavoleanic rock and the basalt had egual shear strengths.
b) Ths shear strength increased with sample density.
o) The shear strength increcsed with increasing coefficient of
uniformity.
d) The sngle of internal friction dccreased with increasing
confining pressure.
e) There is a considerable increase in strength between the
gradings with %“ and 3" maximum particle sizes.
A certzin number of tests were corried out at the Comision Federzl De
Electricidad Rockfill Laborustory at El Infiernillo on gradings from 3.5"
to [00.350 and 7" te No.30 and no diffesrcnce in shear sirength was detected
between these gradings.
However, it is rather Jdifficult to know just how c) and ¢) sbove are
related in thelr contribution to the shear strength of o rockfill.
Particle strength anl shape are involved and the sample dilatancy chiracter-
istics vary with the gecmetry of the greding. The dilatency is a funeticn
of confining pressure beocause it 1s a measure of volume change characteris-
tics which themselves are affected by stress. The critical stress being
a function of particle contact forces to the strength of the particle
contacts. The contact forces are dependant not only on the grading but

the principsl stress ratic asg well.
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(3:3) The drained sheer strongth of zssociated moterials under triaoxial
conditions

For the design of the Goeschencnalp Dam an attempt was made to predict
the shear strength of the shell materials (Zeller and Wullimann 1957).
Triaxial shecsr tests were carried out using four different sizes of appara-
tus and v.rious gradings, such that the maximun perticle size was clways
less than 1/5 the diameter of the sample. The gradings used were not
geometricully similar but they oll had a common minimum size particle.

The four sets of triaxial apparatus were capcble of testing sumples 505 x
900 mm,, 252.5 x 500 m., 160 x 250 mm., nd 80 x 150 mm.

The dam was to be 155 metres high and, therefors, it was really
neeessary to test samples ot lateral pressurass up to about 250 p.s.i. The
largest triaxial appar.tus mentionsed above was a vecuum type designed by
Bjerrum in 1957 for ths design of the Marmorcra Dam. The -pparatus was
modified by adding an externszl cell. The maximun confining pressure was
then 78 p.s.i. with 2 full vacuum =lso applied. The axial load was
measured by three hydraulic lcoadecells at the base and the deviator was
applied by pumping up an hydraulic jack by hand. The sample volume
changes were not always messured and the devistor stress was assumed equal
to:

{
6, - 61 =§(1—€')
o
whuere p was the applisd devi.tor load, Ao the initial sample area and
the axial strain, For zll the tests carried out one hulf of the maximum
deviator stress wus plotted against the logarithm of the maximum purticle
size for sach porosity at = given confining pressura.

From this plot it was concluded that the maximum shear strength for
any given porosity wos chieved with the grading contsining the minimun
particle sizc. (Fig. 3:3%:1)

The reason for this is probably twofold. Firstly, the unit particle
strength is probably gre ter with small particles because of the smaller
incidence of flawa and hence o greziter dilatancy takes place rather than
breakdown. Secondly, the grading is morce uniform and hence the rate of
dilatuncy is greabter at failure. The contrct stresses are much higher
with uniform moterial but the mean applied stresses were quite low so that
particle breakdown, in this case would not have had a predeminant influence
on the results.

Huder and Fetz (1967) reported a scries of tests which were used to
predict the shear strength of the talus material used for the shoulders of

the Goeschenenalp Dam, They found that it was possible to extrapclate
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from tests on material finer than 10mm when the greding curve had smaller
exponents than the Fullcr's curve ( <7 0.5), that is, o larger coefficient
of uniformity and o coefficient of curvature less than 3, Moraine and
tolus material satisfy this requirement and for Alpine conditions, where
these soll types are frequently used in the construction of embankments,
it is possible to pertform representotive tests on small scale samplese
Materizls such as boulder rubble and boulder slope material exhibit a
smaller coefficient of wniformity, that is an exponent grsater thon 0.5,
and 1t is necessary to test as coarse o sample as possible. If the coarse
groins are completely surrounded by finer materizl they are not in a posi-
tion to contribute to the shear strength of the mass. Gradings with
different maximum particle sizes were compared on the assumption that the
same shenr strength existed at the corresponding dry density. 41l the
large triaxial shear tests were performed by Zeller and Wullimann (1957)
in the racuum triaxial apparotus. The gradings tested are shown in Fig.
315222 and the initial results and corrected results in Fig., 3:3:2 b and c.

(ne half of the deviator stress is plotted against initial porosity
for tests run at a2 minor principal stress of 0.9 Kg cm? Fach grading
displays a different shear strength for any given porosity.

For converting the porosity (n) of = sample of Maximum particle
diemeter (d) to that of a larger maximum particle diameter (D) the follow-
ing equaticns are used:

ny ny (z-2) + P (1I-py)

or ¥ay = b"dd (I1-P7) + P G.P.

denotes the corrected dry density in t/mj

denotes the dry density of the sample with the smaller

2 o
[eT w |

maxirum particle diameter

d

dencotes the percentage of oversize grains.
denotes the specific gr.vity of the grains.
Py is the conversion foctor in Fig.%:2:4.

as long as the grading curve fulfills the previous conditions a
value of 0.9 for P is satisfactory.

Leslic (1963) reported a seriss of tests on alluvial soils with
subrounded 2nd subangular particles in which he used various gradings
and sample sizes to determing the effect of large particles on the shear
strength of a fill.

Two series of tests were performed and in all cases the confining

pressure was 60 p.s.i. The grodings tested sre scet out overleaf:
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Stroight Line Grading | Coefficient of Uniformity
First Test Scries an Ho. 30 9.4
1" No. 30 6.7
A" Io. 30 447
4" Ho. 30 3.3
Second Test Scrics an 4.5 mm 3.3
i 2.5 mnm 3.3
%“ 1.1 mm 3.3
2 0,6 mm 3.3
Fo.10 0.18mn 5e3

Table 3:3:1l Gradings tested by Leslie.

The tests were carriad out in apparatus using samples 5.9" diamoter
by 13 8" high, 6" x 12" and 127 x 24, This latter was later altered to
12" di.meter by 27.6'" high.

It was the usual practice to express the density of cohesionless
material in terms of its relative density.  When the limits for the differ-
ent gradings were detsrmined in the various sizes of apparatus various
maximun and minimum values were cbtained which were inconsistent. Density
was therefore expressed in terms of porosity.

In the first test series tne results for all the triaxial tests showed
that the angle of internal fricticn, for o particular grading, increased
with increasing initial dry density. The maximum density of the gradings
increased as the maximum particle size increased. Hence, the maximum
value of the angle of internal friction was obtained from the densest sample
with the largest meximum size. However, extrapolating the plots in Fig.
3:3:3b it can be seen that for any given porosity the more uniform gradings
of smaller maximum size have higher values of internal friction.

In the second test series thore vwas agein, an increase in the angle of
internal friction with increasing density for each grading.  All the
gradings in this scrics were perallel lines =nd hence, if the particle
shapes were exactly the same, the poackings were geometrically similor at a
given porosity.

aguin, for any given porosity the finer gradings displayed higher
angles of internal friction (Fig.3:%:3%n). It was noticed that the maximum
density obtainable from any grading increzsed with the sample size.

It wos concluded thats (1) The angle of internal friction for gravelly

soils would lis between 350 and 400.
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(2) Oversize particles did not have as great an effect on shear strength
ag initially thought.

(3) Porticle breokdown was substantial and o thorough investization was
required for very large structurcs.

In 1963 Hall ani Gordon reported a series of tests to obtain shear
strength parcmeters for the design of Croville Do, Some of the materials
were naturally cccurring and others werc gold dredging tailings from the
late 1800's @old rush. Matericl up to 3" maximum size was tested at
confining pressures up to 125 p.s.i in o sample 12" in ‘iasnmeter and 27.6"
high and 13" material up to 650 p.s.i. in a 6" diameter by 13.8" high
specimsn. Two membranes were used on the samples with 2"" wide strips of
polythens placed vertically in between thems

Pervious materinls were compacted to 100% relative density using
vibration md a 1 to 3 p.s.i. surcharge.

For the pervious sondy and gravelly materials the reduction in slope
of the M3hr envelope was 6° to 11° for major principal stresses from 90
PeS.i. to 1200 p.s.i.

This Jdecrcase in slope was assumed to be due to particle breakdown,
most of which occurred during shear. The particle degredation was &
function of the grading and was less for well graded soils which showed
little segretation,

Within the range of pres:urce used no similar decrense in the slope of
the MOhr envelope with increasing pressurce was noticed for the cluyey ond
silty materiosls,

Insley and Hillis (1963) carri:d out o series of triaxial tests on a
compacted glacial till at bout optimum moisture content to determine shear
strengtn parameters for the core materizl of the 650" high Mica Creek Dam
on the Colwabia River They uszd confining pressurcs of up to 450 p.sei.

on 6" dir

]

»ter specimens containing particles up to 15" diameter. The
reduction in slope of the MOhr ecnvelope over this range was only 2 or 3
degrees,

For the design of the 360' high Shikmen Drm in Taiwan o series of
scaled tests were carried out by Lowe (1964). The shoulder f£fill was to
be well rounded gravel and cobble matericl passing a 12" sicveé. A
geonetricully similoar groding was mcode up with a maximum particlc size of
15" and drajned trisxial tests were cerried out cn samples 6" dizmeter.
st dry densitics of 130 and 137 1bs/ft0 the respective angles of internal
friction were 410 and 450 , the MOhr envelope being a straight line for
confining vpressures up to 200 p.s.i.

Wichiporoviteh (1967) described the ficld and laboratory investigations

for the design of several large dams in Russi., Hursk (300 meters high),
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Chaxvak, Sarsang and V.Tobol. The ficld apparatus has been briefly
described in Chapter 2.

Laboratory shecar tests were carried oﬁt on uwniform gradings of
crushed limestone and Nurek gravel ot normal stresses up to 6Kg/cma in a
shear box 20 cms x 20 cms x 10 oms. The results for various initicl
porositics of the sumples are shown in Fig.3:3:4. In general, an increase
in shear strengtih was noted with increasce in Jdensity and maximum particle
gize,

Scaled gradings, which were geonetrically similar to the fisld grad-
ings; were tested in triaxial apporatus.  The maximum confining pressurcs
used were 6Kg/cmé which were hardly equivodent to the maximum stresses in
Nurck Do,

The results of tests in the shear box and the trinxizl apparatus were
comparad at the normal stresses acting on the shear planss. Large differ-
ences were noted in the shear strengths obtrined in the two types of
apparatus. The Mohr failurc circles for a series of triaxial tests on
1000 nm diameter samples of Nurck sondstone are shown with the field shear
box test results on an identicol grading and porosity of the same material

(Fig.2:3:2)

L3:4) The drained sheor strength of rockfill under plane strain conditiong

Marsal (1967) further auginented his rockfill testing facilities by
constructing « plans strain apparatus which applied all stresses through
rigid boundaries. The maximum valuss of 61, and 63 wore 140, 50 and
22Kg/cm2 respectively. The sample was o prism 70 x 75 x 180 cms and the
major princip:l stress was applied by 2 600 tons capacity hydraulic jack.

The apperatus was basically very similar to that installed in the
spherical pressure vessel at the Bl Infiernillo laborotory. The inter-
medicte principal stress was measurced vie instrumented tie bars holding
the platens together, The minor principal stress was measured via the
hydraulic fluid pressure in the jacks contrelling the platens. The najoxr
principal stress was measured via Freyssinet flat jacks, both in the base
of the sample and under the top loading platen, In this way wall friction
could be estimated, The digplacements were measured by lineor displace-~
mant transducers. The apparatus is shown Jiagramatically in Fig.3:4:1.
The faces of tho platens were lined with layers of various materinls to
reduce friction to o minimum. This treatment consisted of 3 layers of
grease cnd polythene squares glued to paper. Friction losses werc estima-
ted at about 4% of the applied load.

Two materials were tested, an angulcr basalt from Bl Pedregal and a

gsemi-rounded sand and grovel from Pinzandaran.
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The samples were congolidated by applying equal increments of 6é
and 6! until the desired value of 6é} was reached.,  Considerablc creep
occurred at cach stress increment. 6% was then held constant and 6/
increased in steps wntil foilure. Dufcrmations were nearly as great as
in the triaxial apporatus and with the tests at the higher stresses 6:
and 6%J had to be reduccd to zzro to reset the jack when its 1limit of
travel was reached, The rotio of the major to the intermediate principal

stress was clmost constrnt in the ronge of stresses applicd for beth

materials,
1 ’ ’ 1
Matoerdn 1 ! ror 2 : o 10 o
Material Porosity (n) 63 kz/cn 6./ é% 88i§£%g% §f of
Pinzandaran 25.9 5.1 0.260
seml rounded
gand & gravel 2544 10.1 0.262 12.5
25.4 15.3 0.249
Bl Pedregal 33,8 5.1 0.329
bagalt 3244 10.3 0,321 To3
35.1 14.4 00325

Table 3:4:1, Plane strain test results (after Marsall

The stress strain curves for the two materials are shown in Pigs.3s4:2 and
3:41:3. It will be noted that the failure stroins sre very lerge compared
with those obtalned by Cornforth on Brasted sand.

A certzin amount of yield must occur becausce of particle points
bedding into the polythene plotes and gronse and hence o true planc stroin
condition is nct achieved. The total thickness of the polythene sheets
is 12 mm which may easily amount to 15 mm or more wheh the paper and
grense layers are adlded. This would suggest thit the intermedicte princi-
pol stress should be higsher than that recorded, A certain amunt of the
creep observed moy wlso be due to these boundary conditions and the squecz-

ing out of grense from under o particle noint.

(3:5) Other dr-ined shesr tests on rockfill ond associated materials

For thedesign of several rolled grrvel £i11 doums for new reservolrs
in the Thomes Valley o ronge of shear tests was carried out on sands and
grovels, using o shear box 1! square =nd 6" decp (Bishop 1948). Five
materials were tested ot varicus porositices so that a correlation could be

obtainad between field denzity and shear strength,. Loose samples were
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produced by rapid pouring. Dense samples wers produced by hand tamping
in 2 number of loyers. The srading curves of the materizls, together
with & table of some of the results, is given in Fig.3:5:1. Also shown
is the relationship between the initial porosity and the angle of intsrnal
friction for the vurious gradings. The uniform and graded materiols seem
to split inte two different zones which converge ot high porositiss. It
must be noted, however, that gradings 1 to 4 were tested at a normal stress
of 2.0 tons/ft2 and grading 5 at 0.5 tuns/ft?

The lower porosities of the well graded, sandy grovel resulted in an
angle of internal friction of about 509. Dense graded sand gave a2 consi-
derably lower value.

It is interesting to note thnt the two uniform materials (i.e. those
hoving geometrically similar gradings) Chesil Bank pebbles and Ham River
sand (rounded), had similor anslos of internal friction for a given
initial porosity within the stress ronge applied,

In 1955 Kjellm .n and Jakobson reported a comprehensive serics of
tests, which were carried out in an apparatus designed to take o sample
cf 50 cms. dimmeter ond 100 cms in height. This apparatus could be used
as an oedometer or a dircct shear machine. The investigation covered
uniform, fine and coarse gravel and macadam , in both the dense and loose
states. The gravels were rounded, wherens the macadams were angular
materinls. The maximum particle size tested was 5 cme.

As the so~mple was high, compoared with its diameter, the confining ring
was gplit horizontally to minimise silec effscis. This confining ring was
made up of 20 mild steel rings, each 5 em. deep -nd 0.7 cm. thick, spaced
apsrt by 2 mm, Unless the rings touched during deformation all the
norm:l load huad to be transmitted thoughout the sample without ony loss
through the confining rings. However, « sm=ll variation, about 2%, in
the normal stress occurrsd between particles at an elevation of mid-height
of the rings and those at the gap between rings.

Axial deformation was measured by dial gauges, which were attached to
rings in the central portion of the sample so that effects dus to rigld
cnd boundariss and bedding would be by-passed. Lateral stresses were
caloculated from the circumferential deformations of the rings, which were
measured by three methods, mechanically, optically ~nd clectrically, The
first method was insensitive and the sccond was very difficult because of
211l the other streins which were toking pluce, leaving the electrical
method the most satisfactory

When shear tests wers to be carried cut the sample supporting rings
were congiderably stiffened, being 2 em. deep by 6.5 om. thick. Loads

were npplied to the sample by hydravlic jacks and the gencral arrangement
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is shown schematically in Fig.3:5:2 together with the material compesition
and the shear test results.

In the ocedemetor tests it was noticed thet the angular material com-
pressed about 5 to 6 times as much as the rounded moterial at similar
porosity and stressces. Congiderable particle breakdown occurred and
sauple compuection induced a stote of overconsolidation becouse Young's
Modulus decrease? during the first lcad increments and then increasced,
Very little rebound occurred on removal of the normal load from o sample
of msecadam but 2o more noticeable amount occurred with the pebbles.

Because of creep the load increments hed to be applied at about 2 hourly
intervels,

It was concluded that Peisson's ratio for laternlly confined coorse
groined materinls was constant during the first loading, irrespective of
pressure, Jrain size or shape and sample density and corresponded o a
value of Ko of C.44

During shenr the loose samples tendcd to consolidate, whercas dense
samples congolidated and then dilated. The roundad material dilated more
than the angular,

The grain size seemed to have 1ittle offect on volume changes in the
applied stress range although grain shape was an imporitant factor, angu-
lor groeins deforming more than rounded ones. This though is te be
gxpected even when the gruins are made of the same mineral because the
actuzl contact deformations are very different for the transmission of o
given load from one particle to another. When two spherical surfaces are
in contact the contoct aren is supported by the restraint of the surrcund-
ing material., In the case of an angular moterial the contact is prebably
coniczl or linsar and the restraint from the body of the particle is thus
ineffective. The point breaks down until sufficient contact area and
resgtraint exiet to transmit the load. This is probably why the creep
rates of various materials are very similar at o given time after the
initial daformation,

The range of particle sizes used in the testing progromme was insuffi-
cient to detect effects duc to groin size bocouse the number of contucts
and hence the contact forces were comparazble and the stress range was alseo
very limited,

However, the maxdmun size of porticle which can be tested in any
particular avparatus is not simply o function of size ratios but of parti-
cle shape nd strength and 2lso of the grading of the material of which it
forms o port.

4 serices of drained shesr tests on uniform groadings of gronite, in

6 cu, x 6 cm. ond 12" x 12" shear boxes, was reported by Lewis (1956).
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4ll the gradings tested were geometriczlly simil:r and the particle shapes
were olse similsr, The tests were run wet and =11 the initisl densities
were the same., The maxlmum normal load of thesc tests are shown in
Fig.3:553a,

It was found that if the maxinum particle size wus less than 1/40 of
the shoar box width thoe angles of internsl friction hed a linear relation
with the particle size, whoen plotted to o logarithmic scale. From the
small scale tests extrapolations were made to predict the behaviour of
much larger particles. The explanation was that there was more inter-
fercnce and interlocking with the larger particles, This was indicatad
by continuous dilation, despite the fact thnt the stonc was loose tipped.
The dilation was grester for the larger stonc. Dilation has been
discussced in scveral papers .nd an cnergy correction derived which must
be subtracted to give a mor:e fundrmental value of inter p.rticle friction
In practice, however, this extra strength is aveilusble and should not be
lgnored.,

i certeln number of triexial tests werc also carried out and those
guve values of ¢/ about 30 higher than the shenr box. This w.s attributed
to the nore uniform disgtribution of stross in o trioxial test. 4lso, the
actual state of etress i1s unknown in the shear box. The principsl stress-
es are lnclined cnd the usucl plancs of foilure =2t 450 - ¢’//2 to the
maximun principal stress do not coincide with the forced failure plane
between the two halves of the shear box. During the test the outside
edges of the sample fail before the centre and these two effects oppose
cach other. The actual aren being sheared is constantly diminishing
during the test :and sheared material bears on the end of the shear box.

Dvorzk (1961) found thot, when using shear boxes to determine the
peak shear strength of a disintegrated shale, the angle of internal
‘friction increased as the crea of the cross-scction of the shear box was
increased {Fig.,3:5:3b).

In 1967 Bernaix briefly reported a series of tests using a circular
shear box 55 cms internal diszmeter and 40 cms decp. The insitu grading
of the material tested is given in the table overlcafs - The materials
actuelly tested comprised that fraction passing 63 mm, 5 mm and 3.5 mm
and the resulting values of the angle of internal friction are also

recorded in the table,
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Sieve size % E Grading Angle of internal z
mm passing H friction
150 100 ‘1ess than 63 mm 41.50
63 92
20 70 iless than 5 mm 34.0°
5 40
p) 31
0.2 20
0.1 18 less than 3.5 mm 32,0°

able. 3:5:1 Results of tests by Bernaix on an altercd schist for the

design of a 200m. high dam,

(3:6) Undrained shear tests on associated materizls.

In a dry, or partly saturated, material the volume decrease may not
be particularly importunt as long os adequate shear strength is available.
Differential settlement though, particularly between the core «nd shoulders
of an earth dam could be dangerous. However, if the material is s« turated
and subject to shear, say from seismic shock, a potentially dangerous
situation arises as the resulting stress path becomes very similar to that
of a quick clay. The stress paths for two undrained tests, by Skinner,
on Ham River sand, one consgolidated isotropically, the other anisotropically
were reported by Bishop (1965) and =re shown in Fig. 3:6:1.

The situation is likely tc be particularly severc with a rockfill
having high intergranular contact stresses.

Consolidated undriined tests by Lowe (1964) on material finer than the
No.4 sieve indicated an angle of internal friction of 570. This value
reduced to 28° when full saturation was achieved using a back pressure of
100 p.s.i. There is, however, another factor which effccts resultant
pore pressure. Thig is a function of the membranc stiffness and its
thickness relative tc the samplc particle size. If the application of
the cell pressure causes considerable membrane penetration then subscquent
sample consolidation during shcar will build up the pore pressure in
opposition to the cell pressure and the membrane penetration will be
reduced. The flexibility of the boundary will, therefore, be equivalent
to partial drainage with resulting error in the pore pressure determina~-

tion,

(3:7) _ Shear strength dilatancy and interparticle friction.

In 1962 Rowe proposed that the dilatancy and strength of an assembly
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of individual particles in contact and subjected to 2 deviatoric stress
aystem were dependant on the angle of frietion, ¢J between the porticle
surfaces, on the geometry of the packing and on the degres of cncrgy
loss during remoulding.

Hirschfeld and Paulos (1963) reported & serics of tests on undis-
turbed Cononsville silt cnd on a compacted sand obtained by siceving cut
the material passing a He,10 giceve from a saady gravel, Confining
pressures up to about 600 p.s.i. were applisd to samples 3.58 cms. diam-
eter nnd 8.5 cums. high, The gand samples were compacted by vibrations
to o dense gtate.

At 2 confining pressurc of 60 p.s.i. the angles of internal friction
for the gilt and sund were both 560. When the minor principal stress
was inereascd to 600 p.s.i. the angle of internal friction dropped to 330
for the sand ond to 26,7O for the silt. It was noticed that at the high
stresscs there was a tendancy for the samples to consolidate throughout
the test and at low stresses an initial consolidation was followed by
dilaticn., Becausc of this a currccetion was applicd to the peak deviator

stresses using the modified deviator stress obtained by Rowe (1962), i.e,

v/
modified deviator stress =={ < A +<h/\} "(5%
where (S/ = measured effcctive najor jrincip=al stresg
31 = measured effcective minor principal stress,.
o
dv = volumetric strain (increase + V B)
d€ = axial strain (compression + VE )

The M8hr c¢nvelopes were recalculated, the sand giving a straight line
through the origin and the eilt o slight curvature. The curvature of the
modified envelope for the silt was attributed to it beshaving ag an over-
consclidated seil below a confining pressure of 300 p.s.i. and normally
congolidated above,

It was assumed thot the initicl curvature of the MBhr envelope was,
thercfore, caused by the volume ch..nges during shear.

This is not exactly the same as saying that perticle degradation is
the cause,

Rewe (1963) suggested that the modificd MShr envelope for the silt

was satisfactory as it yielded, according to thoe theory, an acceptable
angle of interpartiecle friction of 50.20.

The modified cnvelope for sand th>u‘h suggested an unacceptably high
value of interparticle friction of 57 This was explained by membrane
penetration and the affect of rigid and platens on the mcan rate of dilaw-
tancy at failure.

Rigid end platens were zlso used though when testing the silt and the
membrane penetration with o constant cell pressurc is unlikely to affect

the rate of volume change at failurc.
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The variction in the rote of dilatancy for various parts of a sample
was shown by Blight (1963) Fig.3:7:1. Mso data presented by Shockley
and Ahlvin (1960) indicnte that end restraint can cause an objectionable
error in the measured rates of dilatancy.

Vesic and Barksdele (1963) tentatively ceoncluded from very high
pressure tests on Chatohoochee River sand that dilatancy was a low pressure
phenomenon only and =t high pressures the MShr envelope for dense rejoined
that for loose sand,

Granmular matorial, whether placed lecose or dense, sewms to benave at
high pressurcs rathoer like o loose sand. Cornforth (1961 and 1964) found
that there was little difference 1n strength between loose samples tested
in triaxial and plone strain apparatus,

Leussink and Wittke (1963) carried out o theoretical study of the
shear strength of a regular packing of spheres in tricxizl and plane strain
conditions. This was followed by a laboratory investigation using simi-
lar puckings of steel balls and glass balls, For an hexagonal packing
angles of internal friction of 40.7O and 51.4O respectively were obtained
for triaxial 2nd planc strain conditions., The coefficient of intcr-
porticle friction ¢f the "grains" ssemed to have little effect on the shear
strength of the pack (Wittke 1963) as the same ultimate shear strength was
obtnined for steel and glass balls having very different coefficients of
interpaorticle friction.

Borowicka (1963) was also of the opinion that the sherr strength of
a soil was 2 function of interlocking of the packing rather than inter-
particle friction.

FMurther evidence that the shear strength does net corrslate with ?éu

is provided by Skinner (1969).

(3:8) Contact strosses in rockfill and other materials,

To understand the large deformutions of rockfill structures 1t is
useful to compars the contact forces betwsen particles in different
materials for a given meon cpplied effective stress.

Marsal (1963) approached this problem and determined the ordor of
magnitude of contact stresses in variocus nateriazls, He detoermined the
nuwiber cf contacts per particle and the number of particles cutting 2 plane.
If the force normal to the planc was known then the force per contact
could be established. This, of course, is assuming that the contucts are
reacting normal to the plane which is unlikely to be true. If all the
contuacts are not reccting normal to the plane then the mean contact load

is increased.
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Where r}u = number of particles in o given volume

o . . »
nlj/i = pnumber of particles in o giwven plane.

Ma= Ny
N, = {1vy3* = number »f particles in o given unit length.
Y- = shape factor,
3 s A . ) . .
CMn = mean particle dimension which is not equal to the nominal

sizea, excent for o sphere.

For gravels the cbove parameters were easily determined, though the
process was very tedious., The mumber of particles in 2 given plane vas
determined by counting after photographing the plane. oimilerly, for the
rnunber per unit length and those per unit volume simply by counting the
particles in 2 given volume contalner, Particle lengths, widths and
breadths were obtuined by mecsuring and the surlace arcas by coating each
in wax end determining the thickness weight and donsity of the wax film.

The number of contacts per particle was feund by flooding o sample
with paint, draining it and ollowing the paint to go hord on the particles.
The number of unpainted spots on each particle then determined the number
of its contacts. In general, there were 6 contacts per particle for

loose "nd 7 or 8 for dense samples.
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From the analysis tho following average contact forces were determined for

From cquation (

a mean effcetive stress of 1 Kg/em

]

1
I

Material e Dia Shape grains |No,o0f cont+4 No.of Average
CInS. factor | per m? |acts per contacts|contact
grain per m force.Kg
Mexico City -9
volcenic clay 1x10
and | 0.5 1 .02 0.5 3,19x10" 6 97x10 1,79x10°
Rockfill 0.7 20 0.7 2x10 7 3947 400

1

4

able 3:8:1 Gruin cuntact forces (after Marsal)

For the simple case of sphercs in a cubical pack Bishop (1965) used
Timoshenko's (1951) solution for the contioct stresses between two equal

spheres to predict the tensile failure of o quartz grain.

£ P is the contact force between particles of diameter d and the
mean cffective stress is 6
ol
Thens P = o6 4

/.

The contact pressure 2,

3
6 =-0.6 | gm*/a

O]
ee
~

j
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where B = Youngs Modulus and Poisson's ratio is assumaed equal to 0.3,
For quirtz B=1 x 10¢ Xz om? and the approximote tensile wund shear
strengtias aerc 830 Kg/mna cad 11,000 Kg/cm respocetively,

Substitviing in the above cguations ,tensile fnilure and shear failure
will occur at 6 = 4 p.g.i and 600 Pea.l, ruspectively.

n practics, however, 1 in Timoshenko's cquotion rofors to the
lirmeter of the surface contoct which for angular soil grains will be very

much less than the mean diameter of the particle and hence, the conbuct

ot

stresses will be higher gtill and local tensile failure will cccur at
very low values of mean offoctive stress,

tatistical method of analysing

n

Later, in 1967, Marsal developed o

Intorgranular stressos in certain ileal gradings and toeking into account

groin shape and veid ratio,. He then comperzsd the results with o series
of expcrinents by Weber (1966). Weber used o photboelastic method o
determineg contact stresces between perspex particles. Ths two anclyses
were not in ogreement and Aiffercnces in orders of mognitule were apparent.
An acoustic method is being developed for detecting the onsct of
frocture in metals (Brown 1965) but difficulties arce immense, espacially
in roelating acoustic output to locol stress and in the elimination of
extroncous sounds, This method, for the time beoing anyway, is prohably

an unsuitable approach to determining contact stresses in rockfill,

(%:9) Particle breakdown and compressibility

Marsal suggested that poarticle breakdown (B) would be related to the
ratio of the particle contoct forxce (?) to the strength of the particle
pointe Pa such thot B ='3<.§/Ph .

In brittls porticles of spherical forma tensile failure cccurs as o
result of nermal tangontial contact forces. From clrstic theory cne can
show that the tangential force causes considerably higher tensile stresses
than the nermal componont.

Brauns end Leussindk (1967) assumed that thc tunsile strength of glass
was 100 Kg/oméa From this tuey colculated thot o cubic pack of spheres
could withstrnd an 211l round applied stress of 1,200 XKg Cm‘iprior to
frocture, Irf ooéfficient of interparticle friction of 0.3 was assumed
and o stregs ratio of 1,85 opplicd particle fractures would occur at o

minor princiy

»l stress of only 9Kg/cmé{ This is in agrecment with chser-
votions on particle breakdown by Vesic anid Barksdale (1963) and Richop
(1965wt 1566),

Marsal (1967) also correlates the principal stress ratio at failure
with porriticle breakiown (Fig.3:9:1). The ghear strength of 2 sample

deereases ag the particle breakage increases and he suzgests that this plot
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defines a lower limit of principol stress ratio in terms of particle
breakdown, However, it is not o gimple plot of principal stress roatio
against particle breakdown boectusge the menn stross level is vorying enor-
mously.

The average contact force P for o Jiven stress level was re-defined
by Morsal (196%) such that

P =4.57p/ n, H,

whers NC ig the average nunbor of contoets per porticle,
nS ig the average numboer of particles per unit area.
7 ig the resultant externcl stresse
For n uniforn granuler notoricl this boeconmes _
P = 4.5 S p/NC 5 r, (1+ e) ; S where
- —

©>

Ty is o particle shape faoctor

€ is thc void ratio of the smmple.
When the groding is not uniform the mean value of contoct forces for
porrticles of fracticon j is

P j =P

5}

\
[N

/ 4 wherc

d is the avernge groin d oter of the wholc smaple,

e

an

o]

Kjaernsli (1963) reported on o series of compressibility tests on
goule cozrse grained agorogntes. Uninxi~l counpression teste were carried
out on square smmples of asyenite, gronite ond limestone., Various strengths
were obtained depending on the molsture content of the samples. For the
gyenite the ratio of the compressive strengths of oven dried, saturated
and soturated submerged samples was 100, 94 and 85 respectively. More
drmmatic variations were found by Queiroz (1963) when testing sound
quortzite in the dry and sziturated statos. This materinl wag used in the
shoulders of Furnos Dun and displeysd o dry strength of 1720 Kg/cma and
901 Kg/mng after goaking in woter for 48 hours. This strenzth reduction
ig a function of surface activity anl is discussad later. In practice it
can lead to sudden and substontial deformoticns of proviously wwetted
rockfills (Bawsann 1941),

Kjecensli designed on oedomcter in which loadg of up to 500 tons n®
were applied to somples with 2 maxdman grain size of 128 il During the
tests the woll friction was also menasured and wos found to vary between
12% and 40% of the totnl applied load,

This friction prebably depends on the relative hordness of the
oedoneter ring ond the rock mnterinl being tested, 1ild steel is quite
goft and gronite will bed into it

It was found thot the compressibility of a rockfill varied with
initial density cnd groding, A dense, broad grading being much less

compressible than o looge, narrow gradinge. The compressibility is
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decresged by an increage in hordness of the rock anl is greater Tor
angular, rough surfree aguregotes thon for smooth, roundel aggregates,
Scme results of tests on crushed gyenits, gneiss and linsestone, together
with mornine and grovel, are shown in Figs. 3:9:2 and 35:9:3

The rosult of ons ocdometer test corried out by Wjavrnsli is shown
in fig.3:9355, It will be seen that the gyenite continued to creep for
the duration of the test (330 doys) and o sudden collapse of the sumple

was recorded when it was gsaturcteldl without cha in effcctive stress.

The 2xtra defurmation was not as dranntic as that recorded by Howkins
(19¢6) in o similer test on silurian cleaved mudstone (Fig.3:9:3).
However, for thexe to be no inerease in defermation on saturation the
initind moisture content of the nudstone had to be about 5%. It noy,
therefore, be that the syenite smuple tested by Kjoacrngli was not in foct
oven dry urior to saturation and hence o mmeh smaller increase in deforma-
ticn was recorded. Howaver, o lOO% incrense should not be expected for
all rock types ag this will be portly dependant on the mineralogy of the
somplae,

To obtain o £ill of minimua compressibility it wos suggested that a
broadly graded gravel, with smoeoth surface rounded particles, be ploced
and compacted wet and in thin luyers,

At the Gocschencnalp Dam the moraine shoulders were conpacted solely

by the consgtruction troffic and settleldl thrce times as much as the core
which was compacted using pnewnatic rollers (Gilg 1963).

Janbu (1963) has shown that for principal stress rativs of 0.35 to
0.45 the deviator stress is responsible for 75% to 90% of the total comp-
ression,

On: problem which has always existed with enrth dumg is the design
of sultable filters to prevent internnl crosion. Filter materials are
often of o different rock t,pe to the moterials on cither side of them and,
to prevent segregation Jduring construction, thay mey well be made up of a
series of uniforn gradings.

Ag dams hove increasged in helght so filters hoave been subjocted to
increasing stresses with the attendant porticle breckdown. The problem
is to ensure that filter and Jdrainage requiremcnts ore still met after
breakdown hos occurred in the filter asnd in the metericls on either side
of it,

This problem wos investigatod by Leo and Farhoomand (1967) by subject-
ing o gr nite aggregate to verious stress ratios at different stross levels,

The basic soil used for the investigotion was o very angular crushed
granite, Subrounded material was produced by tumbling the angulor granite

for several wecks in 2 boll mill,
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Tests on matorial passing the No.d sicve were corricd out in 1.4"
diameter by 3.5" high somples ond 1&rgcr uaterial in 2.8Y by 6" samples
All somples wore satursted by back pressure and then volune changes were
neasured by burstte ot atnosphoric pressure. Stress ratios of 1.0 and
2.0 and 2,8 were used and 211 sanples were vibrateld to 100% relative
density. The grading nnalyses of the materials are shown in Fig.3:G:4a.

A comporison betweon the comprossibilities of the angular and sub-
rounded noterials is shown in Fig.3:9:4b. It should be noted that princi-
pal stress ratios of 1.0, 2.0, and 2.8 wers used and the volume changes
formed o unique curve when plotted ngeinst the major principal stress.

In contragt to Marsnlls "B volue" pariticle breskilown was measured by
the change in the D15 gize before and oftor test. This size was chosen
becouse 1t is the commonly accopted size upeon which filter designs are
based,

The relntive crushing of sngular and subrounded matorial B when
subjectad to a principal stress ratio of 2.8 and ot a minor principal stress
of 80 Ig/ouf2 is shown in Piz.3:9s54c

The relative crushing of geoils 4 and B under various stress ratios igs
shown in Fig.3:7:5 and n comparison of the crushing of various gradings of
angular matericl at vorious stresscs with the principal stress ratio cgual
to one is shown in Fig.3:9:6,

The following general conclusions wers drowns

o) Gronulor soil is gquite compressible under an spplied stress.

b) Compression is usunlly accompanied by a certain amount of parti-
cle breakage and the two phenomena scom to be somewhat related
to each other.,

c) Course solls compress morce and show more particle crushing than
fine soils.

a) Soile with engular particles compress more and show more particle
crushing than soils with rounded particles.

) Uniforn soils compress and crush more than graded soils of the
gome maximum poarticle size.

f) Under any puarticular stress the compression and particle crush-
ing continuc to incroase at an ever decreasing rate for an
indefinite period of time.

z) For the soils tested therce appearcd to be a unique relationship
between the volume chinge and the mejor principal stress which
was completely independent of the principal stress ratio, Ho
such relation was obhserved with respect te crushing. In the
case of crushing the grester the principal stress ratio the greater

groater the crushing.
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h) Sincs all soils crushed and becanme fincr under load the data
indicated that for a scil which wet the filter regyirements for
o certain foundation moaterinl bofore comprassion appeared also
to mect the now filter reguirements for the samce foundotion
material after crushing.

Conclusion (h) may not be velid though where the particle strengths
of the filter ond cdjoining material vary widely.

Ladonyi (1967) sugsests that conclusion (g) should be limited to the
stress paths used in the tests as no proef has yet been given that this
stotescnt is valid for o1l possible stress poaths and particulorly those
involving anigotropic congolidation at the beginning of loading.

Broscoe (1967) stoted that some of tho grenter comproessibility of
anguler material mey have been duc to o difference in strength between the
rounded and angulnr particles. Tuis was simply because the rounded
material was vproduced from the angular material by rolling in a ball mill
and one would expect an affect on the minernlogicol compositicn of the
finer material, The uniformly graded moterial B could be substantially
affeeted by the rounding process in the ball mill, The finer particles
of such 2 soil would consist of quartz ond foldspar particles. The
unrtz would withstand the weathering action of the bnll mill but feldspar
and mic2 would probobly be eliminated from the material,

Th

[

uggestion that the volume change in a gronular 0011 is a unique
functicn of the mejor principal stress implies that the granular soil
behaves elastically (Insley 1967). However, tests by Terzéghi and Peck
(1948) and Menzenbach (1958) illustratsd that granular soil exhibits o
stross histery which indicates that the change in principal stress ratio
and, therefore, the minor orincipal stress affects the behaviour.

he unigue relationship between velume change and mojor principal
stress was also guestionaed by Holubec (1967) who suggested 1t may have
been due to sample shape and the boundary conditions. It would he inter=-
esting to separate out the volume chonges, reversible due to clastic
conmpression and irreversible due to particle breckdown,

The Istituto Syperimentale Modelli ¢ Strutture has very considerable
experience of the physical properties of meny hundreds of materials used
in medel tests on structures. Oberti (1968) suggested that this know-
ledge would be inveluable in testing large sc-le models of rockfill dams
te minimise the number of unknown factors as these structures steadily
increasad in height.

At the above laboratory a unique ocdometer has been developed for
testing rockfill ot high stresses (Fumagslli 1968).  Instead of the

ugual solid occdometer confining ring alternate rings of steel and o highly
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deformable material are glued together. This produces a test chamber
which moy be considered as a highly anisotropic material,having a radial
stiffmess 10 timocs that of its vertieal stiffness. A recent modification
was the replacement of the steel rings with plexiglas rings so that
particle crushing anl orientation could be obgerved during the test,

A number. of . gradings have been tested in oedometers 100 mm diameter
by 200 mn high, 500 mm by 1000 mm and 1300 mm by 2600 ma in an investiga-~
ticn to predict rockfill behaviour in the field from small scale laboratory
teste,

It is awticipated that tie results will be published in the widdle of
1969.

Lj:lO) The cffect of meuwbranes on the measurcl shear strength of rockfill-

The effect of the rubber embranc on the measured sheor strength of a
soil sample has always been subjegt to doubt, In Marsalt's g¢ase there is
also 2 sind jacket with o crossescction bquﬂl to 17% of the entire sample,
The characteristics of the sand, even if it is thoe fines of the rockfill
being tested, are likely to voary from those of the rockfill. At any
particular axial strain prior to failure the sand may be nearer to its peak
strength and demonstrating for different dilatancy characteristics, Exter-
nal neasurcments of volume chonge are, therefore, probably degciving.

The action of the sand jacket was discussed by Hillis and Skermer in
1568, It was assumed thot the confining pressurce was fully transmitted
across the sand jockoet to the rockfill, If the sand was stiff it cuould
ceonceivably form a stiff ring around the rockfill thus roducing the offect-
ive stregses on it. In this c&sc the sheor strength of the rockfill would
be underestimated,

If the sand and rockfill reached peak strength at the same axial
strain and the measured ¢//for tho vhole was 500 and the sand was at such
o density that its O’/valuc was 350 then the rockfill angle of internal
Priotivn w ould be 29%. If the sand ¢'/value was 450 then the true rock-
fill ¢ value would be 25 for o measured valuc of 500.

Triaxial tests were carried out on the sand Jecket moterial uswd by
Mersoal and the stress strain'curves, the initial grading cf the rockfill
and the MShr cnvelopes for nn axial strain of 12% are plotted in FPig,3:10:1

It was concluded thnt errors in measuring the peak shear stroength of
the rockfill were probably only 1° or 2° but at low axial strains the errors

may be somewhat greater,
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CHAPTER 4

The Triaxial Equipment for Testing Samples 12" in Diameter and 24" High

(4:;) The Design Specification

For muny years now dams have been built both in this country and abroad
using dumpad or rolled rockiill for shoulder moterial.

Dams of this type have now surpassed the highest concrete constructions
and yet our knowledge of the behaviour of these mroterials under stress is
sadly lacking.

fhe problem is simply the size énd cost of suitable equipment and the
time hecessary to carry out the relevent investigations.

Many eminent cengineers are worried ~bout this problem and in recent
years several investigators -broad h .we approached the problem but our
information is still very sparse.

With the proposal to build a 300' high dam, using a cleaved mudstone
for shoulder material, impetus was added to the drive for large scale
research equipment in this country.

The size of this equipment was governed by the existing laboratory
fucilities, bearing in mind the weight of the equipment and the disruption
of other ressarch by the volume of materials to be processed and handled.

®n these bases it was decided that the largest practical sample size
was 12" in diameter by 24" high, It was assumed that one could test
particles up to those passing o 3" square sieve.

In accordance with previous practice, tests were to be run at a
constant rate of strain applied by a mechanical jack; the largest commer-
cially av~ilable being 100 tons capacity. This limited the deviator load
and set the maximun confining pressure at 500 p.s.i.

Load, volume, deformation and pressure measuring devices were to have
an accuracy commensurate with the size of the samples and n system of elec~
trical and mechanical interlocks was installed in the apparatus to prevent
accidental damage.

It was intended that the apparatus should be able to perform all types

of tests except tension.

(4:2)  The Lozding Frame

Mr.G.E.Green designed the 100 tons capacity load-Ffuwa.around a Duff
Norton screw Jack and two existing tie bars of 4" diameter and %" square
thread. (Plate 4:2)
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(4:2:1)  The Foundation

The foundation comprised o 1" thick mild steel plate bedded on Ply-

colay on 2o hardwood block floor and snchored to the concrote slab with
four internal exponding Rawlbelts., Lovelling wos accomplished with o set

gscrew in each corner of the plate prior to the Plycolay sctting.

(4:2:2) 'The Bose

' The locdfrome base, o 6" thick mild stecl slob, was then positioned
above the foundation plate by four hollow mild stecl cylindrical spacers
to allow the Jack rua to retract. Four 1" dimeter bcelts, passing through
the spacers, hold the base and foundoetion plotes togoether,

The Jack was bolted down to the base by six bolts, 13" diameter
clearance holes were provided in the Jjock body for this purpose bocause
it is a push-pull type but, as we werc only using it to push %“ diometer
bolts with 23" dicmeter washers were used and fixed inte the top of 13"
dicmeter locating studs.

The tie bars were lowered through clearance holes in the base and
retoeined by loarge diamcter nuts tightened by o temmy bar. As the loadframe
was tc be fitted with o motoriscd crosshead, the tie bars could not be
pusitioned until the erssshend drive was connected and the crosshead
itself horizontal., The tic bars werz then locked against rotation by two

grub screws,

(4:2:3) The Crosshend.

The crosshead was o solid piece of mild stwcel 12 wide nnd 9" thick.

A sultable holc was bored in each cnd and bronze busheéwere machined to
fit the crosshead ond ticbers (Fig.4:2:3). Pressure greasing nipples
were provided on the face of the crossheand.

The erosshend is powered by a 2" H.P, 3P.H. gearcd motor with an
output speed of 30 r,pems, which is further reduced by a 3:1 roller chain
drive to the bushes giving a travel speed of 5" per minute. The pusition
of the motor can be adjustel to tighten the drive chains and although the
chain operates in o horizontal plane without suppert rollers, no trouble
has been experienced becruse the drive chains arce tight and the unsupported
span between gprockets ig small,

A solid type of chain gusnrd should have been fitted as expericncc
showed thot chains from the chaln blocks used for lifting the cell into
and out of the frame tended to get entangled with this drive,

In the centre of the underside of the crosshend o platen was fixed
and connected by a rod through the crosshend to two limit switches which
were set such that 2 small novement halted the crosshead dewn drive and 2

further movement locked the crosshead ogoinst upward or downward movement.
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This latter devics wag installed to prevent the crosshead being moved
during o test, though 1t wes impossible to move the crosshead when the load
exceeded 3 tons, due to friction exceceding motor power.

However, by loalding elsewherc than on this platen, the crossheal could
be used as o very officient cluy sample extruder.

If necessary, these limlt switches could be overridden,

Two further limit switches were fitted at the upper and lowsr cxtremes

of wravel,

(4:2:4) The Stiffenings Column

A 9" x 9" square box colurn was bolted to the foundation plate and
connzcted to the tops of the tie bars Wy a tri ngular stecl plate with a
section cut cway to allow a heist to be positioned above the machine centre
line. This column should have been fixed to the base plate for greater
stiffness becruse the second moment of area of the 1" thick plate was not
compatible with that of itself.

The limit switchas were mounted on this column and surrounded by 2
gmall box section for protection. They were oparated by 1" square stecl
®ars projecting from the jack ram and the crosshead.

Several cperations concerncd with setting the apparatus up for tests
were aggravated by its size and non-glip rungs should have been fitted to

this column to facilitete access to the top of the cell.

(4:2:5) The Jucuator

The load is applied via a Duff Hurton 100 tons capacity Worm Gear
Jacuator (Model F 75323 - 12 - 1B). The body 1s a very substantial steel
cesting and the jack is designed to push or pull. The worm wheel ig
bronze and is locuted top and bottom by very large deep groove ball thrust
races. The steel rom is six inches in dicmeter and has a 3" squurc thread
and is keyed egainst rotation. Bronze bushes are provided to toke any
eccentric loads which may be applied.

After on@‘year of operation, this jack had to be dismazntlel completely
to investigote a knock at high lozds. An P.4.G. thrust bearing on the
worrt shaft had a b&ll missing. Since replacement no further trouble has
occurred,

The 14" diameter ram head is coversd with an aluminium disc for locat-
ing the base of the cell and minimising demag: to the machineld faces when
the cell is lowered onto the jack.

The ram thread was lubricated with Molycote and the worm wheel and

bearings with Mobilgrease No.234.



(4:2:6)  The Drive Mechrnism

Mounted un o scpuarate foundation plate, which was levelled and fixed
in the samz woy as the first, were the main drive motor, Kopp Variator,
reduction gearbox and worm gear reduction.

Between the worm gear reduction box and the jacuator is on Oldhams
coupling, which can t.ke up any small mis-alignment of the shofts and can
be readily disconnected pricr te cperating the rapid return motor.

The wormn georbox is a Crofts 60 to 1 rotio, size & It is fitted
with a bronze worm whoeel nnli bell bearings are fitted throughout. Lubrica~
tion is with S...E. 150 oil.

Power is provid«d by a2 I.H.P. 3PH. motor driving a size 16 Kopp Variator
followed by a spur gear reducticn box giving an output speed infinitely
variable between 5 rep.m. and 54 r.p.i. This gear box drives the worm
reduction vie a duplex roller chain. Sprockets are fitteld to give gear
ratios of 2:1 up or down. Finel jocwx travel can be varied between 2 and

0.06" per hour,

(4:2:6:1)  The Kopp Variator

The Kopp vari.tor is o friction drive mechrnism and hence 1s placed
in the position of minimum torque adjoingingthe motor. Onc friction plate
drives another through 3 balls at their circumfercnce. The axes of the
balls can be orientuted to alter the effective driving and driven redii
and, hence, the output speed 1s varisble, On the output shaft several
steel bells, which transmit the torgue, are sandwiched betwsen inclined
stecl plates, as the torgue increases, so the plates are forced harder
apurty in turn forcing the friction plotes horder asgeinst the three drive
bulls, Hence, the drive is cempletely positive end thoeroughly relinble.

Lubrication is by Mobilfluid 62,

(4:2:632)  The Rapid Return Hotor

A% H,P. geared motor is fitted to the opposite end cf the jack worm
shaf't nnd connected by a small 0ldhams coupling for winding the jack back
to the starting position in 4 or 5 minutes, instead of uwp to 6 hours
reguired by the main drive, Before this cuan be accomplished, the drive
pin must be removed from the main drive 0ldhams coupling. The moin drive
and repld return motors are electrically interloeked

Proteetion of the loadframe steelwork was provided by one coat of red
oxide paint, followed by acoat of light grey to visually minimise the bulk

of the apporatus.
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(4:3)  The Triexind Cell  (Fig.4:3)

There was o particulnr wish to commence large scale testing at the
garlicest possible date and, as o result, the triaxisl cell was designed
to fit into an existing 50 tons capeeity losdframe moenuf cturel by Clock-

house Engincsring.

(4:3:1)  The Coll Berrel

The cell boarrel is an 18" o.d. mild steel tubo, %” thick It alrcady
existed in the college but was particularly corrcdel and had te be shot
blasted prior to machining. Twoe rings were rough machined and welded to
either end of the tube, inside and out, beth for strength and to prevent
corrosicn (Fig.4:3:l). Final machining ¢f the rings was then carried out
to true them to the axis of the tube. The top ring was machined to toke
an O-ring seal and both rings were then drilled and tapped, the base to take
20 No.3" B.S.F studs and the top to take a similar number of belts. The
end rings were coated with o hard stainless steel paint;  the remeinder

with polyurethane paint.

(4:3:2)  The €1l Base. (Fig.d:3%:2)

The base is a mild stecl disc 3" thick and 20.5" in diameter.  The
underside has a 6" dimmeter by 4" decp recess for locating on the aluminium
plate on the jack ram, Two i—ring grooves are machined in the top, onc to
seal the base to the cell, the other to seal the pelestal to the basc.

20 Nou. 15/16” diameter clearance holes arc drilled around the circumference
to mate with the studs in the lower ring of the cell. To locate the cell
on the base a g" decp recess is machined with o diametral clearance, before

painting, <f 50 thou.

(4:3:3)  The Pedestal

The pedestal is a mild stoel disc 12" in dirmeter and 3" thick. 1t
is loecated on the base by o 3" dizmeter spigot and fixed by 6 No.%" B.S.F.
cap screws (Fig.4:3:3)

Two fine bore connactions were originally providel to the holf round
circumferential groove cn the pedestal using copper tube, This was cennee-
ted to Erme to fittings on the underside of thoe pedestal and compressad by
2 rubber seal between an AB 10 Klinger vailve and the base at the other ond.
This system was adopted to prevent alr being trapped. Onc lead of §" bore
was to provide 2 flow and tha other, of 1/16” bore, was to be a null line
for determining head loss or pore pressura. This system was subsequently

found to be unsuitable and both connecticns were bored out to %“9 the copper
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pipe and fittings being abundoned. Having disposed of the copper tube
and fittings, an O-ring scal had to be fitted around the water passages at
the interfoce of the base and pedestal, The null line was fitted with a
Klinger AB 10 valve on the cutside of the base, the other with a %” bore
Klinger valve. The %" bore floew line was led to the centre of the pedes-
tal, from where water wos distributed radially under a perforated plate
designed to withstind a load of 120 tons (Fig.4:3:3;l)

Two %“ bore connections were provided for filling and emptying the cell.v
A further 5" bore connection was provided to the top cop and also a 5/16"
dismeter coninecticn.

A 1%" dinmeter gland was fitted in the base for passing electrical

leads into the cell for future instrumentation or an internal loadcell.

(4:3:4)  Lifting ond Handling

Fittings were provided for 1lifting and handling all perits of the

triaxial apparatus.

(4:%3:5)  The Top Cover anld Piston Bushing., (Fiz.4:3:5)

The top cover plate wnd bushing werce made to take a 5" Jiaméter ram.
The cover plate is 2" thick and 18" in diameter. It is bored to take, and
welded toya very substantial mild steel tube lined with o= press f£it 12"
long bronze bush, retained at both ends by o cirelip, The bushing is not
symmetrical about the cover plate because the cell was designed to be
used with elther an internal or external loadcell.

The bore of the bronze liner was honed to o fine finish and the
stuinless steel rom waos 2lso honed to produce & close tolerance sliding
fit. O-ring grooves were provided at the top and bottom ends of the
liner. Only one O-ring was in fact used anl thot was placed on the out-
side to keep dirt cut of the bore.

The cover plate was fitted with o Klingsr AB 10 valve for letting
air out and three cother connections were provided for future use. A
larger air release vent should have been provided becruse the head loss
of air rushing cut when filling the cell cnused a prassure rise in the
ccll, thus consolidating the sample. This also meant that o closcd stand-
pipe had te be provided for indicating the water level during filling.

18 Wo.3" B.S.F. stainless stecl bolts and 2 Fo.$" B.S.F. studs, which
arc used for lifting the completed cell and sample, are used for fixing

the cover plate to the cell.

(4:%3:6) The Piston

Thz stainless stcel piston is about 5" in Jdimmeter, being about 3 thou.
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under the borc of the bronze liner; and is 21" longi To the lower end
is fifted a 5" thick by 8" diameter loading head. The load face of'the
head is fitted with ¢ hardened and ground 4" thick plate, glued wn with
Twin-Bond epoxy resin adhosive. This plate fell off after a load of 85
tons had been applied to a sample, but subsequently, in oxcess of 100 tons
has been applicd without ill effect, which sugpgests that the adhesive was
not =pplizd properly in the first instance,

The top end of thoe pigton is turncd down to zccommednte the cantilover
clamp, which holds the Jial gauge recording axinl deform -tion. The dial
gouge will measurc 2" and reads in 1/1000", wherens smmple deformation may
exceed 6", P> overcome this difficulty, a rod (adjustsble in length) has
its lower end slotted nt 1.900" contres and supported by o forked plate on
o bracket on the coll baseq

At the top end of the piston isg o groove for a cirelip to prevent the
piston falling through the bushing.

At the lower cnd, a further cirelip bears agninst a large liameter
washer (8ig.4:3). Thig enables the entire cell to be lifted vertically

from an ¢y: belt, which can be fixed int: the top of the pisten.

(4:3:7)  The Top Cap (Fig.4:3:3)
The sample top cap ig 4" thick and fitted with 3" bore and 3/16” bore

connactions, as is tae pedestal, Por: water is collected by a perforated
plate backed by radi.l channoels, in the same way as distribution t-kes place
at the basc.

The top of the top cap is reccssed 1" ant a hardensd wnd ground plate
%" thick and 10" in dicmeter, ig inlaid. On this plate gits & ring, 9" i.d.
conlining 600 5" diametur bull bearings, which transmit the deviator load
to the sample from the piston loading head. This system allows an almosgt
frictionless lateral movement of the sample top. The plates are hardened
to 65 Rockwell and have been slightly indented by the balls with loads in
excess of 100 tons, The confining ring is reguired because the lateral
displaccement of the top cap is twice that of the balls and, undexr load, the
loading head would push balls away, instead of climbing over them.

When the pedestal and top cap were fitted with 3" bore connections,
the problem arose of finding a hose of this bore which would withstand
500 pegi. externally and still be very flexible. The hose eventually
found was Bardex, & thick walled polyth:ane, reinforced with spirally wound
steel wire and designed for vacuum applications by Griflex Products,Ltd.

Leakoroof geals were produced at fittings using Jubilee Clips.

(4:3:8)  Anti-Corrosive Protection

Anti-corrosive protection for the cell, base, pedestal and top cap wasg
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by stainless steel paint. It was not very satisfictory and future
apparatus will probably be cadmium plated.

It is probably impussible to protcet the faces zetually in contact
with rock, as, under high stresses, the rock gouges out the steel. Also
it is difficult to protect the insides of the connecting passages.

-

(42929} Porous Stones

Before the special end platens (Fig.4:3:3:1) were produced for distri-
buting water to the éamplc, porous stones from Aesrox Ltd. were used.
These were of Pyrolith, a vitreous bonded refractory ceromic agureg:.te.
Three grodes were obtoined: G 16, G 27 and G 28, with pore sizes of 180,
95 and 55 microns respectively. The could bz turned with a tipped tool
to provide one flat face and drilled with 2 durium drill for fixing to the
pedestel and top cap. Several grades and permeabilities were available

but under high stresses they tended to crack.

(4:4) Electric Resistonce Strain Gauge Loadeclls

The deviator load was measured with an electric loadcell inserted
between the crosshead load platen and the piston. Two capacitics were
used: O to 25 tons 2nd O to 100 tons. The cells were commercially avail-
able and manufectured by W.M.Mayes & Son to o Nntional Coal Board design.
Their ncrmal function was to measure pit prop loads snd hence they were
constructed very substantially and sealed against ingress of dirt,moisture
and condensstion,

The load clement is o thin walled stecl ring, sandwiched between end
plates (Fig.4:4).16 paper backed strain gouges woere spaced equally around
the ring to form «w full bridge circuit and they were protected against
moisture with an epoxy resin cover, further protection was provided by
packing the completed cell with grease,

The input signal to the loadcel as provided by o Boulton Paul Air-

1w
craft Ltd ¢ 61 Transducermeter, modificd Cfor use with resistive or induct-
ive circuits. The instrument measures the ratio of input to output velt-
2ge and 1s brought to a null balunce by introducing resistances. The
sensitivity was such that once division on the meter was equivulent to 10-1bs
in the cuse of the 29 tons capacity cell and 50 1lbs in that of the 100-tons

cell,

(4:4:1)  Caolibration

Prior to use, a calibration was corried out by loading the cells bet-

ween parallel flet plotens with cn Amler hydraulic loading machine. In
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the case of the 25tons capacity cell a 35 tons cupacity machine was used
and & 300 tons capacity moachine was used for the 100 tons capocity cell,

An initial calibration over the full range was carried out and then
the cell was subjected to several hundred full load cycles and a further
calibration carried out.

In the case of one cell, the zero shifted and the totil range of out-
put also varied, indicating that the geuges were slipping. The cell was
re-strain gaugad.

In generol, the range of output remained constunt within one or two
parts in 4000 and the zero shift over two years hovered about the original
output by & similar amount.

If the leads connecting the load cell o the itransducermeter were
altered in any way recalibration was necessary.

The cells were reliable and very convenient to use because of thelr
light weight and small bulk =nd also their output was almost linear over
the full working ronge.

The 25tons capacity loadcell had the samc calibration curve for load-
ing and unloading but the 100-tons capacity loadcsll displayed histeresis.
For 95% of the total load range of the latter loadcell the unloading cali-
bration curve was parallel to the loading culibration curve and, on average,

the equivalent of one ton away from it.

(4:5)  Rubber Mewbranes

Providing membrancs for rockfill samples proved to be a problem and
for coarse grained, uniform material the problem has not been satisfactorily
sclved for high confining pressures. Fortunately, the usual cascs in
practice are gr .ded, quarried materials or sand :nd gravel mixtures and
the membrenes designed hive proved man enough for thesc materials ot
confining pressures up to 5C0 p.s.i.

Neoprene mouldings were considered but samples proved to be oo stiff
and the cost was also rather excessive.

The cost of setting up plant to make latex membranes was also excess-—
ive and experience with the 4" diameter by 12" long version, with thick
walls, showed that the quality left much to be desired.

Eventually, a firm supplying gaskets to the motor industry produced a
mambrane of industrial quality rubber, having a kaolin filler and of Shore
herdness 50-55. The rubber tube was formed by aplicing a shest, Two
thicknesses were originally supplied, 1/16" and §".

Membranes 3/16" and 4" thick were subsequantly purchased for the tests
at higher confining pressures.

Membrancs 1/16" and %" thick and Shore hardness 30-35, almost natural
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rubber, were also purchased. They were twice as expensive as the former
type and offered no advantages, except on clay samples.
Membranss wore only used once on rockfill samples.

)

(4:€6)  The Compaction Mould

The mould was manufictured from a 4" thick mild stecl tube of 13"
internal diameter, which wns fitted with three external steel bands of %”
square scecetlon and three lugs, spaced at approximately 120 degrecese.
(Fig.4:6). The tube was finish bored and cut into three 120 degrecs
segments, Bach segment was lined with 4" thick carpet underlay felt.
This lining was attached with Bostik 5 Adhesive.

Small lips were bolted to the top of the tube segments tc prevent
relative movement and the butting edges werc covered with rubber, using
Bostik 5 as adhesive. The thickness of the rubber made up for the loss
of cilrcumference due to the milling cutter width.

The mould was held together by 3 chaln tightencers made of roller chaln.
The rcllers ran on the three cxternal stecl bands and reduced friction to
a minlmum so that the tightening force would be almost evenly distributed
around ths mould, Holding down woas accomplished by three 2" diameter

bolts passing through the holes already existing in the ccll base,

(4:7) The Compuction Tool

Samples were compacted with o medium size Kungo Electric Hammer, Type

F, fitted with 2" diameter Swivel Head Vibrating Tool, Part Neo. 624,

(4:8)  The Permecbility Apparctus

It was considerad important to be able to measure the permeability of
rockfill under various stress conditions.

Permeobility tests were usually carried out using mains tap water.
Hydroulic gradients, varying from zerc to 80, could be applied. High
gradients were supplied by direct connection of the base of the sample
to the water main. The input pressurce was varied by altering the setting
of the mains tap. The head loss across the szmple was determined by
Pressure tapplngs at cach end and the quantity of water passing in o given
time was determined by weighing (Fig.4:8:1). The head loss, when using
large hydraulic gradients, was measured by determining the water pressure
at each end of the sample on the same Bourdon gauge.

Low hydraulic gradients were supplied by a constant head tank fed by
tep water, the excess flow overflowing to waste. The pressurce tapping
points at the ends of the sample were connceted to twe §" bore polythene

tubes elamped to the steadying column (Fig.4:8:2)., The head loss aeross
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the sample wns then determincd eimply by measuring the difference in
height between the two meniscae, Water leaving the top of the sample had
to be led to an overflow tonk placed at o higher elevation; othcerwise
anomolous cenditions were occasionally set up producing a negative head

loss for a widce ronge of flows.

(4:9) The Cell Pressure Control Systems

(4:9:1) The Pneumatic System

Mainteining a constint cell pressure, with the volumc changes and
pressures involved, ruled out the possibility of using the standard mercury
pot system.

An 211 hydraulic system would have been idenl from a safety standpoint
but, as & temporary measure, an air control system to give cell pressures
up to 135 p.s.i. was designed to function until an hydraulic system could
be installed.

Subsecguent to the installation of the hydraulic system, the air system
fulfils the back pressure function when the need arises.

The design of the air system centred around the Whitteker Hall hydro-
vane compressor already existing and feeding the ring main in the laborat-
Ory. This was a 7 c.f.m. pump, driven by a 2 H.P. cleetric motor and
capable of producing o pressure of 200 p.s.i.

The pump was set to cut in and out at given pressurc limits but as the
mean pressure sctting increased, so the limite diverged and, when allow-
ance had been mode for line losses, the maximum pressure, which could be
accuratcly sustained was 135 p.s.i.

Ay, at varying pressurcs, was fed to an Associated Electrical
Industries Ltd. air control valve, Model 40-200. This wns & diaphragm
valve arranged such that the controlled alr pressure, plus a spring pressure,
wag balanced by thu greater and varying input pressure, all excess air being
bled cff.

This valve wag falrly stable ond would hold a set pressure within a
§ Des.i. for several daye. The relationship between spring pressurce and
controllied air pressure was constant.

To increase the cell pressure at a constant rate for carrying out Ko-
tests, o servo motor was sct up to drive o eprocket connected to the valve
spring spindle via an extendabls coupling.

The controlled air was led into the top of an air water interface
vessel (Fig.4:9:1). This vesscl was o mild steel tube 5' long, 6" bore
ond 4" wall thickness. Onto the ends were welded 3" thick rings to which

o~

1" thicic end plates were bolted, The ende of the tube and undersides of
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the rings were machined square with the axis after welding. Both ends
were sealed with O-rings,

At the base were connections for pressurising the triaxial cell, a
pressure Fage, a Iilling lood, 2 water level indicotor and o drain tap.
All $he tubes, cxoept the droin, were derminated about 2" above the bnse
cf the vessel to provent rust and other deposits cntering them. TFittings
throughout were either Bructo Corporction or Simplifix type.

The interior of the vessel was conted with n hydriulic paint.

(4:9:2) The Hydraulic Pressure Control System

Soversl specilalist firms in hydraulic engincering were apprcached to
produce an hydraulic system in which the pressure would remein constont,
irrespective of volume changes. No satisfictory solution was received.

Trne system eventuslly adopted relicd on o pressure maintuining unit
from an Amsler Loading Michine. Thig unit wns very simple. 0il entered
o cylinder and pressced ngoinst o spring loaded piston. When the force,
due to oill pressure, exceoded thoe spring force the excess oil was bled off
(Figz.4:9). To minimisc friction the piston wns oscillated at 60 times o
minute by - Porvalux l/lOO H.P. cazpocitor stort motor. Complete rotaition
would have been an easy modificoation but the velve performed sco well that
it was not altered. The pisten had several concentric grooves along 1its
length and three longitudinal floats at 120° to ench other.

The valve would maintoin any set pressure, irrespectivz of volume
changoes, in the range in which it weg uscd, 0 to 500 p.s.i. to betfer than
1/10 p.s.i. indefinitely.

For tho valve to operite properly it had to be fed with oil of constant
viscosity. This, in cffect, meant providing hydroulic oil at const nt
tempercture and without a2ir in the systen.

An Oswalds nnd Ridgeway Lid. positive displacement swashplate SWQ/O
pump was chosen for this npplication. This pump could deliver 0,15
gallons per minutc ot 10,000 p.s.i. when opsrated at 1450 rep.m. This
was far in excess of ocur requirements but was adopted so that the pressure
system could be uscd for jecking and other high pressure apparstus, if
regquired. For this reasor, the pumping unit was mounted on o mobile
trolley.

As the pressure system was to be used for mony purposes, it was thought
advisable to build in o certuin amount of flexibility in the drive speed
as it was unnecessary to run this pump at high speod when pumping against
a dead cnd.

A1l H.P. 3P.H. motor was flange mounted on a size 16 Kopp Veriator,

which was alse flonge mountod on 2 spur gearbox giving an overall output
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infinitely verinble between 80 and 720 r.p.m. The final drive to the
pump was by o Uniroyal Power Grip Belt size L 100. This type of drive
was chosen rather thon o V-belt to climinate slippage 1L ony oil was
spilt on the drive. Neemally, o 40 tooth sprocket drove a 060 tooth
sprocket but it was desirable, under certein conditions, to reverss these.
The pump shaft was g“ diamzter and thot of the gearbox 15" diamcter,
Taper grip bushes were used to sscure the sprockets on the shafts and, as
4 result, elther sprocket could cosily be [itted to cither shaft,

When properly 2lignsd, this drive wos perloctly silent ot wll speeds
but it was tns cause of considerable trouble. Although the pump was
being uscd far below its rated ocutput, two new shafts were fitted in two
years. The reason appeared to be o circlip groove which reduced the
shaft diameter and crused stress concentrations at the root of the canti-
lever. The Power Grip drive was replaced by 2 V - belt drive after the
scecond shaft failure.

The punp itself was flinge mounted In the forward compartment of o
2 cubic feet capacity oil tonlk. This tank wns partitioned off so that
all the oil which bled past the Amsler volve was passod through on oil
filter and returnsd to the rear compartment and cooled. The pump compart-
ment was alsc fitted with » cooling <loment. The cooling clements were &
bore copper tube formed into ceils and connected to form o continuous hyd-
raulic circuit. Tnis was fed by top water and only = very small flow was
required to maintain the oil at ambient temperature.

The pump was fitted with o suction filter and slso a full flow
porous bronze high pressurc delivery filtcer.

Very great care was taken to smooth off 2ll pipe ends and romove all
swarf and scale from the oil circult pipes by blowing out each one with
compressed air prior te final fitting and =also after assembly.

The tonk was fitted with a drain valve and an oil level indicator,

Although the cooling water system was tested for lezks before filling
the tank with oil, it was found thot 2 considerable volums of watcer
accumulated under the oil in time and an obscervation window was fitted
near the base of the tunk to indiecte the 0il water interface, so that
the water could be drained off before it reached the pump suction clevation.

When the oil lceft the high pressurc delivery filter it was fed into
the top of an 0il water interchange vessel with o T commection to the
Amslcer load maintaining valve. Nylon 11—5/16” 0.d. tublng was used from
the pump to the T but £ bore copper tube had to be used between the valve
and the oil water interchenge and betwesen this vessel and the triaxiel
cells 1f pressure vorintions throughout the system were to be avoided.

The 0il water interfrece vessel was identical 4o the air water one,

cxeept that it was fitted with a Sectru spring operated valve sct to 1ift
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at 530 p.s.i., and close about 2 pe.s.i. below this figurc. 0il passing
this valve was 2lso returncd to the main tonk vio o filter.

The bore of the nylon oil lovel indicotor tube was increascd to %”
because meniscus cffects nnd the smnll density differonce between oil and
woter mede the reaction time teo long if smzll bore nylon tube was uscd,

There was always o considerable build up of static cleetricity on
the nylon tubing leaving the high pressurc filter. .

Excess oil bleuding from the Amsler valve and also the oil lost by
secpege past the piston was reburned to the main tonk, after poassing
throush filters,

The cross-sccetional arca of the tank was such thot only & small
variation took place in oil level during o test and the pump remedined
fully submerged at o1l times.

Beurdon type pressure gruges weroe connected to the water side of
each of the interchonge vesscls which could be convenicntly filled directly
from the de-aired water ring moin in the loborstory (Fig.4:9).

A 5" bore, hi;sh prossure flexible hose was used to connect the shut

off valves on the triaxisl cell wnd the oil woater interchange vesscl.

£4:9:3) Resonovice

The hydraulic system was not particulirly stiff becruse of the large
volumes of fluid involved but, at certoin pressures and pump specds,
unstable conditions did develop and thuse were casily overcome by altering

the punp specd with the Xopp Variator.

(4:10)  Tac Electrical Control Circuits

A system of interlocks and limits was devised to minimise the risk
of accidental damage to the equipment. (Fig.4:10:1).

The design and installaticn of the clectrical control circuits to
perform these functions and the chelce of electrical control gear was the
responsibility of the Civil dngineering Dept. Electrician, Mr.P.Clifford.

All functions, except the control of the pressure pump motor, were
controlled from a console which could be isolinted from the mains.

A1l the circuits were protocted by fuses.

Five cutlet sockets were provided on the censole, one 3 PH. for the
proessgure pump motor, two 1 Fd. for the transducermeters, onc 1PH for the
oscillator metor for the Amsler pressure maintaining valve and one 1 PH
for the serve motor for controlling the cell pressurc during KO tests.

The jack main drive, crosshond nd ropid return motors could be stopped
by an emergency stop button, located conveniently ncear the loadframe.

The jack main drive and ropid return motors were interlocked and
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stopped by switches set at the limits of the jack travel,

Switchos were set to control the limits of the crosshead travel and
two further switches werc set to prevent further downward trrvel after o
small upward displocument (rel: tive to the crossherd) of the loading
ploten nd locie the crosshead oltogether alter & further upward displocement.

The crosshead motor was controlled by murmual push buttona.

Th. Jjock main drive metor covld either be controlled monually by push
buttons or automntically, vie an interlock, by o sensing transduccr cn o
Ko bolit. In this cuasce though the operation wos upwards or stop only to
prevent hunting toking place.

Control of the ropid returh motor was by push buttons, down and stop
only.

The laboratory wos wired on o dusl system basig, in such a way that
if o foilure occurred o standby supply was automatically switched in.

This changeover took 2 few seconds wnd, as a result, delay relays had
to be fitted to the joack main drive and pressure pump motor starters o
prievent them switching off. Therefore, to stop these motors permancntly
the stop buttons must be depressed for .t lenst four seconds.

Wearly all the switchgear used wag manuf..ctured by &llcn West

(switchgear) Ltd.

(4:11)  The Specinl Lifting Arm

A special lifting arm was designed to cnoble the cell te be placed
under the crosshead. This arm was not counterbalunced nnd, as o result,
the cell hung slightly out plumb from the cranec, This was an advaontage
when loecating the cell on the jack because the recess in the cell base was
ablc to just cnguge with the sluminium platc on one side and then slowly
hinge down as the c2ll was lowered into its final position. As o result
the cell could be positionsd without subjecting the sample to any

excussive shock.

(4:12)  The 3ieving Machine

The machine, which was used for the sivve anclysis of the material
tested in 127 dimmeter samples, hod o rectangular scrcen frame 2' wide
and 4' long. The inclinaticon of this screen frame wos variavle to obtain
the optimun sieving condition for any given particle size.

Verious mesh sizes werce mounted in sub frames and held against the
mnin fr.me by spring clips. Vibration was produced at the upper end of
the main Cramc by a 1 PH. <5 HP., 1450 r.p.m. motor.fitted with cccentric
welghts.

This machine was very suitable for bulk sieving where the aim was
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merely to obtaln segrogates. It was not so suitable, however, for the
sieve analysis of individunl small scuples becausc, belng an open system
r.ther thon totally enclosed, o certain proportion of finc moterlal was

lost to the dust extraction plant.

(4:13%) Modiificotions bto the Small Scnle Triaxial apparatus

In order to test samples of LM, 4", and 12" diamcter under similar
conditions of lowding and cnd restroint minor modifications were made to

the standwrd small scole trinxisl eguipnent.

4sl%:1 Modificrntions to the Gtondard Triaxial Apporatus for Testing
P

4" dismeter Samplcs

A mild steel padestnl was mochined so that pore water could be
distributed to the somple via radicl channcls and o stainless steel
perforated plate in a similar mooncr to thot in the large scole appoarctus
(Pigs.4:1%:1:1, 431%31:2).

The top cap was mochined, from mild steel, in a similar manncr and
its upper face was hardencd to 65 Rockwell, all bearings %“ diomoter,
weore held in position on this face by 2 retaining ring and the load was
transferred from the piston to the boll bearings by o hardencd steel
loading head (Pig.4:13:21:3)

Whon testing very fine gradings, a copper & uge had to be placed over
the perforated plate to provent fine meterial from blocking the perfora-
tions. The cdges of the copper gnuge had tc be floated in solder to form
o osnooth edge, otherwisc the ends of the wire were pushod through the
membranes, crusing puncturcs.

Nylen 11 lcads were ussd and fixed into the 5/16“ diameter heles in
the pedestil and top cop using Loctite Retsining Compound.

Confining pressures in this apparatus were limited to 120 p.s.i.

(4:1 :2) Vodifications to the Stondard Triaxicl Apprratus for Testing
1

Z
2
' dimmeter Sanples

A 13" diameter hord bross louding cop was fitted te the ond of the rome

The top cap was 2 ploin perspex disc, fitted with two 3.5 mm saran
dr-innge leads, retained by Loctite Retaining Compound.

Tac upper face of the top cap was covered with 3/52" dicmeter ball
bearings, held in place by Vaseline.

For the tests at ccell pressures in excess of 80 p.s.i. steel discs
were inserted, one above the perspex top cap and one below the brass

loading cnp with the ball beorings betweon thom, to minimise bedding.
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Cell pressures nbove 80 p.s.i. were goneratcd by the hydroulic
systum designed for the large trinxicl apparatus.
Porous stones, é" thick nnd corcd from & cuorborundun wneel, were
uscd te distribute pore woter to tho samplo, The perme bility of
these stones wos obout 1 x lO"5 cmg per seccond,

For prcgsurcs above 80 p.s.il. o steel ccll was used.
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CHAPTER 5

THE MATERIAL

(5:1)  The Materiols Tested (Plate 5:1)

Five meterials have becn tested in the large scale triaxial apparatus.

Various trioxial tests have been performed on Siluricn clenved mud-
stone from Llyn Brisnne Dam, granitic basic gneiss from Vencmo Dam and
two uniform gradings of chert gravel, which were used for an =zircraft
arrcsting investigrntion by The Roynl dircraft Estoablishment at Farnborough.

Undrainced tests were carricd out on 12" diameter by 24" high undis-
turbed samples of stiff, fissursd, blue London clay. The results are
reported by agrrwal (1967).

A dissipation test was performed on an isotrepically consolidated 12"
diometer by 12" high sample of Macsglas boulder clay for the core of Llyn
Briasnne Dom. The result is reported in an internal report of Binnie and

Partners in 1967.

(5:2)  The Siluriun Cleaved iudstone.  (Plate 531)

The metericl is highly cleaved and jointed.
The bedding planes ore =t about 700 to the cleavage along which the

material splits.

(5:2:1) Mineral Composition

The predominant mineral is chlorits, a complex, hydrated, alumina
gilicate, with variaobles amounts of iron, mognesium and other elements.

The chlorite is both fine =nd coarse. The coarse crystals appear
orientated parcllel to the bedding and the fine crystals are randomly
orientated.

Sericite appears orientated parallel to the cleavage and as it has a
similar chomical ccmposition to chlorite may be dus, in part, to low grade

metamorphism.

(5:2:2)  Aversge Composition in Thin Scetion

Sericite 20,0% !
Fine Chlorite 6%.2% |
Coarse Chlorite 13.2% |
Quartz 3.0% |
Calcite 0.1% !
Pyrite 0.5% l

Table 5:2:2, Average composition of siluriezn clesaved mudstone.
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The Calecite was originally detrital matericl which has, subseguently,
been recrystillised, When very abundant, c¢oleite can be leached out by
acid waters, which may olso lend to oxidation and expunsion of pyrite.
However, the mudstons is very similar to the material used for the
cibankment doms of the Vianden pump storege schome and whose durability

is disployed inthe railway embonkments in Luxemboursg.

(5:2:3)  Unconfined Compressive Strength

Difficulty was expericnced in preparing cores for unconfined compress-
ion tests especiully normal to the eleavege as the shear strength on the

cleavag: planes was excecded by the torque of the coring tool.

Sample j Dircetion of samplei DimensionS. Compres;ion .Eﬁemﬂrks
t Wer.t. cleavage height x diea. strength Pesels
|
1 | prrellel 3% 1,50 | 4,118 A1l
2 parallel 3 x 1,5" ; 3,590 samples
3 normal 2,2 x 2n 15,650 i kept
4 normal 1.9" x 2" 21,150 i under
5 | parallel 3" x 1.5" 3, 390 water
6 | 45 3 g 1,50 L 12,750 until
? | ; | tested.

Table He2:3 Uncenfined compressivs strength of silurion cloaved mudstene,

(5:2:4) Porticle Shape.

A random sample of particles ret ined on cach size of sieve used in
the grading analysis was photographed ond the prints wore then either red-
uced or enlarged so thoat all particles appearcd sbout the same sige,

The roatic of length to breodth was then measured for sach particle

and the mean ratio for moterial retained on various sileves is given belows

B.S.3ieves A Ratio
Passing i Retained Length/ Width
3" 15" 1.46
1" " 1.66
%u %u 1.23
" 3/16" 1.62

3/16" o .7 1.67

WeeT No.14 1.39
No.14 No.25 1.47

No.25 NoWJh2 1.34
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tablce continued:

~_B.S.Sieves ; . Ratio
Passing -| Retoined Length / Width
10,52 No.100 1.26
170, 100 -

Table H:2:4 Particle_gg

< of Silurian cleaved mudstone,

In general, the particles were flat and oblong, with coarse, jogged
edgcs. There wos 2 tendancy for the very fine material to adherce tightly
to the surface of laorger perticles and, as o result, particles passing the
Noel4 BaSesieve appearcd to become more rounded with reduction in size,

The ratio of porticle thickness to width was approximately four.

The fine material formed o cohesive paste on the addition of water.

(5:2:5) Matericl 'froctmont Pricr to Testing

All the moterizl used for the testing programme was obtained from a
gquarry which was opened up near to the proposed site of Llyn Briannc Dam.

Excavation was by blasting, using polar ammon gelignite, and all the
materinl obtained came from within 30! of the original ground surface,

The majority of the matcrial for the actual dam will be quarried at a
greater depth.

After quarrying, the materinl was loaded into dump trucks by a front
end loader; whence it was hauled to n trial embankment, dumped, lovelled
and track:d by bulldezer and compacted in layers varying from 18" to 6' by
an 8% tons ABG vibrating roller.

Insitu density measurcments were made in the trial embankment and the
excavated material passing o 3" square mesh was sent to the laboratory for
testing under trisxinl stress conditions.

On arrival at the laboratory, the materinl was oven dried and a sieve
analysis was carried out by hand, This proved to be excessively tedious
and dusty. A few samples werce treated in this manncr and subsequently a
bulk sample of about 5 tons was sicved by Soil Mechanics Ltd. ot the Cement
and Cocncrete Association's laboratory and the material wos then delivered
to the laboraftory in individusl sizes and in polythene bags.

Considerable breskdown of the larger particles was noticed, simply
duc to hundling of the bags when loading and unloading the lorry on which
thay were tronsported. Further breakdown occurrced every time & bag of
material was moved,

Storage space presented a problem and the material was kept in poly-

thene bugs, inside dustbins, on the rocf of the building,



(5:3) The Granite Gnuiss, (Plate 5:1)

The rock is wniformly coarse graoined and of mottled, white and black
appearance and with o gneissose structurce.

Mica, hornblunde, quartz, and felgpar are clearly visible.

(5:3:1)  Avoraoe Composition in Thin Scotion

Orthoclase 27% :

Albite 15% :\— Folspar 57%
Microcline & Micropocrthite 15% j

Quartz 25%

Biotite 12%

Hornblende 4%

Table 5:3:1 Jverage composition of granitic gnelss

The orthoclage 1s intimately intoerlocked with the quoarty and occurs
as anhedenl crystals which all show slight decomposition to Kaolinite,

Quartz occurs entirely as anhedrnl crystals, forming an irregulea
moscic with the folgpathic mincrals. Gas and ligquid inclusions arc common,

The plagioclase foelspor isg present as albite, which cccurs in lath
shuped crystals exhibiting typicel polysynthetic twinning., This mineranl
has also undergonc very slight koolinisation.

Anhedral microcline wnd microperthite comprise the remoining folspar
componcnts and are found in intimote assceiation with the other folspors.

Groen and brown biotite arce found as latihy shaped crystals, occasion-
ally conteining zircons nnd tho associated pleochroic halovs. It is
found in well defined lincar zones, seporated by zones conteining quoartz
and the obove felgpathic mincrals Within coch zone tho long nxes of
the bistite laths are oricntated within o range of 457,

Greon hornblende, almost an accessary mincral, rarely exhibits good
crystal form and is also confined to well dofined lincar zones, and
alwoys with bilotite in cssociation.

Traccs of sphene, ilmenite and its alteration product, leucoscene,
apatite and zireceon occur in the granite,

The felspathic mincrals are interlocked with quaretz in o tight mosaic
of typical grain sizc, approximately 1 mm. Clcarly definsd zones of
oricntoted biotite and biotite and hornblonde, ~lternating with more fols-
pathic rogions, give rise tc the proncunced gnoissosc structurc,

The zones of nmica alsgo give rise to plancs of woeaknoss,



(5:3:2)
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The tetsl length of the tunncls was abcout 15 kilomo’ors. As o
result, varied rock types were cncountered ond seversl particles in our
consignacnt were Jjust quartaz. However, the above mincral composition is
considered to be a fair avernge for the moterial received.

A bulk sieve analysis of the material was carricd cut at the Coment
and Concrete dsscciztion. The sample was slightly moist and the fines
had te be dricd by epreading them inte thin layers on the floor and
leaving them overnight prior to siocving. The fleoor was very clcan and
there was no vigible contomination,

The segregates wore tronsported to the laboratory where they were
welghed %o obtaln the bulk grading. 48 the moisturs content of the
segregotes varied there was a slight error in this grading, though probably
no morc than 1%.

They werce then stored in polythene bags in dustbins watil required.

Altheough 2 dust oxtraction plant was functiconing during the sicving

operations, it wns cssontial to weor o breathing nagk as well.

(5:4)  'The Chert Gravel  (Plate 5:1)

The formation of chert is still o controversial subject. Some
authoritics believe it was formed by replacement of limestone by percolat-
ing svlutions and, thercfors, of post depositional origin, whilst others
belicve it was formed by direct precipitation of masscs of silica gel in
sca watcr.

The various theoriss are get out in the cycle belows

Silica from Scawater = Volcanic
weathering Silica

i
Silicifiecation Bicchemical Chemical
of limestoncs precipltation precipitation

!
4
Diatomite Silicification
radiolarite of tuffs

"4
Replacement 4

cherts Silicaeous
(Metasomatite) Limestone {

Siliceous
, muds
P
Leaching
V
Chert Rhythmically

Tripoli Nodules bedded cherts Halleflinta

(Pattijohn, 1957)



Chert is a dense, crystalline rock composed of chalcecdony
(microcrystalline fibrous silica and micre fibrous amerphous silica or
opal and cryptocrystalline quortz).

In genernl the particles werc croam, yellow, brown and black in
celour and sumetimes ycellow or brown cutside and black inside,

Some porticlus were smooth and rounded, like pebbles on o shingle
whilst others were highly irregulsar, tuberous and rounded bodics.

A very fow porticles had o scariaccous texture and werce cream in
colour, with @« porous, dry, earthy fecl and appenrance. A considerably
higher velus of ﬂ/J wig recurded for these prrticles thon for the dense

rounded ones for the same norm:l lond.

(5:5) Scaling of Graoings

The aim of the rescarch progr mme was to compare the behaviour of
various sizes of samplos of rockfill under triaxial stress conditions, the
ultimete goal being the prediction of £icld behaviour from small scale
laboratory testing procedures.

In order to compnre the various sizes of the samples tested the
gradings used in @ach case had to be scaled.

However, for geometrically simil r packings, in two differcnt sample
gizes with the samz appliced principsnl stresses, tho contact forces between
the grains are not equal.

If D is the Sample dismeter ond 4 is the nominal particle size:

The number of particles in eny Force transmitted across the cross-
cross-sccetion is properticned tos section for any given pressure is
proportionsd tos
- 2 2
Small semple | D,T'= constant D,
E (1[ / s
= const nt DZ

Large sample D;\Q
ey

Where D, is thc small sample diamster .and D, is the large sample dicmeter.
. ) . \ 2
Hence the average intergranular forces in the larger sample ars Eﬁl

=
. . {
times ag grest as in the smaller sample, . D‘/

The stresses, though, are probably very similar as the materiz
surface will yield until the product of contact arca and compressive
strength is equal to the applied load,

FPurthermore the larger porticles have o larger proportion of flaws
and fissurcs than the swsller particles which, consequently, have a grecter
unit strength.

The distribution of the fissurcs is prebably = function of the initia

stress history and stress releass and shattering duc to blasting.
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The compressive strength will nct only vary according to the type of
materials in contuct but also with the shape of the surfaces in contact,

A pyramid point contact will have a lower compressive strength than rounded
or almost flat contncts becausc of the very different degrecs of support
aftforded by the bulk of the surrounding material.

This will lead, in generel, to greater deformation of zngular material
than of rounded material, for similar loading conditions.

In lorge and smoll samples with geometricelly similar particle distri-
bution znd the same monn applicd principzl stresses, the greater inter-
particle loading in the larger sample will lead to greater defermation.

If, however, the unit shear strength of 21l the grains is sinilar the
behaviour of the samples should also be very similer as the shear strength
of the particles will be dependent on the squore of their nominal size and,
hence, proportional to the squarc of the smmple diameter.

The cffect of the incrense in fines, in o large sample duc to the
increasaed breskdown because of the higher contact loading, will depend on
the initial grading. In o grading perticularly short of fines the
ndditionnl particles may hove little or no offcet as they may just rest
in the voids, leaving the larger particles to carry nnd transmit the
applicd loads,

Alternatively, if a large proporticn of fines alroendy exists, the
dilatoncy of the sample will be affected.

The effect on the sample dilatancy however, will be offiset to 2
certain extent by the increased number of particles transmitting the load
because there will be o threshold of load below which little contoet
point breskdewn will cccur,.

A cortoin amount of breskdown woas noticed during the bulk sicving as

particles split when subjected to vibraticn.

(5:5:1) Chert Scaling

It was not possible to scale the chert particles becuusc breakdown
did not yield particles representative of the initial material.

In general, foilurce was explosive, giving o conchoidal and splintery
fracture.

The resulting motorial lacerated mewbranss and could net be hondled
without protoctive gloves,

45 2 result no smill seale tests were performed on chert.

5

(5:6) Gradings Used in the Tests

all the basic gradings -re plotted in Figs.5:6:1, 5:6:2 wnd 5:6:3.

Greding A is the mean of all the gradings used for the drained shear
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tests on the first ninc 12" diamster somples of Silurian cleaved mudstone,
The testing programme on the Silurian cleaved mudstone was inconvenien-
ced by nunmerous membrone punciures at the higher confining pressures and
the particle breckdown reduced the permenbility of the samples very
congiderably.
Many special griadings were thercfore used and they are set out in

Table 5:6:1.

(5:7) Interparticle Friction

It has been appreciated for many years thot the angle of friction Qfx
between the SFrfaces of particles is less thon the angle of internal
friction . ?ﬁof o dense mixture of particles when measured in the drained
triaxial test at normnl stresses.

Cagquot (193%4) produced - theoretical expression for the relationship
between %/4 and the angle of internal friction at constunt volume (Sé”/>
under pline strain conditions by considering the forces on spherical
particles,

tan ¢C1F = %77 tan ﬂ&l
Bishop (1954) derived the following expressicn for triaxial conditions:

sin ¢C¢f = 15 tan @M
10 + 3 tan ;21/1

Rowe (1962) expanded the theory further to relote ¢g with dilatancy.

An investigation by Horn sand Deerc (1962) showed that the coefficient
of friction betwecn mineral grains varied with the finish of the contact
surfaces and the fluid present on thosc surfaces.

They found that if water was placed between polished surfaces of
quartz or felspar it acted as an antilubricont and increased the coeffici-
ent of frictiona If the surfaces were rough, the effect was considerably
diminished. The rough surfuces, however, were produced by etching or
polishing with No,240 carborundum grit and so could not be expected to be
as rough as the interparticle contacts in a rockfill,

If o cohesionless moterisl is sheared in the saturated drained condi-~
tion it displays a lower angle of internal shearing resistance than when
it is sheared in the dry condition. This may be dus to several factors,
onc of which is the weakening of the surface of rocks due to the reduction

in surface chergy duc to contact with woter (Rehbinder and Lichtman,1957)

(5:7:1)  Measurement of the Cocfficient of Interparticle Friction of

Silurian Cleaved Mudstone.

To determine the coefficient of interparticle friction of the Silurian
clegved mudstone individual particles serc selected and mounted in o

standard shear box.
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Ong prriticle, with face dimensions zbout 1" by 2", wis mounted in the
lower half of the shear box using Polyfilla and such that the surface was
in the plonce of shearing. A second smallar matching poarticle was similar-
ly positioned in the top box but, in this case, the interior faces of the
box were lined with silicone grease prior to pouring the Polyfilla. Care
it was also tapered awny from the shear plane so that the only contacts
during the shearing operation would be mudsteone to mudstone.

The lower box was positioned in the shear apparctus and tap water was
added until the shear plune was submerged. The top box was then care-
fully positioned 2nd a normal lecad of 170 pounds was applied tec the sample.

Shearing was curried out by pushing cone particle over the other at
64 x 1074 inches per minute before allowing for proving ring deformoation.

Dilatancy was mceasured by a 1/10,000" dial gauge.

The budding plancs of the mudstone werc at an angle of about 60" to
the cleavage, along which it most easily brokoe. Shearing was, thercfore,
carried out on the cleavage surfnces and parallel to, normal to and ecross
the bedding plones s shown in Fig.5:7:1.

Dilatancy was aimost negligible in most cases but a polygon of forces
wag drown in ocder to determine the coceffiei . nt of frictioxz.

No special surface treatment wos applied to the samples and they wers
sheared in their original state.

1

No stick slip motion was observe This is often 2 function of thc

stiffness of the testing apparatus (Bowden nnd Tabor 1956).

Sample No. Dircction of shearing Condition Q{ !

w.r.t. bedding V,TA(
3 porallel submerged 26,5O
K noermal dry 29m7o
8 normnal submerged 2409O
9 parallel subinerget 24.10
2 acruss submerged 23,6°
4 arallel submurged 22.9O
1 normad submerged 25.9O

Tablae., 5:7:1.

Values of the angle of interparticle friction for Silurian

clzaved madstone.

(Sew also Figs.5:7:1 and 5:7:2a)

(5:7:2) Meosurement of the Coefficicent of Interp:.rticle Priction of Chert

To measure the coefficient of interpnrticle fricticn of chert a ssries

of dirsct shear tests was csrried out in 2 similer manncr to thot for the



siluriin cleaved mudstone.

ey

ALl the samples were tested submerged in top water and the ncrmal load

was 100 pounds in cach cose.

A stick slip motion was cbscerved after a rapid rise towards peak

rusistance,

Cne sample, with a goft, porcus surface, displaycd ¢

considerably

higher coefficient of interparticle friction than the remaining very hard

(Table 5:7:2, Figs.5:7:2b amd 2c).

smooth surfaced particles.

Soample No. | Description ?;L
1 Smooth, hard, yellow/brown 11340
2 Smooth, hard, grey 1458O
3 Rounded, scft porous,yellow/grey 40.5°
4 Smooth,hard,shiny,yollow/brown 14050
> founded,shiny black & smocth 18.1°
hard, flat . shiny yellow.,
Table.5:7:2  Values of the angle of interparticle friction for cher’

submerged.
Results of measuvrements of the coefficient of interparticle friction

on granitic gneiss are given in Table 5

27:5 and are reported by Pigeon(1950}

o

o

Normal load:

135.41 1bs.

Test | Condition gy

1 subnerged 357
2 subnerged 55.50
3 submerged 35°
4 submerged 36,1
5 pir dry 56»40
6 air dry 36.1°
7 air dxy 57;7O

| 8 2ir dry 3745

Table 5:7:3 Valuss of the angle of interporticle friction for granitic

gnelss.

(5:8)

Relative Density Determinations

In 1948 Krlbugzewski suggested thot a reference property should be

avallable for cohesionless soils in the same way that Atterberg Limits have

become o ugeful guide to the behaviour of plastic soils.

He proposed an index reloting the insitu porosity to the maximum and

minimun porosities at which any particular insitu grading could exist,




This index he termed relative density.

48 the peak shear strength of o sand or rockfill is to some extent,
depeniant on its dry density, it would appear thot a suitable basis on
which to compar: various matericls would be at a particular relative
density.

Af'ter experimenting with numerous pouring technigues Kolbuszewski
eventunlly cbtained a consistont minimum dry density by placing 200 grms.
of material in a 2,000 ces corked measuring cylinder, inverting it and then
righting it and measuring the volume displaced. The maximum dry density
was achieved by vibration.

Several problems arise when determining the relative densities of a
rocikfill,

The wide range of meximum particle sizes demands & similar range of
meesuring container sizes. Inverting o measuring cylinder to obtain the
minimum density limit becomes impracticzl and carcful pouring methods are
resorted to, using differcnt sizes of pouring utensil, from a miniature
sceop to a coal shovel, depending on the maximum grain size involved.

The maximum density limit is more difficult to achiove because of the
more sophisticated machinery invelved and the number of possible varicbles.

The maximum density limit may be determined by vibration of the mould
and samplc with or without a surcharge cr by impoct compaction. The
amplitude, frequency and time of vibration may be varied to give varying
results for any particulsr scil or rockfill. In fact, the amplitude,
froequency surcharge cnl time must be varied to suit the soil type and its
grading.

The attriticn due to vibration or compaction causcs breakdown which,
in turn, alters the initial grading -nd, hence, the maximum density achiev-
able.,

Thz U.S.Dept.of the Interior, Burcau of Reclamation, has its own
standards for maximun ond minimum density determincations (7)% as do the U.S.

Corps of Inginecrs, who use Dunsity Ratio Dr = D - Dinin
Dmax - Dmin.

Many other State authorities use these methods or adopt their own.

The exact significonce of the maximum density limit is also arguable
in the case of a grading having fow fines which merely rest in the voids
between large particles and play little part in the shear behaviour of the
soll at low stresses.

The noximun density test is further discussed by Pettibone (1964),
B.B.Gordon (1964), Winnitcy (1964) and Burmister (1948 =nd 1964), who
suggest that comprehensive investigations are urgently needed to improve
compaction testing ~nd estsblish adequate criteria for field control.

It was decided to determine the meximum and minimum dry densities of
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. N . .. s e d 1L
the gradings which were used in the triaxial tests on 4" diameter and 1"

diametor samples of silurian cleavel nudstone ard gronitic gneiss.

(5:8:1) Minimue Density

The required grodings were made up by welghing ocut dry material and
then the scgregates were thorcughly mixed with 2 gscoop.

A 4" internal dinmeter by 8" high split mould was fixed to 2 standard
Procter bosc. This size of mould was chosen bectuse it had the same pro-
portions and size as the 4" dirmeter sanmples. It was also usced for the
gradings used in the l%" diometer somples se that moterial could be placed
by scoop at the base. If o 134" diameter mould had been used pouring
would have been necessary, leading to segregation of the graded material.

Materinl woes ploced slowly and corcfully in layers in the mould, At
the top an attempt wos made te finish with the mould rim so that excess
material would not hove to be removed, thus disturbing the pack,

The materizl was weighed and the dry density calculated. The process

was repected several times with the sane grading ond material.

(5:8:2)  Moxinum Density

The required gradings were made up as for the minimum density deter—
minations and the same mould was used. In this case though, new materia
was uscd for each maximun density determination on the same grading to
limit the effects of particle breakdown.

The samplss were compacted in 3 cqual layers. A steel billet, 4"
thick and o locse fit in the mould, was placed above each layer and the
top of the billet was vibrated for one minute with a medium size Kango
Blectric Hommer, Type F, fitted with o 2" diameter Swivel Head Vibrating
Tcol, Part lo. 624,

The gradings used and the results of the tests are given in Tablo 5:6a

Reletive density limits for the 12" diemeter samples were assumed
from test results nnd field data. The assumed values cre given in Table
5:8b,

Inconsistencies wore noticed between the dry densities obtained in the
12" diameter by 24" high trisxizl samples and the 24" diamcter by 12" thick
cedometer samples,

Compretion of the top two or three inches was always difficult becouse
the material sheured or bounced <bout with the result that the top four
inches were nlways locser thrn the roest. This, »f course, had o lerger
effeet on the ocdometer samples because of the adverse sample hoight to
diamcter ratio. The boundary conditions alse voriced, the boundarics being

steel, cast iron or brunze in ccdometers and rubber, backed by felt, for



triaxial samples.

(5:9) Swpucific Grovity

The spoelfic grwities of the

~ l
AN
f

ticlus of silurian cleaved mudstone

cranitic gneiss and chort were determined by the standard method.

The results are given in Toble 5:9

Groding Min. Density Max.Density
K 91.7 125.3

L 94,2 128.2

N 95.2 129.8

c 98,9 142.0

D 104.0 143.2

E 98,1 138.6

Toble 5:8a: Maximus and Minimum Dengitics Obtained.

Grading Min, Densgity Mox. Density
H 91.7 137.1
J 94.2 137.1
M- 94.2 128,2
0 9542 129.8
F 98,1 138.6
i 98.9 143.0
9849 14347
T 98,9 142.0
100.,0 14640

Tablc 5:8b: Assumsd Maximanm and Minimun Densities

Porticle size Silurian cleaved mudstone ranitic gneiss Chert
< Wo.T 2.76 2.66
> g 2.7

Table 5:9 Specific Grovity.
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CH..PTER 6

TESTING PROCEDURE

(6:1)  Preparation of 12" Diamcter Samples

(6:1:1) Grading Preparation

The materinl retained on individual sicves was stored in polythene
bugss inside dustbins, on the roof of the building,

Prior to making up a grading about one ton of the various scgregates
was oven dried and then stored in the laboratory.

The grading to be tested was then prepared by weighing out the various
segregites on & 112 pounds capncity balance.

Initial wmixing was achieved by placing the largest material first,
followed by the finer, into a large tray placed on the floor, The mixing
was completed by shovelling the grading into another tray and vice-~versa
until a condition of minimum segregation was achieved. Flat topped layers
produced less segregation than conical piles. Initial gradings of silur-
ian cleaved mudstone and granitic gneiss arc shown in Plate 6:1:1,

Handling of the bags of material caused a certain amount of particle
damage by brecknge. This was very obvious with the larger material and
undersize particles werc recmoved. There was breakdown in the smaller
sizes too beoéuse the bases of the bags were always covered in fine
material,

With a uniform grading the fines could easily be removed but with a
wide grading resicving wceuld have been necessary.

As a result, all the gradings prepared probably had more fines than

propcsed.

(6:1:2) Membrane Scaling

For an effecctive seal between the steel pedestal and the rubber mem-
Wrane a continuous line contact is required. The standard method with
O-rings was incffective becruse the membrances were too stiff and had a
canvag texturc finish. Several alternative methods were tried using
Jubilee Clips, both on the membranc and on two O-rings around the membrane.
Six 2" diameter Jubilee Clips were used so that an equal pull could be
achieved all round the sample without scuffing. An alternative was to
place P.T.F.E. tape around the membrane and under the Jubilee Clip.

Eventually, the most effective method found was to coat the pedestal
with a layer of Revultex R, a gclf vulcanising rubber, and then to place

the membrane over the pedestnl and squeeze the Revultex into the surface
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imperfecticns by rolling very tight O-rings down the ocutsidc of the membrane
The Revultex would go off in about half the time required to make up @
sample groding and produced 2 perfuct seal.,

tne dry sample was tested by leaving it sealed for 60 hours under an
initial partial vocuum of 28" of mercury. No reduction in the vacuum was
recorded in that time,

This method of senling was quite satisfactory as long as sample satur—
ation was to take ploce after the application of a confining pressure,
ctherwise the prossurc of the pore water =t the base of ¢ 2' high sample
was sufficient to cxpand the membraone and O-rings and break the seal.
Jubilec Clips, or the much supericr stainless stecl JCS Hi-Torque band,
cculd be used to replace the O-rings 2nd prevent the membrane expanding
but the clearance inside the compaction mould was not really sufficient.
The problem was svlved mere satisfactorily by binding the membrane tightly

with dry string, which was subsequently wetted to shrink it tighter.

(6:1:3)  Sample Building

A1l sampless were bullt up in layers, cach welghing abeut 30 pounds.
The materisl in eaeh layer was distributed as evenly as pessible and then
vibrated for one minute with o medium sized Koengo Electric Hammer Type B,
fitted with 2 Swivel Head Compaction Tool, Vibration was applied to the
whole surface of the sample with particular care being token adjoining the
membrane,; both to prevent danage and also to make certain there were no
initial voids which night cause a membrane failure during toesting. This
operation requircd a dust cxtractor which probably removed o lot of the
material passing the No.200 B.S. sieve.

The last loyer was always difficult to compact, 2s mentioned earlier,

With some gradings, a certain amount 0f—3/16" + Ho.7 materizl had to
be added to the circumference of the top cf the sample to make o smocther
trangition betwecen the sample and the top cop. This extra material was
welghed out and a2llowed for in the average grading of the after test sicve
analysis,

Levelling of the top surface was achieved by vibrating o 1" thick and
12" dismeter plywood disc with the Kango Hammer. Alternatively, a heavy-
welght was used,

The some amount of compaction was given to all somples but various
densitics resulted, although this would be cxpected for the various gradings.

It wos folt thot the samples were not clways as homegencous as thoy
might hove been, especially with the granitic gneiss and this was overceme,
to a certain extent, by adding the fines «fter compacting the coarser

materinl, The veilds were semetbines quite large and cne could hear fine
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particles working their wuy Jdown inte the sample without the aid of
vibration.

Non honmogenelty was demonstrated by the after test sieve analyses
cn gample lGV/lZ which fniled by bulging in the upper hzlf (Plate 6:1:3).

The testing of uniform and loosc gradings was, in general, avoided
becauge of the difficultics expericnced with nmembrancs puncturing.

One snmple of silurian cleaved mudstone was compacted in a wet state
but this proetice wos nbandoncd bec use of the safety aspect when using
an electric compaction tool and also subsequent saturation proved to be
excessively tedious.

The uniform gradings of chert, however, were compacted under water,

using o hand tonper,

(6:1:4)  Orientated Sunples

The silurian cleaved mudstonc cemprised flat particles and it was
thercfore desirsble to perform shear tests on samples in which the majority
of the particles were oricntated in a given dirzction.

It was hoped thot the desired oricntotion would be produced by vibra-
ting o whole sample 1n o mould inclined ot thoe required angle. Experiments
with geometrically similar gradings in a polythenc beaker showed thot the
noterial just circulated, like cenercte in 2 concrete mixer. The only
alternative was to build up the samples by hand.

The firgt crientated somple wos No.lOM/lZ. This was constructed by
hand with the mould in the vertical position. A wedge of material with
a Tace glope of 300 was first built up on the pedestal., Compaction was
by hand using a2 small weight. Further loyers were built up with the
larger material placed at BOG and infilled with fincs. This xesuli¥zd in
guite 2 lovge sample nnd a peculizr gradiing.

Further samples werc congtructed with the plane of orientation at 60°
and 64O to the plane of the major principsl stress. In these cascs
though the mould and pedestal were inclined ot the reguired angle nnd the
soamples were built up in horizental layers, Building & szmple in this

way required about one day's work.

(6:1:5) Positioning the Sample Tep Cap

The top cap weighed 140 pounds and had therefore to be pesitionsd by
crane, The nembrone wng then scealed to the top cop, using Hewvultex R

in the same manncr as ot the pedestal.

(6:1:6) Samplc Stability

To afford stablility tc the sample whilst removing the mould and during
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handling, a partisl vocuwn wos applied. In samples with ndr as the pore
fluid & vacuum of botween # peseie cnd 1 pes.ie wos applied by o water
¢jector connected to the pedestal pore pressure connection. The vacuum
wag measurcd by a wmercury nonometer connected to the top cap pore pressure
line. In saumples which had becn saturated whilst held by the compaction
mould, the burctte used for saturation was mercly lowered ani drained so

- . w1 .
as to produce a menn nogntive pressure of 3§ p.Sels

(6:1:7) Sample Measurencnt

The sample dinmcter was measurel, using calipers, at 5 elevations and
in orthogonal directionsg, With a small vecuum applic? the sample surfsce
irregulorities were not oxcessive, With 2 high vocuun applied, ag in the
first fow cases, the irregularities were large and the menn diameter of
the hollows was measured by calipers anl the circumference over the poaks
by tnpe measure z2nd the mean sample cross~scction was calculateld from those
measurements after allowmnce for membrane thickness.

The height of the sample was monsured using o metre scnle, which wasg
"rocked" to obtain tuc correct height. If the height is moosured at

qu..rter points the mean of orthogonal measurements shoulld coincide.

(6:1:8) Membrane Inspection

The membrane was now ingpected to see if there were any signs of
potential puncturing. If su, puncture repair patches were fixed at these
locations,

At this stage the cell brrrol was lowered over the sample and bolted to
the cell base. The piston wos then very carcfully lowered te rest on the
sample and the axial deformation apporatus was connected to give the initial
ZOTT e

The cell wag then filled with mains tap water.

(6:1:9) Sample Consolidation

The applied vacuum wos replaced in stoges by an equal cell pressure,
It was assumed that little or ne velume chonge occurreld during this ch.nge-
OVer. Loater, it was shown that the volume chhnges were between 0 and 10
ccs in a sample volume of about 44,000 ccs.

Cell pressure was applied initially by the pneumgtic system and later
by the hydraulic gystem. Cell pressure incremonts were applied in
proportion to the confining pressure,

Initial volume chinges of the sample were instontancous, accompanied

by the souni of fracturing porticloes. A certain amount of creep wasg
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observed mainly with angular material, and the volume change usuclly
reached a steady valu: for procticsl purposes after about & an hour.

Many samples were consclidated in the dry siate when volume changes
ware neasurcd by the volume of air expelled by the apparatus shown o
the left in Plate 4:2. The level of the water surface in the burette was
adjusted tc that in the air water interface vessel so that tie woater

pla. It was essen-

manometer recordaed an atnospheric pressure in the s
tisl tc remove 2ll molsture from the insiie of the connsching leads by
blowing compressed air through them prior to carrying cut a test.

It was noticed thrt samples of silurian clesved mudstone, though
extremely permeuble to ndr when dry, were rather imperme:ble to water when
saturated,

Many szmples were saturnted after o consclidation in the dry state.
Saturation tock place under constant applied effective stress and the
resultant volume change was measurel by the water level chonge in the adr
water interface vessel of the pnewm:tic cell pressure control system.

It was noted that the volume chinge which took place on saturation
wog of the smme order of mrgnitude as that Jduring the previous dry conscli-
detion. If the moisture content of the sample was above a certain threshe-
old, about 5% for toe silurisnm cle ved madstone, no further volums change

tock place on saturation.

(6:1:10)  Somple Saturaticn

Samples were saturated either before or after consolidation. Mains
tap water was used for saturation and permenbility determinatiocns on all
samples, cxcept those used for consolideted undrained tosts,

When saturating somplas, which were still supported by the compaction
mould, care had to be tuken to aveid producing o pore pressure in excess
of the minor principal effective stroess. Te remove air from all the
connections the sample woter wos allowed to enter slowly from the base and
was then circulated through the sample and attenlant connections and leads
until no further air bubbles were removed by the flow. This pr:cess
would normally take several hours.

When saturating very impermesble samples, after consolidation it was
possible to apply o back pressure of 40 p.s.i. by direct connection to the
mains water tap. This though coused o large effective stress gralicent
between the top anl bottom of the sample and could conly be used, in eny
cage, 1if the applicd effective stresses on the sample were somewhat above
40 pes.i. To prevent over consolidntion of the sample the consolidaticn
Pressure can at no time cxceed the minor principal effzctive stress at

which it is to be testel. Further, to avoid sample disturbznce and foreing
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the membrone off the enl platens the saturation pressure must be main-

tained below the consolidation pressure.

(6:1:11)  Permeability Determination

The permenbility of the samples could be measured unler various
stress conditions. Tap water, from o constant heal tank, was allowed to
enter the basc of the sample through 2 3" bore connection and leave the
top of the sample through a similar conncction. The water was then led
to an overflow tank, situated just =bove the top of the sample, If the
outlet overflow tank was below the top of the sample an anomolous flow
condition existed wherc the outlet pressure appecred to be greater than
the inlet pressure, When o stealy state of flow was reached, the head
loss across the sample was neasurcd by connecting a water manometer to
each end ploten. The volume of water passing through the sample, in a

given tinme, wrs determinel by weighing.

(6:2). Drainel Tests

In genoral, drained sheoar tests were carricd out at a strain rate of
8% per hour. The first six tests were crrried out in a 50 tons capacity
loadframe,; where the maxinum r .te w.s 4% per hour. Test number 11 M/12

Yo+ 2" material as the maximum size, was very

o

I
oy

which had o grading with -

I}

impermesble snd the method describel by Gibson anl Henkel (1954) wos used
to determine a suitable testing roate.

Volume chonges werc measured by a 2,000 ml burette, open to stmospheric
pressure. The burette was mountel sc that the liquid surface was at the
mid-height of the sample. It was reealibrated in cubic inches and alse
fitted with = bese outlet t.up.  Volume changes in excess of 100 cubic ins
were accommodited by adding, or subtracting o meosured volume of water.

The maximun volume chonge recoried was about 600 cubic ins.

To check that the test was, in foct, dr.oincd, the top cap pore press-—

ure t pping was connected to a Bourdon pressure sauge (Volume change 1.3 ccs

per 100 p.s;i.)

(6:3) Tests with Zero Loterzl Strain (K - tests)

s

Several KO - tests were crrried cut to determine the value of Ko (the
coefficient of carth pressure at rest) and my, (the coefficient of one
dimensional compressibility).

Samples were compucted in the normal manner ond were tested fully
saturated and droined to atmosphere.

The condition of no-luteral strain was achieved by raising the minor

principal effective stress nt a constent rate and applying o strein in the
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direction of the major principal effective stress to keep the arca of
crugs sectlon of the sample constont. The volume strain for a given
cxinl stroin wes previously ealculeted and the axial stroin rate varied
tu achicve the required volumetric strain.

This methed had the disadvantage thot, if thoe moximun porticle size
wis lerge by compr rison with the membrance thickness, an initial penctration
would take place with incrensc in confining praessurc. If the sample was

sotropically consclidatel, to sy 20 p.s.i. then little further penctra-
tion was likely. On the other hend; breakiown which occurred on loading
the sample coused fines, which hal to go somewherc, and evidence fron
srmples which were roemoved from the cell immedistely after the K stage
showed little sign of membrane penetrotion.

The alternctive was to use n caliper or belt systenm to detect changes
in dizmeter orvr circumference. These vl the disadvintige of toking
measurements of Iisplacement at 2 point and if a lurge purticle should
bresk ot that point, o non-represcntative picture of the sample behaviour
as o whole would be given, The installztion of several belts or calipers,
to present un averoge picture of ssomple behaviour would mean o very
sophisticated logic system to prevent the serve mech nism losing control of
the situation.

The volume change method probably gove o rensonable average as long
as the naxdisum particle size was kept below 2 neminal diametor of 135M.

The detecrmination of 1w in the triaxicl cell, rother thon the

Y
oedometer, is probably superior for materizls such as sand becouse friction-
al effects are overcome. However, with rockfill the ocedometer h-s distinct
practical advantvgesﬂ .ny inaccuracies, due to the boundary eonditions,
will be acceptable in engineering practice -n! volues of Ko may be
determined by strain gaugel rings.

No eorrections were made for membrane effects on the KO tests,.

(6:4) Tests Cousing F o ilure by Reduction of Effcctive Stresses

Failure of a rockfill embankment msy cceur through a reduction of the
minor principal effective stress rather thon an increase in the major
principal effcctive stress.

Sever:.l tests were therefore carricd out to stuly the behaviour of .
the rockfill under conditions of dccreasing offective stress

The samples were consclidated either under KO conditions or isotro-
pic..1ly. The cell pressurc was held constant and the deviastor loal was
varied to maintain at a constant value, as the area of cross scetion of
the sample variced with the increusing pore pressurce used to induce failure.

d !
Failure was defined by the maximum value of the ratio 6, /63 « The pore
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pressure was increased at & constant rate, using the pneunstic prossure
contrul syston. This was achieved by controlling the alr pressure
contrel valve with ~ simplc servo systen.

The volume ch nge was measured by determining tho velume of poro water
¢ntering the srmple:  this, in turn, was measured By the change in woter
lovel in the alr water interface vessel. ¥o corrections were made duc o
cxponsion of the sir water interface vessel as 1ts volume change; dus to

& pressure change of 100 p.s.i. was insignificant.

(6:5) Test to Determine the Pore Pressure Porametoer B

A sample was compacted gnd saturated in the normsl wmanner and a
stanlerd null indicotor was fitted to the pedestal pore pressure connection.
The cell pressure was incresscd and the pore pressure meesured in the
normal way (Bishop and Henkel, 1957). At first, the risc in pore pressurc
wos considerably less than the applied increment of cell pressurce, thus
indicoting incomplete saturation and the prescence of wir, though this was
to be expected as the normal pore fluld was tap water. However, at cell
pressures above 50 p.s.i. the rise in pore pressure wns almost equal to
the applied incremont of cell pressure. Presuwncbly, membrane penstration

had accounted for the volume of trapped air.

(6:6) Unirained Sheir Tests.

Undrained shear tests were esrried out on lovse and dense sumples of
siluricn cleaved mudstone and granitic gneiss to determine the stress
paths to frilure under undraincd conditions.

Stress conditions of this type could arise in the saturnted upstroean
shoulder of a central core rockfill deam with o full reserveir and subjects
ed to earthquoke forces. With large contict forces between the porticles
of rockfill and the attendant brecklown, the compressibility of the rock-
£ill skeleton is high and high pre pressurcs can, thereforc, be developed.

The strain rate used for these tests was similar te that for drained
tests and the pore pressure was measurcd ot the base of the sample by
connceceting the pore pressure connection directly to a Bourdon gauge.

The volume chrnge of the gauge was 1.3 ces per 100 p.s.i. and this was
considered insignificnnt by compdrison with the volume chonges due to

membrane penetretion.

(6:7) Struin Rate

5 A1l the tésts if possible, were carriud out at & rate of axial strain

of 8% per hour. This meant that the rate of axial displacement varied

for cach sample size though the rate of increuse of stress was approximat-
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ely constant,
However, one 12" diameter end numerous 4" dinmeter and 13" diameter
semples of silurian cleaved muldstone hod to be tested at slower rates of

strain because the permesbilities werc very low.

(6:8) Totrl Strain

It was intended to take all the samples to 20% of axial strain so that
particle breakdown could be compared at varicus confining pressures.
Unfortunately, mewbrane punctures occurred in very mony cases long before
20% of axial strain wae rcached. This applied especinlly in the cose of
4" Jdi=meter specimens, whore the quality of the membranes left much to be
desired. Confining rockfill though provided o Qery severe test for the
membranes. On consolidation the membranes would penetrate the voids and,
as failure only occurrel at lorgs strains, ceven with dense samples, there
w: 8 ample opportunity for rock particles adjoining the membrane, to

reorientnte themselves and pinch thcough the membrincs.

(6:9) Sample Dismintling

To afford st:bility for h.ondling the sample at the end of the test the
drainage connection was closed off so that a negative pore pressure deve-
loped on removing the cell pressure. . In the cnses where membrancs haod
been punctured the membrine stiffness was sufficient to confine the
specimen but gre:«t cire was necessury Juring subsequent handling.

After remcoving the top cap, a sling wos fixed to the top of the
meubrene with G-clamps wnd the membrane seal on the pedestal was broken.
It was then possible to 1ift the mewbrone cnd somple just clear of the
pelestil nd then rapidly position the lower end of the membrane above a
troy, which was capable of holding the entire sample. By hitting the
outside of the membrzne the sample could usually be dislodged, after which
the fines, still adhering to the membrane, were wnshed inte the tray with
tap water. Any material on the pedestal was a2lso washed into the tr-y.

The sample wos then oven dried and stored in the laboratory until
the sieve analysis, which was carried out on the same éieves as the
initial bulk sample,

Some samples were very cohesive after testing and could not be
softened by adding water to the surface. Sample No. llM/12 (Plate 6:9)

had to be broken up using o hammer and cold chisel.

(6:10)  Smell Scrle Samples

The material required for batching the initial small scale gradings

was resieved from tue initial bulk SQmple. Material for 4" diameter
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samples was sieved on 12" dismeter sieves and that for 13" di-meter samples
on 8" di-meter siuvves. This had to be done so th.t before and after test
sicve analyscs could be carried out on exactly the same sicves. It also
enabled the producticn of a more accurate grading becausc the scgregates
wore considerably cleaner than in the bulk anulysis and stayed so because
the forces involved in handling the very smell bags were so much less.

To prevent overloading of the sicves siluri:n clesved mulstone samples
with nominsl meaximum prriicle sizes below 3" had to be sicved in two

h&lV\;S .

i

Compaetion of the 15" diameter samples was carried out using o "

diameter steel rod, rounded off at the end and dipped in latex to form a
thin rubber coating. The 4" diamcter samples were compacted either with
a larger steel rod or with the woodsn shink of a1 pound himmer.

Excapt for the minor modifications, alresdy described, the small
scale apparatus used was strndard and as Jdesceribed in The Measurcnent of
Soil Properties in the Triaxial Test (Bishop and Henkel,1962).

The permecbility determinations before and after shearing the small
sc: le samples were carried out using the falling heal test. The results
were somewhat affected by thoe head loss in the connceting tubes and, as o
result the higher permesbilitics recorded in Tables 8F and 8C only sorved
ag a general guide and 2 check that the tests were carried out fully

drained.

(6:11) Coelculation of Stresses and Correctionsg

In the large scale triaxinl apparctus various corrections had to be
applicd to the messured stresses to obtain the mean stresses mcting upon
the sample.

411 the pressure g&ugeé which werz uscd were c~librated using @
Budenberg Dend Welght Tester.

i1 the stresses huave been culeulated referred to a datum at the mid-
height of the sample.

The average cross-sectional aren of the sample was calculated from
the 2xicl and volumetric strains. In generel, feilure was by bulging,
followed by the formation of & shear plane or zone.

The confining pressure at the scnple aid-height was calculated by
allowing for the differcnce in clevation of the pressure gauge. During
a shenr test the cell could wmeve vertically as much =s 10", thus reducing
the cell pressure by that hend of water. The top of the sample always
stoyel at the same elevation though during the shewr stoge so the displace-
ment of the mid point was never more than 5" and this pressure change was

only tuken intc a2ccount with tests at very low confining pressures,
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The pressure gradicent between the base anl the top of the snmple was
balonced by o similar gradicnt due to porce water pressure so the sample
was gubjected to o uniform vilu. of 6

throughout its height.

f
>

There wes Aso half the submerged sample weight ond the submerged top

[¢]
-
&
A

welgnt to be 2llowed for,

(6:12) Menibrene Corrections

4 membrane correction for samples £7iling by symoetricenl bulging and
not wn o single plonce was Jetermined Jdirectly (Henkel anl Gilbert 1952) by
compering the undriined strengths of remoulded 14" diemctoer, clay samples
when tested with and without membrancs,

The annlysis wos exteniled to single planc failure by (Fraser 1958)
and for the czse of large stroins to deterwmine the resiiual strenght by
(Petley 1966).

A comprehensive investigotion of the effects of membranes and side
droins on the me sured strength of clay samples failing on o single plane
was reported by (La Rochelle 1967).

Severcl agsumptions were made on the behaviowe of the nembranes
confining i sample of rockfill, basad on visual ovidence of samples wuftor
cempaction and ofter failure. Aalso the confining effect of the menbrone
was apporent in Test Wo.30M/12 (Fig, 7:3:7a)

Assumed menbrane behaviour
a) During and after compaction the mewbrans is unstressed.

On application of o confining pressure the membrane is folded arcund

the particles and stretchad.

c) The actusnl tension produced will depend on the ratio of the membrane
thickness to particle divmeter and the confining pressure.

a) The cenfining pressure produces tension on both x and y axes.  (x and
¥ axes are on. the face of the menmbrane, y vertical and x horizontal).

e) Axial strain reduces tension on the y axis and sample barrelling
increases tensicn on the x axis. This hoop nction tends to produce

a tension on the y axis,

) ThePoisscen's Ratic affects are sm:ll compared with the striins
induced by follding sround the particles.
With reference to Pig.6:12:1, lets
r = rock particle radius

t

It

membrane thickness

o = the angle between the intersection of the outer face of the
membrane with toe common tingent and the centre of a rock
particle,

then sin= _r - (1)
r+t
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the initial mewbrane leéngth between mild points of the particles = 2r --(2)

the naximum possible length if € = 0 is Tr  —eemeee (3)
the nmaximun centreline length if the mewbrane thickness is t is:
= 2 2w (r + _t ) S + 297 —g -%'Igé—“)
y 2 360 ’
T O
= e (r + t)  mmmmmeeee- (4)
90
Moxinmum chhnge in length due to the application of a confining pressure is:
X
-t (r + t)  -2r e (5)
90
Maximum percentage elongation is:
A
gg (o 8 - x 100
2r

/

The opproximate rel.otionship betweenthe meumbrane stress condition and the
sample axial str-in anl the r/t ratic is plotted in Fig.6:12:1.

Membrane distortisns on samples of silurian cleaved mudstone, grenitic
gneiss and chert are shown in Plates 6:1:3 and 6:12.

Becouse of the very folded nature -f the membrane it was assumed
that it had negligible strength as g cylinder in axicl compression. The
mein effect of the mombrans wos to increuse the effective confining
pressure due to o hoop tension effect as the average cross section of the
sample increased. The hoop tension for nny given sample aroes was
determined experimentally for 211 the membrianes used. This was achicved
by measuring thce force required to extend circumferentially a unit height
heop of the membrane by an amount cguivalent to the incresse in the mean
sample clrcumfercnce during o shoeor fust.

Howaver, it will be seen thot the addition to 6 4 or subtracticn from
6/ of 1 or 2 p.s.i. at the fallure stresses involved has little engineer-
ing significance because, at the low confining pressures where the menb-
rone effects are most insignificant, the value of ¢ ig very much higher
than zcceptable design valucs. The correction to be added to<3;’for a
given membrane at various values of the average arca of cross section of

the sample is plotted in Fig.6:12:12.

(6:13) Ram Friction

If the ram and its bushing arc correctly machined and lubricnted
the main sources of friction are eccentric leads, applied cither internally
by the sample or externally by miscligned loading appar..tus.

A condition to be satisfis! is theat therce should be o minimum leakage

between the raum and bushing. This can be achicved by a complete seal or
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by o fine tolerance with o viscous oil between the pisteon and bushing.
The scal or viscous oil friction cnn casily be determined by pushing the
ran into the cell at the reguired rote of strain anl agninst the porticu~
Inr hydroulic preogsurd. The end force Jduce to hydroulic pressurc is
easily culculated,

The friction duc to eccentric londs is more difficult to determine.
The problem mny be avoided by internsl lond measuring levices, which must
be wnaffected by sheor londing, or by rotation of the bushing. The latter
is most cxpedient with small seale apparztus but o very major picce of
engincering whoen testing o 12" dicmeter sample of dense rockfill at a
confining prasesure of 500 p.s.i. 4 rotating bush has been constructed
for n somewhat larger picce of apparatus thoush (8).

Tests on snell seale apparatus have shown thot the friction increases
with axiol strein and amsy reach about 5% of the npplied load. (Bishop and
Henkel 1962).

As the bearing length in the bushing remains constont, so the forces
on the side of the bushing increase for a given latcral force on the end
of the piston ag it is displaced from the bushing.

The frictional force will thoerefore be dependent on the failure
choracteristics of the rockfill, tue Jdegree of fixity of the sample loading
arr ngoement and the relative dimensions of the piston overhang and the
length of the bushing,

To minimise the lateral leald transmitted from the sampls to the

piston a ball besring head was used in all the apparstus and in all the
t

Insley (1965) reported thot the frictional foreces, developed in the
bushing of a triaxiel apparatus for testing moraine samples of 6" diameter
and 12" high, was insignificant ot confining pressures up to 450 p.s.i.

The volue of ¢/is fuirly insensitive to errors in the meacsurcment of
the Jdevintor stress. It can be seen from Pig.6:13:1 that an 18% error in
determining the devistor stress cousces an crror in ¢/of about 3.00
irrespective of the magnitude of ¢{

If o coefficient of friction of 0.25 is assumed between the piston
and its bushing =nd a shear lond of 20% of the measurcd devintor is
applied to the head of the piston the crror in the measurement of the
devictor load is of the order of 18% at the failure strains involved. As
ball bearings were plvced between the piston head and the sample top cap
it is unlikely that a shear load as great 2s 20% of the deviator could
develop pricr to peak,. Al though the error in,ﬁlis still unknown it is
unlikely to exceed 1% or 2° and no corrcction was male to the recults of

teste on 12" diometer samples.
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CHAPTER

THE RESULTS OF THE TESTS ON SILURIAN CLEAVED MUDSTONE

(7:1)  Compaction and Sample Density

All of the 12" diameter samples which were to be used for drained
shear tests were subjected to the same compactive effort but varicus dry
densities resulted. Several factors may have contributed to this.
Firstly, all the gradings were not exactly the same and for a given
maximum particle size one would expect a lower density from a grading
with a sparcity of fines. Secondly, it was very difficult tec produce a
perfectly homogeneous sample as segregation occurred during the mixing of
the secgregation and also whilst pouring the mixed material into the sample,
During compaction thers was a tendancy for the larger particles to "float"
to ‘the surface. This situation was partly overcome by adding. the finer
material after the coarse particles.

The samples were compacted by tamping rather than vibration because
a sufficiently large vibrator was not available,

A sieve analysis was carried out on one sample of grading A immediat-
ely after compaction to determine the particle breakdown during sample
building. Although one could see that some large particles were snapped
in half during compaction the extent of this fracturing was obviously very
small as it was not apparent from the grading curve. This grading though
contained a good proportion of fines into which the larger particles could
bed and one would expect a somewhat greater amount of particle breakage
when compacting a uniform sample of large particles.

No particle breakdown was noticed during the compaction of samples
having a maximum particle size of 1" or less.

It was noticed that densities achieved in triaxial samples were
always higher than those in oedometer samples having the same grading and
subjccted to similar compactive efforts. The boundary conditions are
different though, there being a rigid metal ring in the ocedometer and a
rubber membrane, backed by felt, in the triaxial apparatus. Also, the
volume of the oedometer is more precisely known because of the regular
boundaries, The most likely cause of the discrepancy though is in the
compaction of the top two or three inches. This top laycr was compacted
to the same extent as lower layers but as the material bounced around it
never achieved the same density. This layer forms a larger proportion
of the sample in the oedometer and hence, a lower mean density is recorded,

Very high densities were achieved with grading A but the highest

density was obtained with a grading with a meximum particle size of -2"+13",
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In the latter casc the materisl may have had a small moisture content,}%
would reduce the dry density by about 4.5 lbs/ft .

As would be expected, much lower densities were achieved with gradings
having no fines and 2lso in the cases of the oricntated samples which were
subjected to less compaction. (Table 7A and 5:6:1)

The dry densities of mogt of the 4" diameter samples were very
similar. All samples were compacted by hand and subjected tc similar
compactive efforts,

Although the same densities were achieved the relative densities of
the samples containing the larger particles were lowexr. This suggests
that as the maximum particle size inerenses so a larger compactive effort
is required to achieve the same relative density with a given weight of
material (Table TB).

No particle breakdown was noticed with 4" diameter samples during
compaction except for a small amount of grading C.

The volumc of material to be mixed for one sample was very much more
convenient than in the cagse of the 12" diameter samples, As a result a
more thorough mixing was achieved and a more homogeneous sample resulted.

The 15" diamcter samples were compacted by hand and consistent
densgities werc obtained. No particle breaskdown was noticed during
compac tion. To make up an homogencous sample with grading E the same
procedure had to be adopted ag with the large samples i.e. to add fine
material after the coarse particles.

Similar densities were achieved with similar gradings in the 4" and 13"
diameter samples. Higher densities were achieved in the 12" diameter
samples. Presumably, the compactive energy per unit volume applied to
these samples was higher than that applied to the two smaller sizes of
sample. It is not known though just how much of the compactive energy
is used in sample compaction and how much is lost by absorption of the
mould and bouncing particles.

As the maximum perticle size of a grading was reduced sc the percen-
tage of material passing the No.100 B.S. sieve increased. The shape of
the grading curve beyond this point was not detcrmined but it has been
agsumed that grading G is still similar to grading A.

There was no cvidence of o predominantly horizontal particle

orientation during compaction.

(7:2) Isotropic Consolidation.

All the volume changes measured during isotropic consolidation have
an inhercnt error due to the membrane penectration. The extent of this

penetration is unknown but dependant on confining pressure, membrane thick-
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ness and the grading of the material. The maximum error will occur in
samples with a uniform grading and containing the largest particle size.
No uniform gradings were tested though because of the difficulties
experienced with membranes puncturing. The mean penetration of the
membrane must be 1/20" to cause a volume change error of 1A% of the sample
volume and this produces a smaller ervor in the eventual determination of
the major principal stress. Such an error in principal stresses is
acceptable and a comprechensive investigation of the volume change caused
by membrane penetration is not justified at this stage. It could probgbly
be determined though by a series of tests on samples of different height
to diameter ratios. The further complication of end effects ig involved
and lubricated end platens arc not very suitable for rockfill. Marsal
developed lubricated platens for his rigid boundary plans strain apparatus
but rock points must penctrate the layeis of PVC squares and the grease.
Fricticn may be reduced but further volume change errors are introduced
because of bedding.

The relation between volume change and congolidation pressure for
several 12" diameter samples is shown in Figs: 7:2:1.

Sample No. 27M/12 (Fig.7:2:1) was initially consolidated anisotropically
to a major principal stress of 52 p.s.i. and a minor principal stress of
29.5 pe.seie. The effective stresses on the sample were then reduced a
almost to zero and the sample was re consolidated isotropically, The
effect of over-consolidation is clearly shown in the initial part of the
curve. Al though this sample has a maximum particle size of 2" the volume
change for unit increase in consolidation pressurc is similar to that of
sample No.llM/lZ (Fig.7:2:1) with a maximum particle size of $". The
gradings arc shown in Table 5:6:1: There is no strict comparison though
because the density of sample No.27M/12 was 10 lbs/ft? higher than
sample No,11M/12 and it was also saturated.

Samples 22M/12 and 23M/12 were quite looss and the particles were
orientated, a larger volume change for a given consolidation pressure was
therefore expected. Sample No.l9M/12 was at a similer density with the
particles orientated at 320. A very much greater volume change was
recorded,

Sample 13M/12 had a maximum particle gize of 3" and no material
passing %". It was subjected to the usual compaction but, because all
materinl below 9" was missing, the density was cnly 115,1 lbs/ft?

A certain amount of membrane penetration would be expected with such a
grading and the extent of penetration is cevident with sample 9M/12 because
of the marked initial curvature of the consolidation curve.

Purther considerable volume changes took place during saturation with
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the samples subjected to constant effective stresscs. This extra volume
change varicd betwecn 49% and 211% of the volume change which had already
occurred. The smaller change occurred with sample No.lBM/lZ, which had a
grading betwecn 3" and %", whereas the largest was with sample No.llM/lZ,
which had a2 grading with 3" as the maximum particle size and 10% passing
the No,100 B.S. siecve. The greater volume change in the latter case is
presumably due to the collapse cf a much greater number of contact points.
The contact forces between grains will vary but the contact stresses will
probably always be the same for any given material and be esqual to its
yield strength in whatever medium it is surrounded.

It was noticed in 1928 (Rehbinder and Lichtman 1957) that the resist~
ance of solids t¢ strain and rupturc varied according to the surrounding
medium and temperature. This process was usually reversible and, hence,
received considerable attention as it had potential uses in the metal form-
ing and machining industrics. Experiments were carried out on metals,
glass and some r-cks. Aslandova (1954) studied glass fibre in air, vacuum
and water, In a vacuum or air ideal elastic behaviour was observed but
in water the behaviour was non elastic and hysteresis and irreversible
creep occurred. This was accompanied by 2 sharp decrease in strength
especially with long term loading. Thus, becouse of absorption, (surface
molecular interacticn with the enveloping medium) solids become weakened,
The most chemically resistant glasses exhibit strong effects of this nature.

The process 1s aided by a state of tensile stress which develops micro
oreokso, This is the case with rockfill where the contact stresses arc
high and micro fissurses probably abound from blasting and excavatinn
techniques and the different coefficients of expansion of the various
minerals will alsc 2id micro fissuring.

This weakening on wetting is a phenomenon of surface activity and has
becn obscrved by physical chemists in many materials., The weakening is
not always observed though after treatment with an etching compound.
Presumably, this is becousce spherical cavities arce eroded at the roots of
micro fissures thus reducing stress raising conditions,

The weakening on saturation is clearly demonstrated by the increase
in the rate of volume change afterwnrds. It is even more noticeable ag
one would expect the rate of volume change to decrease with stress increase
because of the increasing sample density,

The angle of internal friction is slightly lower for saturated than
dry material and may be accounted for by the reduction in strength of the
contict peints and the particle surface asperitics.,

Cverconsolidation effects, due tc compaction, were not apparent during
isotropic consolidation.

All the 4" and 13" diameter samples were consclidated after saturation.
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With the 4" diameter samples, sample No.18m/4, with grading F, under~
went considerzbly greater velume change than sample 14M/4 of similar
initial density but with grading D. The former sample had about 20 times
as many interparticle contacts as the latter but the load per contact is
reduced accordingly.

Comparing samples 3M/1% and 8M/1% (Fig.7:2:3) with 14M/4 and 18M/4
(Fig.7:2:2) sample SM/l%-had a larger maximum particle size and a higher
density than 8M/1%-but a greater volume strain. Sample 14N/4 wag slight-

1y denser than 18M/4 and yet had a very much rcduced volume strain.

(7:3) Shear strength

In the drained shear tests the angle of internal friction was defined

as the angle at the origin between the principal stress axis and the
tangent to the M8hr failure envelcpe and passing through the origin., The

MShr failure cirele was drawn for the condition of maximum deviator stress.

(7:3:1) Shear strength of 12" diameter samples (drained shear tests)

The first seven drained shear tests on 12" diameter samples were
carried out in a 50 tons capacity loadframe in which the axial displacement
and the rate of displacement were somewhat limited. Later tests on small
diameter samples indicated that the rate of axial strain had no effect on
the shear strength or deformation characteristics of the sample as long as
fully drained conditions existed.

The deviator stress had to be reduced to zero in test 2M/12 in order
tc reset the jack travel (Fig.T7:3:1).

Several of the initial samples showed a 'prematurc' peak which was
followed by a higher peak. This phencmenon may have been a function of
the restraint of the sample top cap. If the sample failed alcng a shear
surface the top of the sample could move horizontally by 1 inch, after
which the inside rim of the top cap touched against the ram loading head.
The effect of this was twofold, firstly, it set up extra shear stresses
in the sample and it also forced the piston against the bushing thus
increasing the friction. The maximum rcecorded deviator stress was used
to calculate the angle of intcrnal friction,

Although the initial sample densities and gradings varied there seemed
to be only minor variations in the angle of internal friction for any
given confining pressure. The smaller samples though seemed more sensi-
tive to variations in initial density.

There was & linear relationship on a semi-log. plot between the
angle of internal fricticn and the minor principal stress for the pressure

range investigated. (Fig.7:34).
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For 12" diameter samples, with grading A (i.c. = 4) compacted to

D
a relative density of 90%, the angle of internal frigtion varied from about
51° to 40° at minor principal stresses of 10 p.sei. and 150 pes.i.

respectively,

(7:3:2) Shenr strength of 12" diameter samples with oricentated particles
(Fig.T:3:2)
Five tests were carried out to determine the effect of particle

orientation on the value of .

Sample No.lOM/lZ wes constructed with the flat faces of the particles
inclined at 300 to the hordizontal,. A rather peculiar grading resulted
because of hand selection and placing and a very low density was obtained.
The angle of internal friction was the same zs the mean value for drained
tests on samples with randomly orientated particles, though the axial
strain required to reach peak strength was 22.5%.

Sanple No.l9M/12 was tested at a lower pressure and with the particles
orientated at 520. An improved dry density (126.8 lbs/ft? ) and grading
(Fig. 5:6:1) were achicved, The angle of internal friction at this den-
sity was about 50 below that for randemly orientated samples at a relative
density of 90%. (Fig.T:3A)

Sample No.22M/12 had particles orientated at 60° to the horizontal,
the initial density was 125.1 lbs/ftf and it was shearcd at a confining
pressure of 80 p.s.i. The angle of internal friction was about 5.60 below
the average for normal samples compacted to a relative density of 90%.

Sample No.25M/12 had particles orientated at 64O to the horizontal,
the initial density was 125.8 lbs/ftfsand it was sheared at a confining
pressure of 100 p.s.i, The angle of internal friction was about 4.0O
below the average for normal samples.

In these samples only material above §" was definitely orientated at
the stated angles as one had little or no control over the finer material,
However, having all the larger material at the stated angle meant that the
sample behavicur was predominantly governed by the orientation.

At @ major principal stress of just over 400 pe.s.i. the angle of
internal friction was 37.6O with a sample of medium density and with
rarticles cricntated at 640. It appeared, therefore, that oricntation
would not pose a significant problem with this material. This was
especially so as therc was little cvidence of general crientation during
the eonstruction of a field trial embankment,

dbservation of sample 23M/12, after shearing,showed that there had
#een a rotation of the planc of orientation from 64O to about EDO in the

central section which was subject to the greatest amount of bulging.



167

(7:3:5) Shear strength of 12" diameter samples with special gradings,.

Sample No.llM/lZ was compacted to a density of 131.4 lbs/ft? and

had o grading ecmprising materinl passing the " B.S.sieve (Table 5:6:1).
The angle of internal friction obtained was 59.4O at a confining pressure
of 180 p.s.i. This was about 2.9O below the average for grading A at a
relative density of 90% which corresponds tc a density of about 137 lbs/ft§
Samples 12M/12 and lBM/lZ contained only material retained on the %”
BeSesieve. Very low densities werc achieved although the samples were
subjected to the normal compaction.  The ultimate shear strength was not

reached by either sample due fto membrane puncture.

(7:3:4) Shear Strength of 12" diamcter samples subjected to anisotropic

consolidation

(See Fig.7:3:4)
Sample No.lAM/lZ had o grading very similar to grading A and it was

compacted to a density of 129.6 1bs/ft? The angle of internal friction
was 39.80 at a confining pressure of 135 p.s.i. Sample 7M/12 was
subjected to siotropic consolidation and the angle of internal friction was
39.90. This sample though was scomewhat denser than 14M/l2 and the mean
angle of internal friction for samples at 90% relative density was about
1° higher,

The angles of internal friction shown by samples 20M/12 and 21M/12,
whieh were sheared at eonfining pressures of 300 lbs/inf' and 5001bs/in?
respectively, were about lO below an extrapolation of the curve for
igotropically consolidated somples. The gradings of these twe samples
were made up to prevent membrane punctures and preserve sufficient
permeability at the higher stresscs. However, differences of 1° in the
value of ¢£ are of little significarce and are within the variations
obtained with supposedly identical samples.

Sample 26M/12 wag failed by increasing the pore pressure and thus
lncreasing the stress ratioc. The angle of internal friction, at maximum
stress ratio, was 48.3O which was about 2O above the mean for samples
consolidated isotropically and sheared at the equivalent minor principal
stress,

Sample 28M/12 was constructed with the particles orientated at 640.
After anisotropic consolidation it was failed by reducing the minor
principal stress, The angle of internal friction obtained was about 2.5O
below the mean for samples with random p.rticle crientaticn and subjected
to a normel shear test at an equivalent pressure. Thus thers did not
appear to be any significant difference in shear strength under drained

conditions, between samples consolidated isotropically or anisotropically,
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(7:3:5)  Shear strength of 4" diamcter samples (drained shear tests)
Sec Table 7B and FPigs.T:3:5a, 7:3:5b, T:3:5¢c and T:3:5d. .

Samples 4" in diameter, with grading C also D/d = /, compacted to a

relative density of 90%, showed lower angles of internal friction than 12"
diameter samples of grading A. However 13" dicmeter samples, at the

same rel:stive density, showed higher angles of internal friction with

% = 4 grading E ( Fig.T7:3A)

It might huve becn expected that a greater shear strength would be
shown by samples with larger particles. Alternatively, as the particle
size is reduced so the unit shear strength increases because of the lower
proporticn of flaws.. The samples with smaller particles should, there-
fore exhibit greater dilatency and, hence shear strength at any given
minor prineipal effective stress.

The interparticle contact forces are very much lower in the smaller
samples if geometrically similar gradings arc used. Any horizontal plane
in the three sizes of sanple contains the same number of particles but the
force to be transmitted is proporticnal to the sguare of the sample diame-
ter,. If the resultant particle fracture was simply the breaking off of
contacts one would expect 2 much lower dilatancy from the larger sample
and, hence, a lower valuc of ¢; R

However, the plot of ¢£ agaeingt the rate of dilatancy at failure
shows that, for any given ratio of sample diameter to nominal particle size
there is a unique relationship for 211 sizes of sample; The shear
strength of individual partieles is proporticnal to their area of cross-
section, which, in turn, is very approximately proportional to the square
of the nominal size. Hence, the particle shear strength is roughly pro-
porticnal to the forces to be transmitted in varicus sizes of sample when
the gradings are scalcd geometrically and all samples are subjected to the
same principal effective stresses.

Samples 4" and l%" in diameter were also tested with the D ratio
equal to 8, Ageain, a unique relationship was found between ¢£d and the
rate of dilatancy at failurce (Fig.7:3%B). The line lay below that for
D/d = 4 and was rotated clockwise. The significance of the eclockwise
rotation is that a greater dilatancy is required for a given angle of
internal frietion. A maximum nominal particle size equal to 4 of the
sample diameter may be teo large. Further tests with D/d£2,16 gave 2
unique line again rotated clockwise and below that for Dd = L4 It would
suggest, therefore that the maximum particle size to be tested should be
less than L/thh of the sample diameter,  The maximum particle size which
may be used though is also dependant on the material grading and may also

depend on the particular shape, surface texture and strength relative to
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the applicd sitresses,

The greater the clockwise rotation the stronger is the material. The
line does not become horizontal becnuse the plot also reflects the relative
density of the grading.

In general, very dense material which has high particle strength and
or is subjected to low stresses plots in the upper right hand corner.
Material which is weak and, or subjected to high stresses plots in the
lower left hand corner. Dense and locse in this context refer to the
relative densities and weak and strons tc the relative strength of the
particles compared with the forces applicd to them, The material grading
is important here becausc the loads will be troansmitted more easily by a
well graded then a uniform material.,

The vertical position of the right hand end of the line will depend
on the applicd stresses and the particle shape rounded material below.

The silurian cleaved mudstone breaks down cosily under stress and only
a moderate dilatency is achieved even at low stresses and in the dense state,

If the shear strength is produced solely by the friction between the
particle surface and dilatancy all meterials with differcnt fu values should
give parallel lines. The alternative is an intersection of lines of two
moterials having different valuces of ﬂ/c. An intersection infers that
the fu values are then equal.

When breakdown occurs at particle contacts they are scparated by fine
particles, which may act in a2 similar manncr to rollers. A cubical box
will usually roll rother than slide when pushed at the top edge, even on
a surface with a low coefficient of friction. Few soil particles are
cubical and all other shapes will roll more easily in at least one direction.

Samples of a given diameter, but with different maximun particle
sizes, showed different strengths on o plot of the anglc of internal
friction wgainst the minor principal stress (Fig.7:3%4A) The larger
particles displayed the greater shear strength at low stresses. The rate
of particle bresakdown with increase in stress was alsc greater for the
larger particles so that the twe shear strengths coincided at some greater

pressure,

(7:3:6) Shear strength of 13" dicmeter samples (drained shear tests)
(See Table 7C ond Figs.7:3:6a and 7:3:6b)

The 14" diameter samples showed a greater shear strength than the

A" diomcter samples hoeving the seme ratio of particle sige to sample diap-
eter.
The shear strength of grading 4 in the 12" diameter samples loy

mainly between that fer the two gradings tested in 13" diamcter samples.
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It has been estimated that the maximum ram friction in small scale
apparatus amounts to about 5% of the deviator load which is equivalent to
Just under a 1° error in ﬂl. It is also only likely to toake effect after
the peak deviator stress has been passed as observation, of smaller
samples showed that the deformation was predominantly by bulging until the
peak deviator stress was reached. It is therefore unlikely that an error
of mors thaa 1° or 2° exists in the values of ﬁ’ obtained in the large
triaxial apparatus.

One would expect that either progressively greater shear strengths
would be sheown by tests on 1%, 4 and 12" diameter samples or else the
roverse order. Similar angles of internal friction were obtained from

ests on samples 13" and 12" in dicmeter and lower values from 4" diamcter
samples.

Grading ¥, when testced in 4" diameter samples, showed a lower shear
strength than when tested in 13" diameter samples.

The Méhr failure circles are plotted in Figs T7:3D, T7:3E and T:3F.

The mean failure envelcpe for the 13" diameter samples is similar to that
for the 12" diameter samples. The slope of the MShr fallure envelope
reduces from about SOO at the low stresses to BOO at a nermal effective
stress of 850 pa.s.i.

The averzge angles of internal fricticn for drained shear tests, on
gradings E and F, tested in 13" diameter samples, were within 1° of the

verage values obtained with the various gradings tested in 12" diameter

5]

semples at confining pressures between 10 p.se.i. and 500 p.s.i.

The gradings tested in 4" diameter samples showed angles of internal
friction about 30 below the 12" diameter samples, ot confining pressures
between 10 p.s.i. nd 120 p.s.i. 1in drained shear tests.

It may be concluded that the silurian cleaved mudstone shows o very
modest dilatancy bscouse of the large amount of particle breakdown. It
therefore behaves very much like o loose sand.

A greater dilatancy is shown with increasing maximum particle size
but this would also be expcected because of the change in the geometry of

the gradingse

(7:%:7) Shear strength of samples sheared under undmained ccnditicns

It has becn shown that the stress paths to failure of some loose sands
which arc susceptible tc flow slides, bear a close resemblance to those
for sensitive clays (9).

Several 12" and 4" dinmeter samples were consolidated isotropically
and then sheared under undrained conditinnse.

When testing a rockfill under undrained conditions & problem cccurs
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because of membrane penctration. During consolidation there is o certain
amcunt of membrane penetration and as a pore pressure is built up during
shear ther: is a change in the net stress across the membrane which subse-
euently yiclds, giving a small volume change. The volume change will
depend on the membrane thickness, the groading of the material and the pore
water and confining pruessures,. Errors duc to menbrane penetration would
be a minimum with well graded material and a moximum  with coarse,
uniform gradings.

Sample 30M/12 was compacted to 2 dense state and the maximum particle
size was 3". At the beginning of the shenr stage the sample consclidated
giving rise to an increase 1in pore pressure. The deviator stress rose
sharply 2t first and then the curve flattened out.(Fig.7:3:74). The
stress path up to gbout 11% exial strain was very similar to that for a
dense sand. At the peck deviator stress the angle of internal friction
was about 50 above ﬁg corresponding to zero dilatancy obtained from drained
shear tests.

A puncture occurred in the membrane at about 11% axial strain and the
pore pressure and confining pressurc then equalised. The nmembranc was
then responsible for applying the confining pressure. The value of ﬂ' =
66.7° was obtained by assuming that thce membrance was applying a confining
stross of 1.2 p.s.i. Extrapolating the plot on Fig.T:34 1t appears that
the membranc effect may have been about 2.2 p.s.i.

Sample 31M/12 had o similar grading to sample 30M/12 but it was
compacted to a grecter density. Again, the pore pressure built up rapidly
with increasing deviator stress, The relationship between é{ and axial
strain was very similar to that for a medium dens: sand. The stress path
to feilure was also very similar to that for = medium dense sand,

Sample 32M/12 (Fig.7:3:7b) had a similar grading to the two previous
samples and it was loosely compacted. A very high pore pressure built
up and the sample had a stress path to failure similar to a loose sand.

Samples 31M/12 and 32M/12 =lso showed n~ greater peck value of @’
(Fig.7:3:7b) than that corresponding to zero rate of dilatancy for drained
samples,

Two consolidated, undrained tests, on grading D in 4" ditmeter samples
were carried out by Dr.B.Bros whilst on szbbatical leave from Polanda
Both samples were compacted to medium relative density.

The first sample was consolidated isotreopically to 75 p.s.i. The
pore pressure built up slowly and the stress path was similar to that for
a dense sand.

The second sample was consclidated isctropically to 25 p.s.i. The

behaviour was somewhat similor to thet in the first test (Fig.7:3:7c).
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It showed a higher maximum stress roatio but this would be expected because
of the lower effective stressos. The stress path showed that there was
no tendaney to behave ag 2 loose sand.

The value of ﬂ’ was ngaln somewhat ahove that at zero rate of
dilateney for corresponding drcined shear tests (Fig.7:3:7c)

De~aired water was passed through the large somples for 24 hours prior
to testing, A back pressure was not used.

The differences in the stréss paths between the 12" and 4" diameter
gsamples showed that the sanller materinl was more resistant 1if subjected
to undrained loading. The stresses involved were lower but the major
difference probably arose because of the finer grading (Qé = 4 in 12"
diameter samples and Qé = 8 in 4" diameter samples) ond, hence, much
lower interparticle foreces. Particle breaskdown would be less and hence
the build up of pore pressure would also be less with the smaller material.

It would sugzest that for maximum resilstance tc selsmic shock under
undrained leading the naterial should possess o wide grading and a small

moximun particle size such that porticle contact forces ere a minimum.

: Deformation
(7:4)

Deformntion ceccurs as a result of four major factors:

a)  The breaking of particle contacts.
b) The destructicon cof particles by shearing or bending.
¢) The recrientation of particles
d) The clastic deformation of particles
e)  The sliding of particles,
The exisznt of the deformation depends ons
a)  The porticle strength.
b)  The applied stress.
¢) The grading of the moterial,

a) The initial state of packing

(7:4:1) Defoermation of 12" diameter samples (drained shear tosts)

The axial strain ot foailure »f 12" diameter samples of grading A ot
similar densitics tended to incretsc with increasing stress. Those samples
which were initially locsce alse had a much greater axicl strain before
failure.

At low pressures the appliecntion of a devintor stress caused an
initial consclidaticn, even with very dense samples, which was loter
followed by a small Jdilation (Fig.7:3:1) Samples subjected to higher
pressures tended te consolidote and shear at approximately constant volume.

Sample No.lM/lmehioh was sowmewhat looscr than the remainder,undser—
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went 2 large axial strain to failure and consolidated throughout most of

the toste.

(7:4:2) Deformation of 12" dismeter samples with cricntated particles

The samples which were built up with the particles specially orient-
ated had very large strains before the peak shear strength was reached
and ciensolidation took place thoughout the tests.

The deviater stress built up prrticularly slowly in sample NolOM/lZ.
This wos because the initial density was very low and also no material
passing o No.7B.S.sieve was initially proesent. The totzl volume change
for a deviutor stress of 250 p.s.i. was norc thas double that for
sample No.22M/12, which had 2 higher density, much wider grading and wos
tested at the same minor principal effective stress (Fig‘7:3:2)

Failure stroins for samples with randomly orientated particles were
about half of those fur samples with specially oricntated particles,

FPailure was along a shear pline with o slight amount of sample bulging,

(7:4:3)  Deformotion of 12" diometer samples with special gradings.

Samples lZM/lZ and 15M/12 were compacted in the normal way but without -
any moterisl passing the £ B.S.sieve (Table 5:6:1 and Pig.T:3%:3). The peaf
deviator stresses were not reached with either sample because of the membe—
rane difficulties when testing fairly uniform gradings of large particles
even at low confining pressurcs, The axial and volume strains for o given
deviator stress though are considerably greater than for 2 wide grading
subjected to the some initial compactive effort as was sample 17M/12.

Ths effocts of overconsolidation are apparent with sample 25M/12.

This sample was cohsolidatud igotropically to 300 p.s.i. and then failure
was effected by increasing the pore pressurc. The somple behaved in a
very brittle mannsr without further volume chonge., It was initially very

dense,

(7:4:4) Deformation of 12" Jdiametor samnles subjected to anisctropic

consolidation.

Sanmple 16M/12 was 2 little denser than 15M/12 and had & grading with

e smallor maximum porticle size. Both samples were subjected to similar
compnetive efforts but the finer grading displayed much greater stiffnoess
during anisotropic consolidation., Sample 14M/12 was slightly looser than
15M/12 and its axial strain was greater for a given deviator stress,
Samples 26M/12 and 28M/12 were consolidated anisotropically to a
similar deviator stress. The latter sample had vparticles orientated at
64O and wag also looser and had 2 greaster maximum particle size, Its

axial strain during consolidation was twice that of the former sample,
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The stroin required to achicve foailure after the completion of
congolidution was about the same for samples 14M/12 and 7M/12 but the
igotropically consolidated sample had s somewhat higher initial density
and the groding was not terminoted at the N.o.100 B.S.sieve.

The volume strains to failure of samples 20M/12 and 21M/12 were very
large but this is not surprising considering the very high stresses invol-
ved, ualso the gradings of these two samples were without material passing
the No.1l4 B.S.sieve and the moximum size of particle passed the 2" B.S.
sieve,

The axial stroains to failure of these samples, after completion of
anisotropic consolidation, werc simlilar to those of samples tested ot very

much lower pressures.

(7:4:5) Deformation of 4" diamcter samples (Draincd shear tests)

Three different gradings werc usced ih the shear tests on 4" diameter
sanples.

Samples 3M/4 and 4&/4 were m ade up with grading F and had very
gimilar initial densities. The rate »f axial. strein applied to sample
4M/4 was l/6th of that for sample 3M/4. Both samples had identical
stress - strain curves and almest identical volume change characteristics.
The axial strains at failure were 10.5% compurced with 12% for a 12"
diameter sample of grading A compacted to the same density.

In general the stress - strain curves for the drained shear tests
were very similar for 12" and 4" diameter samples up to the peak deviator,
Axial failure strains for 4" diamcter samples varicd between about 10% and
12.5% for minor principal effective stresses of 10 pes.i. and 120 p.sii.
respectively.

Volume changes of the 4" and 12" diameter samples are very similor
at any given applied effective stress, irrespoective of the grading used.

At o confining pressurce of 10 p.s.i. samples of cach of the three
gradings at similor initial densitiss had similwr axial strains st failure.

This is surprising becausc of the very much greater number of particle
contacts and the reduced particle contact forces of the grading having the
smallest maximum size. Presumably, the greoter rnumber of points deform-
ing account for the same volume change as cccurs in the coarser grading
due to particles snapping and point deformation.

Again, at 2 cell pressurce of 120 p.s.i. samples of gradings D and F
with the some initinl density, had similar axial straing to failure,

With the 12" diameter somples the stress-strain curves tended to be
flat topped after peak whereas the deviator stress reduced with the smaller

samples, The sample top cap was allowed unlimited horizontal travel with
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the smaller sanples and rotating bushes were also used. It was after the
peak that the samples started to shear alens the plance.  This sct up shear
forces producing extra pisten friction in tho largest apparstus, which was
not fitted with & rotating bush and in which the top cap wag only allewed

o limited horizontal travel.

(7:4:6) Deformition »f 1" diasmeter samples (Jrnined shear tests)

Droined shear tests werc carried cut on gradings E ond P using 13"
diameter samples,

The axial strains at failure were of the same order of magnitude as
those in 4" and 12" dimeter sanmples.

In the tests on grading F thoere was & tendancy for the axial strain
a2t failure to increasce with stress but this trend was then rreversed with
the tests performed at confining pressurcs absve 150 pes.i. (Pig.T:3:6a).

The volwae strains for o given deviator stress were very similar to
those in 4" diameter samples in which similer gradings were tested at
comparable densitics. However, the volums strains of 12" diamcter samples
having gradings containing 3" particles were somewhat greater.

The volume strain of sample llM/l2 containing particles of &M
neximun size woag very comparible with the strains of the smaller samples.

Samples tested at low pressures tended to hzve rather fint topped
stress~-strain curves alter the peak whercas the deviator stress dropped
Ooff rapidly aftor the peak in tests perfocmed ot very high prossures.

; It aupearad, in gencral, that the volume and axial strains for dense
samples with geometrically similar gradings were very comparable at a
particulur effective stress, irrespective of the sampls size.

The foilures of all the silurisn cleaved mudstone samples were
characterised by an initial bulging which was usually fellowed by shear-

ing along o plane,

(7:4:7) ixial deformation of samples sheared under undrained conditions

Several undrained shear tcests were performed on samples 4" and 12" in
dinmesaer. The results wrc plotted in Figs.Ts3:7a, T:3:7b, and T:3:37cC,

Sample 30M/12 wog conpacted to a dense state and consolidated
igotropieally to 80 pesei. PFailurce in terms of maximum stress ratio,
ceccurred at about 7.5% of axisl stroin.

At 11% of axial strain a leak occurred cnd the pore pressure and cell
pressure were cqualised at 14% of axial strain.

Sample 31M/12 was compucted tc a very dense state and consolidnted
igotropically to 120 p.s.i. Failure, in terms of maximum stress ratio,

occurred at about 5% axial strain,
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fample 52M/12 was placed loose and consolidated isotropically to 80
Pes.is Fallure occcurred at an axial strain of about 15%

During cons:lidation all the snmples would have suffered a certain
amount of mcirbranc pencetraticn bocause the maximum grain size was 3",
The grading however, possessed o good proportion of fines (Tnblo 5:6:1).

As the pore water pressure built up any initial penetration would be
reduced and thus o truly undrained condition was probably not achicved.

Two medium, dense, 4" diameter samples, of grading D were tested at
consolidation pressures of 25 pes.i. and 75 pes.i. Thoe maximum stress
ratics were resched at nbout 10% axial strain, The failurc strains of all

samples were, therofore, proportional to the relative densities.

(7:4:8)  Volwmetric strain and deviator stress

The velumetric strain was plotted against the deviator stress and it
was found, for most samplus, than nn approximately linear relation existed,
The higher the initial iscotropic consolidation stress the gre-ter the
subsequent deviator stress fur o given volume stroin,

The effects of overcongolidation were apparcent in sample 25M/12,

This sample was consolidated isotropiceally to 300 p.s.i. and then failed
by reduction of the minor principal stress. A deviator stress of about
250 pes.i. was built up without any volume strain.

The volume strain-deviator stress curves for the KQ tests during
anisctropic consolidstion were not straight lines, After cnisctropic
consclidation there was an almest linear relationship between the deviator
stress and the volume strain for the samples failed by increasing stresses.
These lines were parallcl for samples 20M/12 and 21M/12 and also for the
latter parts of the anisotropic consolidation of samples 14M/12 and 16M/12,
(Fig.T:3:4)

(7:4:9) Creep

Rockfill matcerials appear tc creep at an ever decreasing rate almost

indefinitely. Kjaernsli in a poper on the Venemo Dam in 1962 plotted the
settlement of various layers as determined by cress arm measurements. At
& large time after the initinl deformotion fhe ate of creep was very
similar for all stress levels. This may suggest that contact stresses
between grains of the same moterial are the same a4t any given time ofter
leading and that creep is dependant on those stresses,
4 certain cmount of creep wes noticed with 2ll the samples tested.

During isctropic consolidation the mojor part of the volume change
cccurred almost instantuineously when 2 pressurc increment was applied and
it usually recached a stendy valuc for practical purposes after about 3 an

hour.
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When the applicd axial str-in ceased at the end of a shear test the
dovistor lead reduced very ropidly with the 12" diameter samples. This
wns, to o certain extent, 2 function of the apparatus and the load mensur-
ing element. These being stiff, only a minute strain was reguired to
record a great load reduction, In the small scale pparatus the deviater
load was measurcd by a proving ring and, as 2 result, a small axial deform®
ation of the sample made only a small reduction in the stresses applied to

it,.

(7:4:10)  Onec dimcnsionazl commressibility

Several KO tests were carried out tu determine the values of Ko (the
cocfficient of enrth pressure ot rest) and m, (the one dimensional
compressibility). -

All the curves (with one exception) of axial strain against major
principal effective stress show an initial effect (Figs.7:4:10 A - G)
which has been attributed to compaction and isctropic conssclidation to
about 25 p.s.i.

Samples 14M/12 and 15M/12 had a maximum particle size of 3" and they
were compacted to a dense state., Sample 16M/12had a maximum particle size
of 1%“ and was alsc compacted to a dense state. The finer grading shows
ne overconsclidation effects and also the plet of 5% against d: shows
that KO remains constant throughout the stress range applied. This would
suggest that membrane psnetrntion has a large effect on KO at low stresses,
Part of this effect though may be due to the initial isotropie consoli-
dation asg extrapolations of the straight portions of the curves pass near
to the origin.

The axial deformation of the finer grading was cconsiderably less than
that of the coarser gradings for o given mejor principal effective stress.
Samples 2OM/12 and 21M¥/12 were subjected to the normal compaction

but the density of the former sample was rather low. The initizl stages

> the congeolidations were erratic, The looser gample showed a somewhat
greater deformation for a given stress. Samples 21M/12 and 14M/12 had
similar densities but the former, with 2 finer greding, had an axial strain
about helf that of the latter at a major principal cffiective stress of

250 p.s.i,

The large axial strains of scmples 20M/12 and 21M/12 were to be
expected because of the very high stresses.

Sample 28M/12 had particles oricntated at 640 and this along with o
larger maximum particle size and lower density acccunted for the very much
larger deformotion than 26M/12 for similar stresses.

The valucs (secant) of m, for a given major principal effective stress

are plotted in Fig.T7:4:10h.
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It will be seen that dense, well graded materials with small
maximun particle size show the lewest compressibilitics.

after an initial effect which is presumed t¢ be due mainly to the
sample coampaction there is o reduction of compressibility with increase
in stress for all gradings.

Lovse, uniform materisl shews the greatest compressibility.

The valucs of KO arc tabulated below and it will be noticed that all
the values are very similer irrespective of the sample grading or its

initinl density.

$ Test Ho, __7§A1bs/ft. ' grading limits K,
E 14 129.6 31 to 4+ 100 0.45 (1)

15 { 132,4 1 Mt - 100 Jed3 (1)
I 16 136.2 b 13" to - 100 $.51

20 120,9 2o+ 14 ( 0.49

21 120.6 21 40+ 14 0.44

26 , 138.0 2" o + 52 1 0.4%

28 (2) 128.2 3 4o+ 25 0.39

(2) orienﬁated porticles (1) at higher stresses

Table 7:4:10 Average values ofAKO,

The Jowest value of KO wasg shown by sample No.28M/12 in which the
particles were oricentated.

Vary low values of KO (it 0.25) were recorded in the initial stages
of samples 14M/12 and 15M/12. This was attributed to membrane penetra-
tion, the effects of comprction and the initinl disctropic sonsolicaticn.

Except for the twe tests menticned above, the values obtained for KO
remained sensibly constant over the applied stress range (i.e. to a miner
principal effective stress of 500 p.s.i.) The value of ¢£ decreased with
increasing stress and the simple rclation KO = 1 « gin ¢’ , did not
thereforehold (except for ¢£ obtained when shearing 2 sample at a minor
principal effective stress of 500 p.se.i.) Further, the value obtained
for Ko did not agres with that obtained by substituting ¢' at constant
volume (410) in the above equation,

The wembrane penctration at low stresses causes o grester initial
conpressibility and the morn area of crouss-—section of the sample increases,
This leads to an errer in ealculating the deviator stress and subseguently

to an underestimate of the value of K by 1 o 2%

(7:4:11) Porticle broukdown

The change in a grading due to particle breckdown under applied stross
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depends on many frctors. In the triaxial tests on siluriin clesved mud-
stene many gradings at various asbsclute and relative densities were tested.
The stresscs varicd over a wide range and the stress ratios and resulting
straing varied. The axial strain during = shear stage was often linited
by membranc puncturc. When all these factors are considered the compari-
son of gradings before and after stress applicaetion is particularly comp-
lex and will only be dealt with swummarily here.

The change in grading also has an effeet on permesbility but cgain
this lsc depends on the minernl composition of the material and the way
the fines behave when wetted., When the mudstone was wetted materi-l below
a No.25 B.S. sieve formed a paste which considerably reduced the permeabi-
lity to water. .

Further complications rose during sicve analysis. The matorial
would break downduring sieving and the longer it was sieved the more
rounded ond smooth it became. This, to @ certain extent, may explain the
lower angles of internel friction obtained with tests on 4" diameter
samplés. Most ©of the material was re-sicved after tests con 12" diamcter
samples and further sieved on 12" diamcter sieves to remcve adhering fine
materiul before being used for 4" tosts.

Material below the No.25 B.S.sicve tended to ball when sieving no matter
how long it had been dried. Fine materinl also adhersd to larger
pearticles and it was porticularly difficult to nchiceve an accurate grading
analysis after testing. The sicving process could not be relied upon to
clean the material in the time normally allowed. Sieving for a lenger time
produced more breakdown and fines as did hand cleacning of materinl.

Direct compariscn of geometrically similar gradings in differcnt
sample sizes may be misleading, The breaking of particles point depends
on the lecad being transmitted which is proportional to the square of the
sample diameter. The strength of particles in shear is proportional 4o
their cross-section, which is proportional to tae square of the sample
diemeter. The bending strength of purticles is depondant cn their shape
and for circular or cubical shapes proportional t¢ the fourth power of
their dismeter or side, It is, therefore, likely that most breakdown
ovccurs through shearing and at particle contacts and 2 smaller amount of
bending perhaps ot rigid boundaries.

When éradings were made up they probably contained a greater propor-
tion of fine material than intcnded. This was especially so with the large
samples where fine material =dhered to larger particles and breakdown
vecurred due to handling bags of material. The dust extracter used during
sample compaction then removed some fine material,

After test sicving recorded a greater proportion of fines then existed
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immcdiately after the sheosr test because of breakdown during dismantling,
drying and trgnsport pricor to sieve snalysis which produced further
breakdcwn,

When sieving out a bulk grading it is necessary to clean the sicves
after cach batch so that the correet proportisn of varicus sizes of
porticle are maintained in any one sicve size interval.

In gensral, large particles broke into smaller ones having the same
prepertions,

Several methods have been uscd for lesceribing breakdown -letermined by
sieve analysis.

Marsal (1965) used the parameter B which he defined as the sum of the
differcnces  of a given sign between the percents retained in the sriginal
sample and in the specimen after testing.

Lee (1967) used the ratio of the Dl5

after testing. This has an advantage in that it is the size on which filter

sizes in the original sample and

designs ar:s based.

Alternatively, the areas uwnderthe original and final grading curves
mry be comparcd.

A further alternative is to take the mean of the increases in the
percent of materiael retained on each sieve befeore and after testing,

If this last methed is uscd to compare the breakdown of two 13" diam-
eter samples with gecmetrically similar gradings, such that the interparticle
forces are 4 times os great in the sample with the larger maximum particle
size, it 1s noticed that the breakdown is also about 4 times as great
(Teble T:d4:lla).

Similar comparisons arce mads in Table 7:4:11b and ¢. In these cases
balling of fine materi 1 was cvidont.

For one groding tested ot several pressures the breckdown incrsased
with pressure but was not directly proportisnal. This though is not
surprising because of the stress history. The maximum stress ratio, which
is probably most responsible for breakdown, roluces with increase in stress .

Also the breakdown is o result of isotropic consolidation and shear.

Sreakdown on 1L dimmeter samples of silurian clegaved mudstone,

é;= 10 poSoic

Tests: 2M/1% and /1% cach taken to €, =~ 20%
.S.81icve Jpassing diff.% Tpassing Aiff.% ]
size before after before after
" | 100 100 ’
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/0
O:

-

10 p.s.i.

Test‘s: 2M/1% and TM/1%

each token to

€, = 20%

B.S.8ieve % passing Aiff.% % passing aiff.%

size before after hefore after

Sn l 100 100 0 !

3/16" 77 84,9 769 100 100 0
WO 7 47.5 5203 4.8 75 75.6 1.5
N0l14 30.5 34—06 4.1 47.5 48‘3 008
No.25 20.5 25.4 449 30.5 32.0 1.5
J0.52 13.5 17.6 441 20.5 21.6 1.1
No.100 10.0 13.2 3.2 13.5 14.3 | 0.8

= = 29,0 T = 5.7
mean = 4,16 mean= 0,95
Table 7:4:1la,
[ & .
%= 40 pes.ie.
Tests: 1M/1% and 4M/1% each taken to €, = 20%
B.S.Sicve Tpassing diff.% % passing aiff.%
gize before after hefore after

2dn 100 100 0

3/16" 7 85.5 8.5 100 100 0
No. 7 475 55.6 8.1 75 76.6 1.6
No.14 30.5 37.5 7.0 4745 48,8 1.3
No.25 20.5 28,1 7.5 30,5 31.8 1.3
No.52 1345 20.5 7.0 20.5 19.3 | -1.2
Ne; o100 10.0 15.8 5.8 13,5 12.3 | -1.2

S = 4440 = - 1.8
men = 6,29 mean = 0.3

Table 7:4:11b
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6;= 147 pesai.
Tostss BM/l% and SM/I% cach taken to €, = 20%
B.S.Sieve % passing Jiff% % passing Aiff. %
gix before after before after
2" 100 100 0
" 77 86.7 9.7 100 100 0
NoWT 47¢5 59.9 12.4 5 7845 3¢5
Ve 14 30,5 40.5 10.0 47.5 48,4 0.9
No.25 20,5 28.1 7.6 30.5 27.6 | =2.9
No.52 13.5 18.7 5.2 20,5 15.4 -5.1
Wo.loo 10.0 14.5 445 13.5 10,1 | -3.4
g" 49'4 '£= 700
mean « =~ 7,0A moan - =~ 1,17
_ggblel7:4zllo.
5: =10 p.sel.
Grading C é Grading D Grading F
Sample 8M/4 | Sample TM/4 Sample 8M/4
& = T1,7 pes.i 1 & = 64.3 é = 58.6
~ f j:
B.S. Diff in% pacs~ | diff in % passing | B.S. Jdiff in % passing
Sieve ing after rest. after test Sieve after test.
i 0
3" 1.5 0 3/16" 0
5 1.5 1.0 7 0.6
3" 1.5 0.8 14 0.8
No.8 1.0 1.0 25 1.3
No.18 - 1.5 52 1.9
No.36 - 1.0 100 n
No.T2 - 0.3
= = D« T =5.6 X = 4.6
SLnean 0459 nean = 0,80 mean= 0,77

Table T:4:11d
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Sonple 41/12 Semple = 1M/12 Sample:2M/12
Grading: A Grading: A Grading:A
é;“ 10 pes.ie ééz 40 p.s.i éi== 80 p.s.iqf
B.S. | diff in % pass- diff.in % passing Jiff. in % passing
BSicve ing after test after test nfter test
3n 0 0 n
13" 6.0 2745 el.l
Pl 10,0 26,4 26,7
a" 3.5 | 17.8 25.1
3/161 1.5 15.1 20,0
e 7 3.0 | 9.9 16.3
o, 14 1.2 6.0 14.4
0425 1.0 4.1 12.6
Ifo .52 1.0 11.2
Nc.100 O.% 10,6
= = 28.0 < = 106.8 = = 158,0
mean = 2,8 mean = 13,35 mean = 15.8

Table T:4:1le

Three tests on 4" diamcter samples with differcent gradings, at a
confining pressure of 10 p.s.i. showed 8lmeost identical breakdown.
(Teble 7:4:114),

Three tests on 12" diameter samples at confining pressures of 10,40
and 80 p.s,i, showed a fourfold increase in breukdown betwesn 10 mnd 40 p.s.i
and a five or sixfold increase between 10 and 80 pes.i.(T-ble T:d:lle).

The incressc in breakdown with maximum particle size for two 12"
dicmeter samples sheared .t o confining pressure of 100 p.s.i. is shown

in Table 7:4:111,



&= 100 p.s.i, B &= 100 pes.is
Sample 5M/12 Sample 11M/12
€,~ 19.8% €,~ 12.5%
B.S.Sicve % passing Aiff.% % passing diff.%
before after before after
3 100 100 0
14 8l 98 17
" 51 75 24
A0 170 100 0
gn - 31 51 20 95 96 1
3/16" 19 35 16 77 79 2
No.T 12 25 11 59 63 4
No.l4 8 15 7 45 A7 2
No.25 6 9 3 29 29 0
No. 52 5 6 18 18 0
No.100 4 4 0 10 10 0
No.200 3 2 -1 4 4 A
> = = 98.0 - E = 9.0
mean = 8.9 penn = 1)

Table T:4:11f

Samples 14M/12 and 15M/12 were subjected to anisotropic consolidation

to o minor principal effective stress of 135 p.s.i. The former sample was
sheared and the latter was not. The breakdcown in the former sample was
about 3 ftimes that of the latter.

Sample.2lM/l2 was anisotropicallr coensolidated to a minor principal
offeetive stress of 500 pe.s.i. and then sheared. A very large amount of
breakdown was therefore to be expected even though the maximum particle

size was -~2" + 3" and its extent is shown in Table T:4:11g.

Sample W.o.21M/12
B.S.Sicve % passing aiff.%
before after

Sn 100 100 0

g 74 89 15

L 49 68 19

Wo.T 25 50 25

No.1l4 N 31 31
Wo.25 o) 17.5 17.5
No,52 0 10,0 10.0
No.100 0 £.0 6.0
: - = = 123.5
nean = 15,4




In general terms breakdown will incrense with:

1)
2)
3)
4)
5)
6)
7)
8)

incrcase
inecrease
increase
decrease
increase
incrcase
increase

wetting.

in
in
in
in
in
in

in

meximum particle size.
uniformity of grading.

mean stress or stress ratio.
particle strength.
angularity of prrticles.
strain,

time.

The permeabilities of some of the samples before and after

arc recorded in Tables T4, 7D and TC.

185

shearing



IS¢

Volume chanje_
on saturatianas
a Percentaja cf

pre vievs volume

ch a.an..

9
bo{igm/i2
i
|
8 I I
)
|
' 10,
l7(3/,,
7 I e
I 23Mm/12
1
i 1
) 22M/l2// |
6 ‘ | 502
N |
[ 13M/12 !
i
9 : { Smfiz ;
0 1 : i !
i ' ‘
5 7 YA
w s
0]
Z
T
] é8% |
;1 |
2 i
_1 !
o |
> 4 i
| ;
/ 5
B
L oose sand :
(P;He" Shinner) _ _J
(-] \ _ -7 z
,,/'”/1.2'1/«/:2 |
|
: i
/
100 150 20
'CONSOLIDATION PRESSURE P.S.1.

o)

VoLUME CHANGE ON SATURATION DURING 1SOTROPIC
CONSOLIDATION. SILURIAN CLEAVED MUDSTONE

'2“

DIA. SAMPLES.

Fig. '7:2:1




187

"o

VOLUME CHANGE

18M [4

n

% DENsE

14m/ &

Ji_"DENSE

3 3
2/
1

(»]
o 56 [{s]a) (o) 50 100
P.S.. Ps.l.

CONSOLIDATION PRESSURE CONSOLIDATION PRESSURE
VOLUME CHANGE DURING VOLUME CHANGE DURING
TISOTROPIC CONSOLIDATION ISOTROPIC CONSOLIDATION
SILURIAN CLEAVED GraniTic GNEISS 47DIA.
MUDSTONE 4" DIA. SATURATED SAMPLES.

SATUR ATED SAMPLES.

FIG. "7:2:2




|88

CHANGE s

YOLUME

g

7

6

i
13M]14 / |
. %DE/SE/
5
IM/ |t
% DENsE
: / :
Loose sand _ -7 -7
aj?er SRinner - -
3 . -
/// i
Ve
2
//
/
/
o]
o 100 200 300 400 500

CONSOLIDATION PRESSURE RSl
VOLUME CHANGES DURING JSOTROPIC CONSOLIDATION

SILURIAN CLEAVED MUDSTONE 172" DIA. SATURATED
SAMPLES.

FIG. 7:2:3




189

it
Il/g c{lcx. Samples

/—‘— gra.d[né E.
-

__1?.” dia. Samples
gmoqfn?r A

~I>.
4 dia. sam?es \\\
grading D ~ >

~ \\
[f"“ c“a._Sqmples / \

Y/

N

grading C. ~
o \
..
.~
] i A
A JM Cl'ler+ samf"es- ™~ \ { /2 o(w. samples
\\ %M& -‘ng F
\ /
~
. ™~
7 ™~
Ham River sand Panse ™~
(ajfer Shinner)
Loose
\\.\‘\ \.-_-_::.r"-"-"—“‘_
{Q 2o 40 £§0 1] 100 | oo HOO 600 Clore) {000 2000 000
53 P s.l.

{ {
THE RELAT|ON BETWEEN ¢f AN06)3 FOR SILURIAN CLEAVED MUDSTONE SAMPLES AT INITIAL Ry =90 o

F16. 7:3A.




190

50°
48°
%b
44'0
i
|
/
¢ 42°
40°
.8
-3 .
— [
o ¥ .€
-2 Qu q R
I N
ag’ W w ¢ 0
a 12" A 4
e |Q_” all 6
12 3 e
v o 12" ¥ 32
3¢’ ® 4"¢c #
ey + # D 3
m 4" F 16
X 1% E 4
%Z ¥ I%B'F ¢
24 > » (BB e
0-1 o) — 041 - 02 -0-3

(52
A€, )

THE RELATION BETWEEN ¢; AND (déu/dea* FOR SILURIAN

CLEAVED MUDSTONE SAMPLES.

FIG. 7:38




100

l 19]

1000 3000

~r2

12°dia. Chert

12~ 35"

...'3/4:"%/8 ‘

g "dia. silurian cledved

mudsfore Samples.

Raxx 0% | Da-|+.

12 dia. silurian cleaved

mudstore.  Samples.
Ry2= 90% | %(rdr.

14" dia. granitic Qneiss

L 4" dia. granitic gneiss

Sarples By=4  RA2W7

T Samples D/éi=4- Rdu:%’:

.

¥ . - N
12" dia. arani tic qneiss

[samples -’I%T:Zi- Ra=9¢)]

4" dia. granitic gneiss
Sampies D=8 gd::m

1% olia. grahitic gnkiss

Samples D7, < 8 R{90%

12" dia. granitic gneiss

TFreples D4 =8 RIT0%

Dengse Ham River gand
n 4»00/0

(a{ter SKinner)

mud store ‘samples

4 dia. siluria h cleaved

: NN /

/|
i

+0-2

+04

13
15 dia. siluran clea
raud stone

ved
a8

Loose HamlRiver sand
N 45%
(O.ft&r Sk‘lnne_r')

10

THE RELATION BETWEEN (%r)

f

1000 Joaa

AND THE MINOR PRINCIPAL STRESS.

FiG: '7:3C




SHEAR STRESS Ps.l.

600

V)
o
&)

400

300

200

160

192

-

Mé he j—ai[ura
CMV¢(0P( §n\'
‘f—“cﬂu.

samples

T

)

\l

100

300

400 500

600
EFFECTIVE STRESS

700
Ps.l.

MéHR FAILURE CIRcCLES

200

SILURIAN CLEAVED MUDSTONE |2 DIA. SAMPLES.

900

{000

100 1200

Fic. "7:3D




193

600

500

PS.L

400

300
EFFECTIVE STRESS

200

|
e
100

8 8
o Y 2

1°Sd  SS3"LS YWV3IHS

400
o0
0]

MsHR FAILURE CIRCLES

SILURIAN CLEAVED MUDSTONE 4 DIA. SAMPLES.

FIG. T:3E




SHEAR STRESS PRsS.L.

600

500

400

300

200

NoXs}

19¢

~

v
=L

/

A

RS\

|

200

30

o} 400 500 600 700 800 900

EFFECTIVE STRESS PS.I.

M3HR FAILURE CIRCLES

SILURIAN CLEAVED MUDSTONE K" DIA. SAMPLES.

000

1100 1200

Fia. "] 3%




fi2

omliz

smi2

(M/12

el "Old

SILURIAN CLEAVED MUDSTONE
ROCKFILL.

GRADING A

500

400

100

1o

20— M|z i
&;: 100 p.s.1.
— ~—~——— 9M/li2
/
g;;lIOO PS5 SMIIZ
2m i —8M/i2
SN U
Pszu0p st | e WIM/I?.
|
(5 20 25 30
=]
E, /o
|
|
5]
V)]




st/’Q/\/‘ o '

22M/[|2

Wi

€:4 "9l

c:

+ €, % —VE

SILURIAN CLEAVED MUDSTONE
ROCKFILL

ORIENTATED SAMPLES.

Les/iN2

é- &

400

300

200

3

I

oo

€y /b

-VE

&y = 80psi. (39)] 1o M I 2
‘ . ~
ig31=loo [ (64-) e,
pa— ZIIT

_//\/\ 22M[12

8o 0p21. (320~ 1aM 12

f—

M
|

25 30
22MII2
————T 19Mi2
23M12
om/fie

96 |




600

e el |
27TM[I12
/ '\\

500
400 f — -
. !
IIMII2 Ey= 100 p.si. | IIMII2
! / o)3l=60 ps.i.
; p4
| o
asmfig» e
: ' 13m)12 -
| / / | oo 13M[12
!
// 12m/12 oSS
V’ .
0
(@ 5 10 5 O 5 10 15 20 25
+ ° —
€ % €%
25mM/i2
o]
lmliz 27M[12
SILURIAN CLEAVED MUDSTONE 5 | ——Mliz
SPECIAL TESTS. € 9 |
v /o , \ 12M/|2 ‘
T ! |
9 ’0 . : U
® ! \ !|3M’|2
‘-;, -VE :
" L |

L6}



TR T

20Mm/[i2

4ig:L Ol

j0

év % ~-VE

K, TESTS.

20

SILURIAN CLEAVED MUDSTONE

1300

1200

1100

1000

900

800

700

/ 2
b5 LBS[IN

-~ '_6oo
~o

500

400

300

200

1 0O

61}% 10

-VE

15

20

® End

of Ko Sl:cuaes.

IZ.?

m|i2

~ 28mji2
/ 25|12 '
i i
5 10 I5 2.0 25 30
[«
€ o
| 26M|i12
I5M[12 ] -
Q‘*\__ 28 M 12
14m/12
N
\\ 20m/i2
) 2imhz |9




wg:ie: L, "9Ol4

s5m/l4
o
IM/4
ém/g
1o 5 o} 5
+ € -

SILURIAN CLEAVED MUDSTONE

RocK FiLL
GRADING: F.

400

300

100

§M[4

~——— 1m/4

6m/4

20

|
| 6m/a
A i
3IM/4
5m/4

66l



€4 "I

99

10 5 0] 5 10
[+]
+ ev/o -
SlLURIAN CLEAVED MUDSTONE

RocKFiLL.
GrRADING F

200

+5

5 10 |5 20
€,%
" : \
| |
/_l/—tw\/tl

ooz



°5.:€:4 9|4

+ 9
™o
™

!

SILURIAN CLEAVED MUDSTONE

RockFiLL
GrAaDING: C.

/ /
,-6393¢

6

300

200

1 00

, 6’;: 30 P.ﬁ']']
| |
i L o9m/[4
| |
—
|
|
|
i -
! ' 8 I=IO f-s.h
— 2 T ———
5 10 15 20
€

Im /4

gm[4

gm{4

loe



14M/4

| =R~

L "9

TM/4

5 O ) 10
+ €, -

SILURIAN CLEAVED MUDSTONE

RocKkFiLL
GRADING : D.

7
0)3 S12Q e,

N4M/4

300

5]

14M[4

€o2



: L, "9id

v o€

Im/i} 8m1g
i R —
4
tom/iz |
SNt
| |
l
/ M[1%
6MITE
'71M/|Ji
10 5 (0] 5 10
+ €, -

SlLURIAN

ROCKF!LL.

GRADING: F.

CLeaven MuosTone

LBS /IN?

1400

1300

1200

1100

1000

900

800

700

-6;

!
]

6

500

400

300

200

100

10

sm[1%

om|i%

!
0)3 = 47 p.sik,
e

SMiy

331 = 40 p.s,
e LAY
. 4""\/"2

P ————

—= M/}

I3
8,'= 1o

- 7™M/

-

4]
Q

/*TMIIJ:E

I

_4m]

1%
—————MiL Omfis.

S L
sMm/fis oM

g£07¢T




: L, 'O

S AR

3m i} 1

iM|iz
aMm|ix
10 5 O 5 10
+ -
-
SILURIAN CLEAVED MUDSTONE
ROCK FILLWL.

GRAOING: E.

600

500

400

300

oj‘(—- d; res [in%

200

N eZo)

!
- = 147 ps.i.

3, =

&;‘ 10 p.s.i.

2ml

N

M i
3M]l-é

02




¢:L "9l

¥

IS0

) PS5

100

56-¢,
\
\
A

lo) 5o 100 i50 200
z(6 + 6;>P.G.l.
25
20 A
e W
15
6, i
&) | I
10 |
| /
| /
5 /A———‘h-
/
o)
o] 5 10 15 20
€%
200
/\\
150 - k
Nu
: \
=
g \ ! /
100 { 6~ 63
50 \\
(@]
0 5 10 15 20
€%
250
T\
150 A
. \
~
v
3 |
100 ‘
50 \
~————T "\ \ 6
\ [~
O P rT——  Ap—
o 5 10 15 20
€IZ
100
) &5
Z '
3 /
g
W 50 /
§ /ﬁ\/
3
a.
&
* %
) 5 10 |5 20
€|Z

SILURIAN CLEAVED MUDSTONE SAMPLE No. 30

gy = 133-) LBS/FT3

Rd= 83-5‘2’

soge




4L 9l

q4L:€

% (¢

P.S.

P. S

PORE PRESSURE P&l

! |
i N
|

t

IOO_}:(é: +6'

150
3/ Ps.L.

Oy

15

20

250

200

150

/00

|

15

20

400

350

300

250

200

150

100

50

150

20

o
Q

W
O

SampLe 31

10
€%

20

¥y = 141§ os/rr R=9757,
SILURIAN CLEAVED MUDSTONE.

’
3

9
I
\\°~
Ny
L Ys) , _
/-¢°4”0
¢I= 47-36-’-<
° o 50
100 , B
EETCEF 200
6/
3
o}
© g 'Oo 15 20
&%
100
ﬂ/\—-—’
__—— 6-¢
/ 1 3
50 /./
a
O wattifns'
o 5 o |5 20
e,f’/,,
150 -
1/
6]
/
0
a
50
63
0
o ) 10 15 20
e’
100
o ‘.
a e - = - = I [ P E o< S
ul
4
3
v
w50
«
a.
w
o
2
0
© 5 10, 5 20
€/
3 _ °
SampLe 32 y= 108 tas [Fr. Rd- 27.(%

2920°7¢




L Old

L]
)

L E

5 . ~ - — 15

//
/ P!
" S
! e
a s
5o ] // 50 ’/
Rl B — — : Sl E—
\'\5’ / - /
| e (f') ﬂ
~ _ | - @
1 /‘ -
:3 ! S / o //
T - T B P ~0 25 <
P g -
\0 r
e S -
- . ‘} <
s 4)-6 L &°
o bz N 45.6
o} 25 50 75 100 o) 25 50 75 100
' 1 /
(6, +865) ps.. 3 (6 + &) s
{10 10
d, —
15 . 15 D ——
/
/
63
(0] o)
0] 5 10 15 20 e} 5 10 15 20
[s]
€l /° 6' o/°
150 | 50
100 100
o a / /
/ é' .—é\?)
50 50 /
O 0
O 5 10 15 20
o
€.l
200 : 200
B
/-—-4—“"' _-\gl
i
150 / - 150
| | = é
_loo f G100 - e S m——
a /
N it e g /
50 50
_ —
63
O 6]
O 5 IOo 15 20 O 5 O 15 20
€% o,
——————— f — - - — - - = —— — > — e~ 63 ] ©
2 .
550 - —_ - - SENE— S 50 e
4] @
5 (: / \'\_ g‘ = L S 3
- / X ] °
: 9 o
o )
Qa o oW o
(o) 5 10 15 20 o] 5 10 s 20
o 0
A e 7
2
GRADING: D 6, = 75 LBs/in. GRADING: D. &, = 25ies/IN?
Y : 126-2 LBYFT3 (AFTER CONSoLIDATION) ¥ : 128 L8s/FT.>  (AFTER CONSOLIDATION)
D
ROL : 64-0% RaL i 6380 %

tl
S|LURIAN CLEAVED MUDSTONE A DIA. SAMPLES.

LOGC




20¢

150

|00 /

63 PS.1

50
end !’f 150+mf|'c /
consol dation /
S
0
o 50 100 150 200 250
i
6, rs.l.
O \
2 \
o
W
4
g
O 50 100 150 200 250
/
é, Rs.L.

SILURIAN CLEAVED MUDSTONE  SAMPLE No. 4M[2
Ko CONSOLIDATION STAGE.

FIG. 7:%4:10a




209

180

100 //

\
\

50 . /
end %‘Eoﬂapt’c /

COnso“c‘qh bV\ /
N

0
(0] 50 100 150 200 250
6: PRSI
0 —\
2 : AN
o0
=
? \\
\\_
6 .
le] 50 100 150 200 250

é’' Ps.i.
i

SILURIAN CLEAVED MUDSTONE SAMPLE I5M[i2
Ko coNsoLIDATION STAGE.

FIG. 7: &: 106




210

600
400 7
él

3
£ sl /
200 -~

end 0‘{»150{"0’“_

consary

]

o] 200 400 , 600 800 1000

, PRS.L

0

2 j— et
o
€4

6 !

\\
8
O 2 00 400 P 600 g00 1000
6' P-s.ll

SILURIAN CLEAVED MUDSTONE SAMPLE No. [6M[i2
K, CONSOLIDATION STAGE.

FIG. 7:4:10c




21l

300

200 o

\/’—

ena o};ﬁo*rafi; | ;’
consolidation ; i
-]y oy :

o 100 200 300
61 PS.I.

400 500

: | |

O 100 200 , 300
6| PS.i.

SI LURIAN CLEAVED MUDSTONE

400 500

SAMPLE No. 20M[j12

Ko CONSOLIDATION STAGE.

FIG. 7:4:i0d




212

600

400

RS.1.

200

EA(J O;S‘ lsb+rof€c
consol

/ e
I’
- :

200 400 600 800 looo

N

N

200 4 600 800 1000

oo ,
8, es.i.

SILURIAN CLEAVED MUDSTONE
SAMPLE No.2IMm/iz.

Ko CONSOLIDATION STAGE.

FIG. 7: 4:10e




213

F. 8.,

€

o

200

100

O
e

end 0} l.so‘frof{c
consohdation

N

O
o) 100 ’zoo 300 400
6, P.s.I.
o ,
2 \
[«
| (o]
4 \\\
e} - 100 Izoo 300 400
6, P.s.1.
10
. //
/-?smes ——>| |sHeAR sTAGE
o
o I 2 k. 4 5 6 "' 9 10
o]

SILURIAN CLEAVED MUDBSTONE
SAMPLE No.26M/12.

FIG. 7: 4:10f




214

200

-

0 end o} AISofrod:ic
Consohy

o) 100 200 300 400

5" P.S.I.
o \

1o \
\
10
o) 100 '2.00 300 400
8, Ps.l
10
g !
I S
5 /—

él /-—-4-"'
3
K, STABE —>1 SHEAR STAGE]

SILURIAN CLEAVED MUDSTONE
SAMPLE No. 28M/i2.

FIG. 7: &:10g



L 9l

Yoi i+

TesT b/D GRADING LIMITS

14 129-6 37 To +100

w 15 132- 4 3" To -100

= 16 136-2 %" 70 —100

20 120-9 34" To + 14

4 2] 130-6 3/4" To + 14

\ 26 1380 2" To + 52

28 12g8-2 3" To + 25
— : S

| 2|

e el I T —— | .
6
o)
0 100 200 300 400 500 600 00 200 900
6, LBS/IN?

SILURIAN CLEAVED MUDSTONE

SECANT VALUES o0F mv.

sie




216

Test No. imhiz | empizf3amfiz fum|ie [ smiz] wm)e | smliz fonfia ionh2}nn)iz lizm)iz [3mle r‘wha ismjiz fremjiz [ irmle1om)iz|eom iz |2im ) |22z fasmhiz jesmli] 2em]elen|e 28m |z [e9omfe [3omliz |3im]i2 |32m)i2
Type of test. ps [ ps |ps |ps |os |os | ps |ps |pso]los | os | 05 | Kos| K, Ko | ©S |os e |K,0S|K,OS|DS O DS O 3&‘:‘6 a,'/:;’,-“ DS ;%;,?M 'l"rf'f‘,': cu | cul]cu
Nominal 53[ (s | xo 8o | 20 | 10 Jloo 135 | 80 |ioo | 8o |ico | 60 60 | 135 60 | 40 | 306 |S50@ | g0 |I10O ’{:”; 1677 114-33= B8O | 80 |20 ] 20
Axia(azfp'\:':"w“s:e 4.} 4.0 heo | 4.1 Y. 4.2 | g.2 8.5 2. 028 | 8-83 885| 23 8.9 | 8.7 lo.o | 10:3 2-6 8+9 8.8 g0 | 8.0 80 g-0
¢; 445 | k30| w8 | 505 4o0.3|39.9)4z3.5 | 42.0] w31 | 304 39.8 k5.5 { 42.6 | 35-8] 342 388 | 376 | 470 | hg:3 | H1-0 ]| w22 b.g | 473
Tan ¢§f ®.983 | 0:933] 1+11S | 1212 0848|0836 |0:949 | 0900 0.236]0.821 0.933 [+018 {©0:920]| 0721 [0+680 | 0.804| OO 1072 | 1122 | 0-862 | 0907 o-393]| i-09
'/a <6,“‘ ;)f (P-sB] 95.5 1 1713.S| o2 346 |I18s-2}243-2|178.5 | oS0 172.2] 17728 Q440 1530} 860 | 431.5 | guy |[136:9|158-3|123.¢ | 95.9 |2¢2-6}103-8 927} 407
‘g(g,'+gs')f (Psi)iz6-6 {2sw.s| g1o| 4v.9]286-21379.0]259.4|306-2]252:2 |23 380-0 215.0)127-0] 7381 | 1145 | 218.4 | 259:5] 169-9 }128-5 | 430.9|I5%-5 131.5] 555
g,'} (Psiylezzalsar7l 1v1-3| 705 73] 6223|4379 5112 fh2ue 4 | 44 50D 6232 3681 2131116261789 | 355.2 | 417.8 [ 2925 [2au.4 |713:5 |258.2 224%:1] 26!
oJ_;,c (es.)] wla 808! 20-8| |03 |101.0]135-8] §0-9|lot-2] go.0}|iCO3 1363 62.01 #1v.0] 3066 5005 815 {102 | us.3}| 3e.6|1v8.3 ]| s07 38.8| 1w
(ng/g' E,){- -0:10§ |-0:077]-0-233]- 0. 255]- 0- 037} 0- 041 |- 0. 029 |- O- o 44| +0: 055 o o -0-10 O [40.033 |[+0:070|+0.016 |+0+100 o |-0.23s ) o
Yy (bsjs?) lizso |ivo.o (118 |22 g 1325 [1vi.0|iag.01267 g0 |13ty [iwe [ nisit 1206 13204 [ 1362 |132.3 |126-8 [1209 |130-6 1251 [125.8 [1ve-2 [ 1380 1wiey |i2g2 [13ka | 13341 Jintek fro2e0
RA o/a Np.0 | 250 | 98.0 32-5 B4.0 26:5 | ol. 8 89.9 6.0 7771 82.0 285 | g1 | 11O 68-0 85.5 | 83-| 9%.] 27.0
n A 25-8 | 13-9| 1Mo | 2%0 | 226 | 18:3 |20.1 | 20.7 | 34.5 | 238 | 33-6| 323 | 248 | 233 | 21\ | 233 2é6-6| 30.0)| 24.3 ] 27.5 | 27-2| 153 | 20-1 | 82 | 257 | 222 | 22-83| 182 | 37+
Effcﬂgjuffn?s when t2-o 220} j2.0|] 2.5 | -6 o o o 120 60 6-0 60| 60 60 6-0 6:0 4.9 2-1 66 4.7 | 9-0 [ I1w.0 .o -0 13,07 -0 1.7 -0 10
E, ¢ % |ag o oo 172 [ \7e7 12:9 ] el }19.5 faz2 | 120 210 1754 {260 | 293 |2w65) 236 [ 229 | 4.4 | 8.2 | 13:2 | 210 5.7 | 137
é"f % |6t -1 o +0-| |~-5:3 |-3-6 |-4.5 |-%:4 }-10.1 | -32 -0 -5.58 |-¢.19 {-1%.3 |-16-5 |-3-8 |-%-6 o -7 |35 -9
Mem branes A N A R P N3 'ﬂ'a.? Ve RE |5 RE 'f,"+'/,:RE '/}'l:a.q PAYAT] PRV PATVES '/"-L;/";J-M '41'{‘}'1':. ‘/;.;/"a.p_ '/8"«'4:&.: 'g"«‘t"a.F. 'g'l'/,‘"u-. '/e'i,‘("b,o., '/;+'{"'u.k. '.’/l“;. ‘;_‘;;‘ w}#“ "’LTZ{" 3 0 F %z‘”p__p 37':& £ %‘,"R.F 2 RE |3 ke | 3Rk
h La&o:rf\s!:/eff:c. 3;"’!‘0'9' qqxsm"7 3;0‘“ 3-:\&0-3 ');9- lO“2 a‘ilO'a Lt)t‘(l,o" “xglo'S LZIO" l:.(qao“" 3.)6010-3 3;(310" 8)‘tslo'l+ I+9
mean stress abeove
ys(d".,.gs'fﬁ Ps.1) 80 o0 60 60 4o Yo L0 20 [ ¥e) 60 60 20 120 go
k a}f:;s 7::: e:leo_ 3-::04 q?m-‘r 2-:\0_ v:,;(sm_‘.7 3:10_5 LP;ETo'l' qu"' 4.;0_“ 3
mean steess for above
3 (e +26,) (Psa)
Wy o §a:lure.§165{ﬁ] 14 0. 13 1133-3 [isr1 [I508|150.1}150'5|133-8}142.4 1467 1454 | /149-0) 1502 | 152-8 | 128-8 1480 146.2 |140.0|150-2 [146
Grading. A* AY A A*| A*] A¥| A* | ¢ 1 ' t 1 ! t 4 t t t ? t t t t ! ! d t t
Type of failvre. | B/s 8 | ®/s 8% | ¥s | | %%s 8/ss s | B |B® || s |e& || e | s |%s B | /s
30° 3a’ 60° | é4° 2 3 3
¥ APF*ox;w\at'e['é
TRIAXIAI-. TESTS ON ‘2“ DIAMETER SAMPLES OF SILURIAN CLEAVED MUDSTONE. } See Table. 5:6:,.
2 See Fig: Ti3:7q,
3 See Fig: 7:3:7f,
Tasee. 7A
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Test No. e L amly Jumfe | smly | erfo | amle L emfa]om)a | iamlu] vems | ismfe [ 1em]ufm]s [1am)y [ram]e | 2omfufeimfe
Type oftest, DS DS o¥ os | obs | ps | bps | s | ps | vbs | ps | ps | os | os | os ps | ps
Nominal 65 (s1)| 20 | 40 | 40 | 120 | 10 10 o $o | 120 | 120 | 1o 10 10 1eo 10 10
Ao e e || 25 | o4 | @F |20 |50 |80 | ®0) 80| 90 |80 |50 | o5 oy P
Q’; 41.0° | %0-9°| 40-9°| 38:3°| 4u.6’| 462" | 48:8°| 382 | 37.4"| 374" | 437°| 45.5°| 43.0°| 394’ 4667 | hb-t®
ﬁ; 0-860 | 0866 | 0-866| 0-787 |0.98¢ | 1-0u3 | 1180 | 0787 | O-765) 0.7865 | 0956 } |- 018 | ©0.933 | O-F10 1-05¢ | l-os¢
'/2( ) _ P.swy| 383 T760) 7601955 | 242 27.2| 3092|1295 | I86-0| I860| 23.2| 25°8 | 22-1 | 2042 278 | 27¢
%(5'+6)); (psw) 583 | 1160f tieof 3155 | 343 | 372 | 409 [20055 | 306-0 3060| 33:3| 35-8 | 321 | 3243 377 | 377
é,f (P.s)| 96:5 | 192.0] 192.0] 5110 586 | 643 | 717 |332.0{492:0] 492.0| 56-5| 61:6¢ | 54.2 | 5e¢:5 65-5 €55
6{;5 (P.s.n) 20.0| 40.0| 0.0 120.0] 100 | 100 | i00]| g0.0]|i20.0] 1200] 1000} 10 10 120 10 lo
(&Gv/Ae,); -0+123 0 |-0.038] © [-0.230]-0:260 |-0-30 |+ 0035 |+0.031|+0:048}-0.177|-0:087 |-0-160 |-0.-031 -0-85 |-0-33
XA (H,s[jlfz‘) 1300 | 129-8]189-9}129-0]128-2 |13%:3 |i32:3 }132-6 |I2<.A4}130-7 | I185.6|I24-8}i12%90 | (7S j32'5 |132.¥9
R4 VA 8+.0| @351 81I'S | g1-6 | g0.0| 0.0} 83-0| 83.5| £9.0| 740 625 | 680 175 | 18-S 88.5 | g9.0
n °/. a7 | 246 |25-3 | 2s.3 | es5.7| ee.8 | 2a2.4 | e32 | 256 | 24.3 | 273 | 276 | 264 | 26! 232 | 23.4

Effective stress &

S o I R R R A R R R A N A 2 | e
€, s T 07 | 104 | los | 12:43] Jo. | €68 | 9.93 | 1ol | 12.7 | 10.70| 10-07| 10:62] 9.52 | J4.10 g.33 | 7-79
€., % |[222|-207|-337 |-474|-088 |-0e9 |-0ak |7 | -5eaa|-ne3|- 177 |-2ee | =172 | -4ep0 ~0-26 |-0.25

O P T B0 e R o e e e e e

Ry S ] T I R T oS

"‘ﬁ;"(?ffé’ é‘”') “E’;gﬁ_) go 40 | 40 10 10 g0 30

h as':::s/f:es: 6;" ‘0:7 l.:mé a;qlo-s 3.?(\67 4;1%10"5 I.: IO-I* e.)‘(lo-3 l.‘.;(lomll’ 7.)(5[0-8 I;‘2|D_5 *;(‘15‘

Tl s ) 25 | 2 | 62 [eee| a0 | 3 | es | ss 2uu 32 | 2l

Ot failure (bsl®)| 1345 | 137 [ 1372 | 144.0]130.5 [ 134-8 | 1345 | 186.0 14w [143.9|129.7 1300|1315 | 14S0 133.9 | 1340

Grading. . F F F F F D c c D D D c F F F F

Type of Saclvee. |%5 | &5 [R5 |96 |26 | B | 86|86 | B [B/s |B/s|B/s |Bs| B 8/ |®B%

Note - ¢; correctad for mambrane elfects.

n
TRIAXIAL TESTS ON 4" DIAMETER SAMPLES OF SILURIAN CLEAVED MUDSTONE

TasrLe. 7B
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Test No. imlrg L ampisfsmhigt Amlis| smis empy | e [ gmive [ampig | romiis] am(s] venpis|i3mhshremligfismis
'IBPQ aj tesT. DS oS DS DS oS os | os oS DS | Ds os Ds | os DS DS
Nominal 61315 (P-S-\-\) 4o 1o 1477 kO 147 20 Yo) Soo |sooc]| 300 10 10 147 L&7 1O
Amia["zhzet ‘:irfr g-0 g o g o €0 g.0 ¥ o g0 0 29 ®. 0 g0 g O €0 e O féi%‘fg
;ﬁ;. bl 48.9 | koot | w27 | 394 | w52 |472 | 346 | 347 | 367|471 | 460 | 387 | 386} 4S-5
Tan ¢_} 0969 14 | 0-842] ©-923|0.821 | l-007 |I-08%0 | ©.690 | 0-642 | o045 |1.076 | 1'036 | ©-801 }©0-79% | 1:018

{ ) I
% (6,65 ); 50| q2.s | 325 leens| ss0|ase | so6| a0u| ese | cor [wnr | 2os |27 | 2ve | 2ve | 2e3

| [ i
{(é‘+£3)5 (Ps1)| 132.5 49.5 [ 414.5] 1259] 4o3 7061 39« | 156 | t1gl } 747 | 292 | 371 | 393 ] 393 | 342

1]
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CHAPTER 8

The Results of Tests cn Granitic Gneiss

(6:1) Compacticn and Sample Density.

The gradings which were tested arc given in Fig.5:6:2. The shape
of the grading curve below the 100 B.S.sicve was nct measurcd.

The 12" diameter samples of granitic gneiss were compacted in the
same way as the large samples of silurian cleaved mudstone.

The dry densities achieved with gradings H and J were similar and
quite consistent. The values were lower than for the mudstone but this
had particles of a higher specific gravity and different shape as well as
a grading containing more fines.

In was particularly difficult to produce g homogeneous sample with
this material beceuse of segregation., 4s with the mudstone the problem
was overcome to a certain extent, by adding fine material after the coarse.,
The voids between coarse particles were so large that one could hear finer
materiszl working its way down the sample without compaction. As a result
the lower portions of the samples always had lower porositics than the
Upper portions. This was scmetimes evident from the failure deformations,

The tops of the samples were always very short of fines and the
Junction between the top cap and the sample had tc be made up with small
uniform material at the circumference to prevent subsequent rupture of
the membranes.,

During ccmpaction a certain amcunt of particle breaklowr took places
This was most noticeable in samples of grading H but, to a lesser extent,
with grading J. It was expected that there would be little by comparison
with the mudstone because the particles were stronger and the shapes more
registant to fracture. There was, though, a similor amount of particle
fracture and this was probably due to two causes. Firstly, the grading
was deficient in fines so the particles probably did not bed so well,
Secondly, the material was tunnel spoil and hence had been subjected to
intense shock on excavation, The miero figsuring, due to blasting and
stress releasc, was therefure, part of the cause. The mudstone was also
excavated by blasting but this material was so weak on cleavage planecs
that most breakdown resulting frm micro fissuring during blasting probably
occurred during mechonicol handling.

The granite had a gnelgsose structure and there worce some weak planes
caused by bands of mica,

4s discussed in Section 7:1 higher densities were produced in the
trioxial apparatus than in the cedometers,

The sample densities after compaction are given in Tables 84, 8B znd 5C.

The densely compacted 4" and 14" dismeter gsomples had approximately
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equal densities which were about 10 1bs/ft. less than for 12" diameter
samples,
With the granitic gneiss the preblem of particles orientating, in

such a way as to prescent a plane of weakness, did nct arise.

(8:2)  Isotropic Consolidation

A1l the volume chanses measured during isctropic consolidation had
an inhercnt crror due to membranc penetration., The extent of this with
the groanitic gneiss was somewhat greater than with the silurian cleaved
muds tone (Seotion 7:2) because of the fewer fines in the grading. However
the resulting errors will be in the order of 2%,

The fines of the granitic gneiss did not form an adhesive paste as
the silurian cleaved mudstone did. The samples could therefore be satura-
ted very conveniently prior to ccnsolidation whilst supported by the
sample compaction mould.

Sanmples IIV/12 and 5V/12 show a greater apparent volume strain, for
a given stress for the sample with the greater maximum particle size as
also do samples 10V/4  and 21V/4 (Fig.7:2:2) and 2V/1% and 4V/1%
(Fig.8:2:2)

This one would expect for two reasons. Firstly, the contact forces
are 4 times as great when the maximum particle size is doubled. Sceondly,
the volume change due to membrane penctration would be larger with the
coarser grading, -

During the consclidation of gradings containing 3" material there was
consilderable audible evidence of particle fracture. It may well be that
the greater volume strain of the coarser material is due to reorientation
of the packing because a greater proportion of inherently weaker particles
shearing through rather than just yielding at contacts,

Certainly after a shear test there was ample evidence of particles
throughout the sample being sheared through,

The volume strains in the smaller samples were greater than those in
larger samples having the same ratic of maximum particle size toc sample
diameter and at a given stress. This may have been partly due to the
differences in porosity and the differences in membrane penetration
because softer membrancs were used on the smaller semples.

Loose material, of ccurse showed in each sample size, a greater
volume change than dense material for a given stress increment.

In gencral there was a large initial velume strain per unit stress
increase and the curve then flattened out with increase in stress. This
increasc in stiffness was to be expected because of the increasing

density of the packing and the lesser effects of membrane penetration,
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Sample SV/lZ wag initially ccnsolidated in the dry state. During
subsequent saturation at constant effective stress a further volume change
of 1205% occurrcd. This phenomens is discussed in Section T:2
Sample IV/lZ was also consolidated initially in the dry state. On
subscquent saturation a dilation of 80% of the previous volume change
oceurred. This is unexplained snd is thought te be an apparatus error

as no eovidence of dilation was ever found in any other samples,

(p23)  Shear strength

The relationshiy between the rate of dilatancy at failure and the
/
angle of internal frietion and the minor principal effective siress and ¢§are

plotted in Figs.3:3B and 8 :34 respectively.

(3:3:1) Shear strengzth of 12" Jiameter samples (draincd shear tosts ).

A serics of shear tests was porformed on gradings H and J. The
maximun confining pregsure for grading H wag limited to 150 p.s.i. because
of membrune failures. The capacity of the loadframe limited the maximunm
confining pressure 1o 450 pe.s.i. with grading J.

Dense samples of each grading had very high angles of internal friction
those tested ot low confining pressures showed a great tendancy to dilate
(Figs.8:3%:1la and b). This is in dircct contrast to the mudstone which
showed little dilation cven when dense and subjected to low stresses.

The angles of internsl friction for tests on grading H, at an assumed
relative density of 90% varied from 580 to 43O at minor principal effect~
ive stresses of 10 p.s.i and 160 p.s.i respectively.

Grading J showed 2 lower strength than grading H at low stresses but
o higher stroength at high stresses. The angle of internal friction varied
from 56'3 to 400 at minor principal effective stresses of 10 p.s.i ond
250 pesede

Over this range of stresses an almost linear relationship was obtained
on a semi-log plot (Fig.8:34)

Sample 12V/12 had & very low initial density, 107.8 lbs/ft. and it
wag sheared at a minor principal effective stress of 10 pesei. The stress
strain curve is plotted in Fig.8:3:lc, The maximurn angle of internal
friction was some 10° above that suggested by the rate of dilatancy at
failurc, The sanmple deformation wos so excessive thot part of it was
pressed against the insgide of the cell, thus giving rise to peculiar
volume chnnge characteristics and an aryoneous valve of ¢£ . If the peak
strength cecurred ot about 13% 5f axial strain the value of ¢£ was 47.00

. ) .\ R .
which was 2.4 above thnt suggested by the rate of dilatency at failure.
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(8:3:2) Shear strength of 12" diameter samples subjected to anisotropic

congolidation

Two shear tests were performed on samples of grading J after aniso-
tropic consclidation. Failurc was effected by increasing the stress ratic
by ralsing the pore pressurec.

Sample 18V/12 wag compacted to 84.5% relative density. Failure by
reducing the stresses gave an angle of internsl frietion of 5409O which
was about the mean for samples of grading J at 90% relative density.

Sample 19V/12 was compacted to 83.5% relative density. ailure by
reducing the stresses gave an angle of internal friction of 48.5O which
was 2.2° below the mean for drained shear tests on grading J.

With the foomer sample the rate of dilatancy at feilure was similar
to that cbtained by causing failure by increasing the stresses in a drain-
ed shear test with the same ratic of maximum porticle size to sample
diameter. With the latter sample the rate of dilatancy at feilure coln-
cided more closely with that for normel samples with the ratio Dd = 16,

A slightly greater angle cf internal friction would be expected from
a samplc failed by rcducing stresses. The effect on the angle of internal
friction of an anisctropic consolidation cannot be determined from these
testse Variations of up tc 1% can be expected when testing aessentially
gimilar rockfill somples.  Although sample 19V/12 had an angle of inter-
nal friction scmewhat lower than expected no definite conclusion can be

reached about the shear strength from this test.

(8:3:3)  Shear strength of 4" dismeter samples (drained shear tests)
(Sze Table 8B and Figs: 8:3:3a and b)

Samples 4" diamcter with grading X, alsc D/d = 4, compacted to 2

relative density of $3% showsed lower angles of internal friction than 127
diameter samples of grading H.

At confining pressures of 10 p.s.i. 2nd 80 p.s.i the angles of
internal friction werec 7O and 4.20 respectively below those for 129
diameter samples. This suggests that there is a particle size effcct
which is & maximum at low pressures and slowly reduces. It may be that
the shear strength is mainly dependant on two characteristics of the
particles, namely, thelr shape and ultimate strength in shear, Effects
duc to the former predominete at low pressures and the effects due to
verticle strength at the higher pressures, This is suggested because
of the reduced dilatancy and the lsage breakdown of particles at high
stresses, Smalloer particles should possess a higher unit shear strength
than large particles and hence give higher shear strengths at very high

gstresses., Smaller particles also tended to have more roundcd edges and
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this was esgpeeiclly noticcable during sieve anclysis of some of the lerger
material vwecd in 4" Jdiametor samples. Sieving for a prolonged period
rounded off the Jagged cdges of the material retained on the " B.S.
gieve. This "rounding off" must have ccoourrcd with all the matcrials

as the finer materinl was processced so many more times with — initial
blk sieving.

The major part of the materisl used in 4" diameter samples hed been
used before in tests on 12" diametor samples. It had, thereforc, been
gabjected to o considerable degree of processing.

In general 2ll the rates of dilatancy at fellurs, for any given angle
of dinternal friction, £2l1l on one of three lincs depending on the ratio of
particle size tc sample dicmcter (Fig.8:3B). The 4" diameter samples
of grading K which werc tested at low prcssures, tended to give rather
high dilatoncy rates for a given value of ﬁ This would suggest that the
particles were somcewhat nore rounded.

The results of tusts on grading L were contrary to those of all the
other semples tested. The angles of internal firiction obtained from tests
on grading K were higher at high pressures than those on the finer grad-
ing L. At low stresses the angles of internal friction were similor and
varied by about 1° at o minor principel effecetive stress of 100 pas.io

The relationship between the rate of dilotancy at fallure and the
angle of internal fricticn was bhe same for 4" and 12" diametor samples
with D/d = 0,

On a plot of ;éf against a at failure (Fig.8:3%A), these toests ga
paralicl lines with the finer material in 4" diameitcr samples having a ﬁ/

: 0 . . X .
volue about 5.5° below the coarser material in the 12" diameter somples,

(8:3:4) Shoar strength of 13" diometer samples (drained shear tosts)

(See Table 8C and Figs. 8:3:4a and b)

The l%“ diameter samplos showed a greater shear strength thon the 49
diameter samples but a lower strength than the 12" diameter samples having
the same ratic of particle size to somple dinmeter,

The angles of interncl fricticn, for samples of grading M, varizd
from 52.8O to 44.60 at mincr principal affective stresses of 10 p.s.i. and
80 p.za.i, respectively. The finer grading,grading O, showed higher
gtresscs In this case the angle of internal frietion varicd frum 530
to 59.30 at minor principal effcetive stresses of 10 pes.i. and 450 p.s.i.
The anggle of internal friction at the higher striss is only %C below that
of grading J at similar relative density (Fig.B8:34). At low stresses the
difference is about 50 . If 1t is assuncl that pision friction accounts

for between zero and BU of the pesak value oI ¢ff there is little difference
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between the results of the tests on 1%” diameter and 12" diameter samples,
the greatest variation being about 2% over the entire range of minor
principal effcotive stresses from 10 DeSedle Tt 450 pes.i. )

Differences in the angles of internal friction obtained with various
gradings of silurian cleaved mudstone are diseussed in Section T7:3:6.

It appears that a maximum particlc size of 4 the sample diamcter is
too great for the gradings of granitic gneiss and silurian cleaved mudstone
tested, For represcntative behaviour of the scil sample a ratio as low
as L/16 ig required. Nearly all the tests were performed using a ratioc of
+ or %

Gradings whica had D/d ratios of 16 in 13" diameter samples and 16
or greater in 4" diameter samples gave very similar angles of internal
friction when allowance was made for the various relative densitics, and
there seemed to be a unigque line on the plot of ¢£ against ( ifﬁyﬂﬁéi) for
D/d ratios above 15 (Fig.8:%7)

It would appear that the plot of the angle of internal friction
against the rate of volume change at failure describes the fundamental
rehavivur of various materials and different gradings of the same naterial,
At & given density the dilatancy decreases with increase of pressure. At
5 &iven pressure the dilatancy increases with increase in density. The two
effects combine to give o unique plet for geometrically similar gradings
with the same D/d ratio in various sizes of sample.

In Fig.7:3C the rate of dilatancy at failure is plotted ageinst the
minor principal effecctive stress. It will be seen that at low pressures
dense sand demonstrates a high dilatancy until the behaviour approximates
to that of loose sand at very high stregses. The M5hr envelops also tend
to converge at high stresses, which suggests that the curvature for dense
materials ig Jdue to the dilatancy. The dilatancy is governed by the
particle strength in comparison with the applied stresses. At very high
stresses particle breskdown occurs thus reducing dilatancy and giving
initially dense material a behaviour similar to that of loose material.

It will be seen that the silurion cleaved mudstone behaves very much
as a loovse sand in 2ll sizes of samples and 211 gradings. This is not
surprising considering the large breakdown of particles during shear.

The samples of granitic gneiss with the grester D/d ratio> plot towards
the dense sand limit, The lower D/d ratios plot further towards the
looge sand. This 1s consistant with the above becousc the contact forces
are greater in the matcrisl with the greater maximum particle size and more
breakdown cccurs,

The shear strength of the various sizes of samples is further

discusscd in Seetion 7:3:6
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The angle of internal friction is less dependint on the initial
sample density at high pressures than at low pressurcs.

The MShr failure circles for the grodings tested are given in
Figs.8:3C, 8:3D and 8:3H.

The slope cof the Méhr znvelope for tests on gradingsof H and J in
12" diamcter samples voried from about 600, at low stresses, to 350 at a
normal effective stress of 850 p.s.i.

The Méhr failure cnvelope for the 13" diemeter samples was very
similar a2t high stresses, to that for the 12" diameter samples.

The Méhr failure envelope for the 4" diameter samples was, in general,

the cquivalent of 3° of 4° below that for the 12" diametor samples.

8:3%:5) Snear strength of samples sheared under undrained condition
& 1.

Twe 12" dismeter samples of grading J were consolidated isotropically
and then sheared vnder undrained conditions.

Sample 16V/12 was compacted tc a dense state, R = 85.,0%, There
was only a very small build up of pore water pressure and a large deviator
stress was quickly built up. The stress path shewed no tendancy to turn
back on itself (Fiz.8:3:52), and a high angle of internal friction was
mobilised 2t high effective stresses, thus giving a considerable shear
strength,  The value of ﬁf obtained (46°) was somewhat higher than the
¢é corresponding to zero rate of dilatancy for drained samples (41 ). In
the undrained tests an average condition of no volume change was maintained.
The end sections of the samples may have consolidated and the central
portions dilated and thus a higher valuc of ﬂl was mobilised.

Sample 17V/12 was tested at the same minor principal total stress
but at o relative density of only 30%. In this case a large pore pressure
built up as the sample consolidated and although a high angle of internal
friction was mobilised, the effective stresses and hence the shear strength
were only about one quarter those of the dense sample.

Two further tests, on 4" diameter samples and using gradings with the
same D/d ratio, werc carricd out by Dr.B.Bros. Both samples were medium
dense. The first sample was consolidated to 75 pes.i. A small pore
water pressurc built up and the sample showed en angle of internal friction
of 41. 8° which gave & high shear strength because of the high effective
stresses, This value of ¢f was about 5 belew that of the denser large

sample nnd coincided with the value of ﬂf rate of dilatancy for samples
subjected to drained tests.

The scecond sample was consolidated to 25 p.s.il. and again a high
angle of internal friction was rocorded, along with high effective

stresses (Fig.8:3:5b). The angle of internel friction was somewhat higher
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than that correspending to zerce roate of dilatancy for samples subjected
to drained tests.

It would appear, therefore, that saturated granular meterial, subjec-
ted tu seismic shock, should be well compicted and the specificd relative

density may be bascd on the undrained behaviour.

(8:4)  Deformation

Some factors affecting deformation ere set out in Section T:i4.

(8:4:1) Deformation of 12" diamcter sémples (drained shear tests)

The axial strain at failure of 12" diameter dense samples of grading
H varisd from about 3% to 13% with minor principnl effective stresses of
10 pes.i nnd 150 p.s.i. respectively. (Fig.B:ﬁ:ln) Sample 12V/12, which
was very loose, had a somewhat grenter axial failure strain,

At low confining pressures there was a great tendancy fer dense
samples to dilate almost immediatcly that a deviator stress was applied.
Sauaple 11V/12 was sheared at a confining pressure of 150 p.s.l. and showed
littic tendancy to dilate,

The axial strains at failurc of 12" diameter dense samples, of grad-
ing J, varied from 3% to 16% with minor principal offcctive stresses of
10 pes.i. 2nd 450 p.s.i. respectively (Fig.8:3:1b).

Samples subjected to low stresses dilated strongly whercas those
which woere sheared at confining stresses above 300 p.s.i. consolidated
througshout test.

The axial failure strains are very comparable with those of donse
sand tested at similar confining pressurecs. The volume straing of the
granitic gneiss however, arc sumewhat greater, This is not surprising
though becausc of the fewer interpirticle contacts and the vastly greater
interparticle forces in the rockfill, It may be ncted that the values
of i{ for the ruckfill are substantially higher too.

For similar initial densities the axial and volumetric strains were
slightly smaller with the finer gr:ading.

Abosut helf of the samples failed by bulging. In some coses bulging
ovccurred in the top half or two thirds only and was 2 sign of 2 non
homorencous sample. Those smmples tested at high pressures subsequently
failed nlong a shear plane. This mey be the reason for the premature
peaks recorded with sanples 7V/12 and 9V/12.

ample 12V/12, which was very loose, also failed by shearing along o

plane,
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(8:4:2) Deformation of 12" dismeter samples subjected tc anigotropic

consclidation

Sample 13V/l2 was compacted to a dense state, using grading H, and
then consclidated anisctropically. 4 lineer reletionship was obtained
between axial strain and deviotor stroess. Samples 18V/12 and 19V/12,
with the finer grading J, also showed a lincar relationship between axial
strain and deviatcr striss though the axial strain required for a2 given
deviator stress was somewhet less (Figl.08:3:2).

At the end of the Ko stages in semples 18?/12 and 19V/12 failure was
induced by increasing the pore water pressurc. There was an immedinte
reduction in volume strein and o great dilation in each case. Eventually,
the failurc in cach case was by very slignt bulging.

The linear relation between él and leviater stress may be compared
with thuat for the silurian cleaved mudstone where a definite stiffening of
the sample occurred with increase in stress.

It mey be thet the fines in the granitic gneiss samples play little
part in the strength or deformation at low strains becouse therc are so few
of them that they do not fill the voids. As a result there is only
compression of the contacts between the large particles and the deforma-

tion of the particles themselves.

(8:4:3) Deformation of 4" diamcter samples (droined shear tests)

ALl the gradings of grenitic gneiss were su permeable that fully drained
conditions existed at an axial strain rate of 8% per hour, even with
grading Q. All the samples were therefore tosted ot this rate of strain.

The axial strains at frilure incresed with increase in minor princi-
pal effective stress. at o cenfining pressure of 10 pe.s.i. the axial
failure strains of samples compacted to nbout 90% relative lensity ond
and of gradings KX,L,N and P varicd between 4% and 5%. At a confining
pressure of 80 p.s.i. the axial strains at failure incrcased and varicd
between 7% and 8%,

Loose samples had considerably grester failure strains. Some dense
samples, as IIV/4, also hed large axial straing o failure. This was
probably due to the sample construction. If the majority of fine material
migrated to the basc failure oecurrcd almost wholly in the upper portion,
which deformed cunsiderably.

This variztion in porosity thoughout samples probahly accounts for o
lot of the seatter in the test results.

With most gradings which are short of fines ther will be different
porositics operntive at different stresses, Comparisons need to be nade

‘with the strueturcsl porcsities rather than the actual porositics.
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Initially, the fine material sits in the voids and contributes nothing to
the strength of the grading. Only after deformation and breokdewn of
the skeleton cceur do the voids £111 up allowing the finer matericl to
play its part in resisting fursher defermation. At low stresses,
therefore, the finer materinl may not contribute anything to the strength
of the grading.,

In general the shape of the stress -struin curves was very similar
for 4" and 12" diameter samples. The stress-strain curves were not flat
topped after the peak deviator stress had besn attained and at low
confining pressurcs the peak lcad drcopped off quite rapidly.

A1l of she 4" dirmster samples foilzd initially by bulging followed
by the formation of a sheqr planc. In general, the shear plane was more
of o shear zcne about 3" thick inthe 12" diameter samples and proportion~

2lly smaller in the smeller somples.,

» - . 1 N
(854:£4) Doformutbion of 15" dimeter samples (drained she'x tests).

(Seu Pigs.B8:3:40,b 2nd ¢).

Dr=zinsd shear tests wore carried out on l~” diamcter samples, using
gradings M,0,P nnd Q (Fig.5:6:2).,

Again the axial strains ot fallure were of the same crder of mognitude
as these in 4" diameter and 12" di=meter somplos.

Samnle YV/l%y of grading 0, was sheared ot a minor principal effective
stress of 300 p.s.i. The deviator stress fell off rapidly after peak and
this wos accoupanicd by =2 dilatie

Samaple BV/l%-of grading 0, was sheared 2t 2 minor principle affective
stress of 450 p.s.i. The stress-strain curve,like that of the 12"diameter
sample, which was shearcd at the same stress, was flat topped after the
peak, 4 very slight dilation was shown by the smell sample.

The 13" diameter snmples, which were sheoared =t low pressures,failed
by bulging and subsequently aloung o shear planc except for the two samples
of grzding Q, which failed by bulging (Fig.8:3:4c).

The two samples, which were sheared ot confining pregsurcs above

300 pes.i. failed by bulging.

(8:4:5) axinl iceformation of samplos shearcd under undrained conditi:ns

(Sue Migs.8:3:5a and b).

Twz undrained shear tests werce perfermed on 12" diametor samples of
grading J (Fig.8:3:52). Grading J was used rather thon grading H to
minimise the effects of membrane penctraticon on achieving an undrained
condition because of varistions in the pore water pressurc.

Sanplse 16V/l2 was conpaeted to o densc state mnd reachcocd its peak
stress ratic at & smaller axial strain than 17V/12, which was looscly



229

compacted.,

A further twoe tests were carricd out on 4" diameter samples of grading
L. The first test was censolidated to 75 pe.s.i. and the second to 25 p.s.dl
Both reached their perk stress ratics at cbout the same axial strain
theugh the offective stresses were twice as high in the first sanple.
(Fig.8:3:5b)

The axial strain at failure of srmple 16V/12 was slightly less than
that of the 4" dizucter sample at the equivil.nt pressure. The larger
sample though was at o slichtly greater relative density.

Considering the differences in the relative densitics 2nd consclida-
tion pressurcs of the 4" and 12" dismetcr samples the behaviours wers very
gimilar,

The stress strain and volume stroein curves were romarkably smooth
congidering the type of materisl being tusted.

This is Jiscusscd in Section 9:4:1.

(8:4:6)  Velumetric strain and devistor stress

An approximately lincar relationship was found betweesn volumetric
strain and deviator stress, from the origin and almest to the peak deviator
stress, for all the samples of granitic gneiss which were testoed.

12" dismeter samples of grading H anl 4" dicmeter samples of grading
K (D/(1 = 4 in cach case) followed the same poth, until peak deviator stress
in each sample size betweesn volumetric strain and devistor stress irruspec~
tive of the valuc of the minor principal effective stress (Fig.8: 3:1a and
Fis. 8:3:3a),

The volune stroin-devistor stress curves fur the Ko tests during
anisotropic consolidation were algo straight lines (Fig.8:3:2). Thisg is in
coittrast . to the results obtained with KO tests on silurlan cleaved mud-~
stone (Fig.T:3:4).

The sumple mambrances probably had a more adverse effect on the volume
changes of the granitic gnelss simples becouse of the smaller proportion
cf fine materisl available to £ill the veids,

The effect of membrane penctration is to apply too great an axial
strain and hoence an excessively high mnjor principsl effective stress.,
Beecause of thisg too small o velue of KO is recorded 1n the initisl stages

»f the K teste,
O

(8:4:7)  Croop.

4 certain anount of creep wos noticed with granitic gneiss samples

during isctroepic consolidation and after completion of the shear stage.
In gencral, the same rewarks apply for the granisic gneiss ag for the

silurian cleaved wudstone (Suotion 7:4:9).
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The initial consclidetion was somewhat fastor with the granite than

with the silurian cleaved mudstons.

68:4:8) Onc dimensicnal compregsibility

Threeo Ko tests were carried cut to determine the value of KO and m

.

Sample 13V/12 was made up using gradH. Aslight cffcet, due to over-
consolidation, was noticed during the initial stages of anisotropic s
consolidation. This effect is partly due to the sample compaction and
partly t. exccssive membrane penctration (Fig.8:4:8a).

Samples 18V/12 and 19V/12 (Fig 8:4:8b and c) were made up, using
groding J. & very nearly linesr relation was found between the axial
strain and the major principal cffective stress for each sample. The
axial strain for a given stress was approximately the same for both sanp-
les, which had very similar densities, and was about 60% that of sample
15?/12 with the coarser grading and slightly lower density.

The value of Ko varicd from just under 0.2 at the beginning of loading
to Just over 0.3 at major principal effective stresses =bove sbout 200p.s.i.
It was thought that this low initial vslue was duc to errors in maintaining
2 conditicn of zero lateral yicld because of the volume changes due to
membrans penctration. Ag buth the coarse and the fine gradings demonsg-
trate this property though at similar strosses there may well be anothor
gffect due to compaction.

The sccant valucs of m for gamples 18V/12 and 19V/12, were similar
end fairly constent over the limited range of stresses at which they were
tested.

Sample 13V/12, with a coarser grading, was somewhat more compressible
and showed o pronounced ¢ffect dus to overconsolidation in the initial
stages (Fig.8:4:84).

The samples of granitic gnelss were less comprossible than those of
the silurian cleaved mudstone with comparable particle sizes and relative
densities (Fig.T:4:10h).

The average value of K for the mudstone (0.45) was scmewhat higher
than that for the granite (0.35). The KO remained sensibly constant at
higher strcsscs and ¢£ decreased with incressing stress. The sinple
relation KQ w 1 -~ gin ¢’, did not therefore, hold at all stress lcvels.
However, if the value of § " at constant volume (41°) is substituted in the

abeove equation there is o close agreement with the measured value of K

(8:4:9)  Porticle breakdown

The genercl comments cn the particle breakdewn of the silurian cleaved

mudstene set cut in Seetion 7:4:11 alsc apply to the granitic gneiss,



231

The extent of the breakdown of the granitic gneiss particles during
bulk sieve analysis was not 2s great as that for the mudstonc. There
was a noticeable rounding of the edges of granitic gneiss particles which
were subjected to prolunged sieving cn 12" diamcter sieves..

The breakd.own of particles under 2 varticular stress system on first
wetting and which was demonstrated by the velume change con saturation at
constant stress was not as great with the granite as with the silurian
cleaved mudstone,

On wetting the surfacce 2f the material the strength is reduced. The
contact points collapse so that a greater area, commensurate with the now
strength, tronsmits the load. On subsequent drying there is a return to
the original strength but no expension at the contact because the collapse
wag dus to fracture rather than zlasticity. Therefore, as long as the
packing and particle contacts remain unchanged there is ne further deform-
ation on subsequent wetting. However, i1f the material ig dried and the
packing of the particles reconstituted there will agein be further deform-
ativn on wetting.

There was no tendancy for the fine materinl to adherc to larger
particles or to ball when sieved in the dry state.

Arclute comparisen of partiele breakdown in the varicus gradings and
gample sizes and undor varicus stress conditions were particularly diffic-
ult. In general, though, the breakdown increased according to the factors
listed at the end of Sccticn T:4:11.

The pnrticle breakdown at hizh stresscs was very considerable and can
be judged from the photcgraphs in Plate 6:1:1B.

The increase in breakdown with stress for 12" diamcter samples of
grading H is shown in Table 8:4:9z. The incrcase in the percentage of

material passing each siceve is given for samples 5V/12 and 11V/12.
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E.S.Sieve Initial grad- | Increasce in weight of material passing cach
ing % pass- sieve (%)
ing.
Confining prossure Confining pressure
10 pes.i. 150 p.s.di.
, 3" 1no 0 'y
1k 53.6 9.6 17.6
2 27.1 Te7 1645
& 14.1 5.2 13.2
3/16" 8.4 4.0 10.4
No. 7 6.1 2.8 i 745
el 14 4.8 2.1 ; 5.7
NoW 25 3.4 1.7 ; 4.1
N .52 2.2 1.2 E 2.8
No,100 1.4 U8 | 1.5
= =351 | 79.3
mean = 3,5 ! Te9

Table 8:4:9a,

The increase in breakdcwn with stress for the 12" diameter samples of

grading J is shown in Teble 8:4:9b,

B.S.S8ieve (Initial grad- Increase in weight of materisl passing each
i§§b% pass- gieve (%)
= 10 p.s.i. = 150 pes.ei. | = 450 p.s.i

1in 100 v 0 (]
2n 53.6 5.8 13.8 21.0
gn 27,1 5.1 14.7 23.2
3/16e" o 141 42 12.7 20.9
No. 7 | 8.4 3.2 10.3% 18.7
No .14 6.1 2.3 7.8 14.5
N .25 4.8 1.5 54 10.5
I . 52 344} 1.1 3.7 7.2
1 . 100 2.2 0.7 244 449
o= 2549 70.8 120,9
mean = 2,7 7.9 1%.4

Table 8:4:9b.

The sample permeabilitics recorded in Tables 84,8B and 8C scrve only as o

general guide and the higher values probably reflect the permoability of

the

arnar tus,
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cms |sec. X0 X 1072 X |0~
mean stress for above
Y3 (Svee)) sy | 80 | 4O
R after test LI EL
cms/sec. X0~ X 10
madvn 31 eSS Jor aligua
V3 (d/'+2e3) (Ps.1)
P a*:cu”vﬂ(“%]ﬁ}) 1330 | 1283 13¢4| 1295 {134.3 | j27.2 |139-3 139-8 | 129-3 |135-8 | 1116 132:0 130-6 | 111.0 | 12501 12541
Brading.- H{H|H|H]|T[T|T|T]|T|T|H|H]IHI]H T T 7| T
. B ) B [top ® ) B Slight | slight
Tlﬁ?e_ OS« Sonkurg, B B top 3/3 at tep 5;"\\'8 B/S & B/S B 8 /5 B top 2/ =) B é
*
1 | ! [
% Rasult by accternal loadcel|
Sce also F\S.
| Failure defined as max
n
TrRiIAXIAL TeEsTs onN J2" DIAMETER SAMPLES OF GRANITIC GNEISS

i
o

6,

TasLrLE,

8A




as5é

Test No, lV"f 2V/1r 3V}‘r 4—\//1& 5V/9» 6V/’r '7V/4— BV/I;- ]OV/Q— llV,# lal//k- |3Vfl,\. ]l,.\dl,. jsv/q. |'1V/q 18V]4 IQV/Q— EOV“ 2,\/[4. 22\//@. 23\//4_ 294//(,_ 25\//1,. 25\/{(‘_
T%Fe. o& fest, psS S Os DS oS Ds DS (BN Ds s DS Ds DS Ds DS oS DS Ds DS DS s DS Ds oS
1 .
Nominal €5.(.s1) | 10 | 40 li2zo 100 | 10 | to |00 |ico | 30 | go | o | go | 10| o |90 |4 |10 | uwo|ec| 0] 06 |uol o] 50
Docia train 8
< ‘:/,f;"*;: 8 2 8 8 3 3 B 3 3 2 8 8 8 3 8 3 8 8 3 3 8 8 38 8
! o o ° . ° o ¢ ° ° 0 a0 o 0
QI;. 509 4507 w5 w0’ | 4787 | w740 39.4°| 4197 #2.3°| 44.5°| 50-8°| wo8°| 5.8 s2-0'| wiw®| w1¢°| 43.0 yro°| 32.4°| 4s2° | 425°| 43.3° | 50.0°| wo2’
/ .
_r“" ¢§' 2320 [c003 | D-ggs| 0.8} I-102 | lLog8|0-822]| 0.898 | o911 | 0984 ] 1:227 } 0.927 ] |.270| l-290]| 0.983| 0-.889 | 0.934]| 0.87¢ | 0w22 | ).002 | 1-130 | o944 | 1-192 | o0.285
X 5’-—5)' (p.s.)
g ] a/f Y] 356 | 9g.0]23¢5]191:0] 2985 | 22.0 | I"T4.0] 200 | Ils4:5|i88.D| 35.8 | 1692-8] 3g.0]| 38.8 | 157-0] 8O 22.§ 778 11393 | 255 3.0 878 | 34t | 1%6.0
L2 o] D
é(é. *6‘3\)5 (p's"'/ 45-6 | 138-0[35%5[291.0| 39:8 | 32-0]274.0| 300 |2u4.5 [269-9| 45.9 | 2493 | 42,0 | 3.8 |237.0]120-2| 32.5 | 178 |2192 | 355 | 4o {1279 | 444 | 2260
1
d £ (R 9-‘) 8l | 236-0] 589.0] h32.0| 695 | 63:-0 {448.0| 500 | o> |[487-2] 816 |4i185 | g¢.0 | 876 | 304.0| 200-3] 55.0 | 1956 | 3535 | 410 72.0 {2167 | 78.8 |372.0
]
6)3. $ (P-S~'-> 10-0] 40.0}i20:0}i00.0 10«0 | 100 | 100:0] 100 g0 80 0.0 80.0 10:.0 100 g0:0 | #0.01}] 10:0 4o0.0 g0 lo.0 lo.0 Lo O} (g0 g0-0
(JEV/A €,>§ -0.568 |~ 0-.225 o o ~-068%]|-0.50]|+0.097 O -0+ 061]|~0.082| -0.55 (o} -0:.76 | -0:76 o o -0.252 | -0- 064 o ~0+85 |-041 |-0.23 {|-1-00 |-0.1!
3
)/J (“J'S[ﬁ) 1216 J122. 1185111601160 1125 | 113.8 118.-9 jigj.2 | 120\ ne:o | 10 222 f{24.0 Jias7 {1072 [103.5) jog0 | -2 |/io-2 116:9 § 114 o [109.6
O,
Ra /o 10| 925 | 840f mos| 705 | 6lo) éws | 845 | 905 | 880| w80 | go2 | 92.5| 945 | 622 | 535 | 30| wms | ses| s30| 905 | es5 | 73S | 510
o L]
n //o 264 | 26:0] 29.3a]| 29.¢ | 29.4 | 31| 3t2 28 | 266 | 273 | 298 2921 26-9| 250 | 31-9 | 35 | 373 | 346 | 326 | 333 | 29.3 | 30.9 | 284 | 237
EfSective steas
bf‘fen mmsw\nsg(f..s.l) |-2 1-2 1.2 1-2 12 12 1.2 .2 e 1-2 b2 -2 -2 12 -2 -2 1°2 12 1.2 j-2 1:2 -2 |.2 -2
€| £ o/o k.35 6-84 | 12.22 | 11-51 L-96) 6:35 | 8.23 | 10«44 | &84 | (103 | 670 876 | &02 | 498 e 9.39 3.-07 9.97 2.29 ] 623§ w.oo] 675 | 4.39 | 10419
Ev_/, % |15 (003 [-2.53 [-2e06 |vo.us [+1-76 |-3.72 [-g.c6 [-1-61 [-2-10 |2y [-227 [«150 12:69 |-3-84 |-2.3) | +0-17 | -2:39 |-2.95 | +1:32 | +2.20]-0:39 | +2.77 | -2-4¥
[ " i “ " » » o " " " " " n . AS . Y " o v " “ - ” .
Membmr\es- 0.050' | 0v080 0: 050 |0:050 |o.050 [o.-050 |0:050 jo.050 |o.050 ©:050 0.050 10.050 |0.052 |o.050 Z,Z;«‘ \:.:lsoo" ©:06D ]10.050 | 0,050 {0050 lo.050 |o.os50 |0.050 |o.a5D
R beSoce Yest XN B B B 5.8 _ ~ 32 78 55 e
ems [sec. £10 X |0 x16 | xi07? x10°> ~ £15° ] 107 Ao xm_z
mean stress sbove
J5(6i+263) (rsuy 1© | «O | 120 |00 | 10 il I o
R after test R D 3.7 _,|3a 2.5 4.8 3¢ e-2 _z|rl _3
cms |sec. X0 ") x|o~ X110 Xlo~ X|o'3 £\o Fare) X 10 X110
maan Strace for aloue
73 (8/+24)) (Ps)| es 9l 21k 1S%7 19 19 16 | 139
B{J od’gallme ((bs]&'t;) 218 | 1260} 1222 11235 | 1147|1119 }Ipe.8 |127-7 | 123.6 |128.5 | 6. 125:0 1120.8 {1222 | |1245 ) 1163 }io5.5 | 11s.5 70 11094 }i4.Q J1177:2 } 1iIS.O | |I15-4
Grading . K|« | K L L | L L K | K | K K | K| K | K K1 K | L L | N N N | L Pl P
Tgpe of failure, B/ B/ IB/s | By |8/ 1B |8 |B/s |B/s | O/ | ®a | B | 8/ [8/s |B/s | B [P/s [B/s | B/ B)s | 8/5 |8/s | B |B/s
¥ ¥ 3 ¢ 2 2. 2.
NOT&: ¢; Corred’i’_& Sor mambrar\(_ egged‘s. */ Deifn;fc fcak r\oT aH’a;neg
? Di'(cfl'on o} s)'oear ?lamc
Ck&r\%td Jur'm% test,
n
TRIA% 1A L TESTS ON 4— DIAMETER SAMPLES OF GRANITIC GNELSS, 2, Samples  subjected T heavy

Comepac h‘cn .

TasLE .

g8




257
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The Results of the Tests on Chert

The type of frocture which sccurred with the chert precluded the
possibility of using the fine matsrial to produce scaled gradings. As &

; . . 1 3 . 3 3 .
result, only two uniform gredings were tested, 13" - 4" and 3" - 3" using

12" diameter samples.

(9:1) Compnction and Sample Density

The usunl method of compaction, using a Kango Hammer, was obandoned
and o hnnd tomping tool wos used to compnet wetted material.

Similar densitics were uchioved with both sizes of chert. The
densitics were very low but this was to be expected from a coarse material
of single size particles. Insufficicent materinl was availabls to determ-
ine the density limits but the densities achieved were prob:bly towards
the moximum (Table 94).

No particle breakdown was apparent during comp:iction.

(9:2) Isotreopic Consclidation

Thu volume changes during isotropic consolidation may have a lorge
error due to membrone penstratlion beciuse of the large single size material
tested.  Membrones §" thick were used to contain the samples of the finer
grading ~nd 3/16” thick to contain the coarser grading.

The velume strains of the coarser material werc twice those of the
finer material for any given pressurc. However, a volume strain of 4%
is only equivalcent to an avercge membrane displacement of 1/10"; It is
euite pussible that the volume strain of 4% shown by sample 110/12
(Fig.9:2) was in fact largely attributable to the membranc penetration
between the particles. It is felt, therefore, that the velume strains
measursd during isotropic consolidation were not representative of the

behaviour of the material but rather a measure of membrane penctration.

(9:3)  She.r Strength

The contact forces between the chert particles were prebably much

greater than these of the silurian cleaved mudstone or the granitic gneiss
for a given maximum particle size and applicd zffective stress Wwecouse of
the uniformity of the material.

There was o very lorge incrense in doviator stress for = vory small
axlal strain and particle fracture was audible at all stress levels though

more particularly as the peak stress was approached ond passad.
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The material showed a powerful tendancy to dilate and the relation-
ghip betwesn the angle of internal fricticn and the rate of dilatancy nt
failure was almost identical to thut of the granitic gneiss (Fig.8:3B).

It will be noticed that again this plot showed two separate behaviours
for the two ratios of particle siwme to sample diamcter. There did not,
though, appenr to be any difforence in the angles of internal friction
betwoen the twe gradings. Samples 4C/12 gave o high angle of intern=l
friction and had ~n incongistent rate of volume change..

The mean angles of internal friction for both gradings were identical,
varying between 50.0O and 40.5O at minor principal effective stresses of
10 pes.i. and 80 p.s.is

Bishop (1948) carried out a serics of testes on Chesil Bank pebblcs;
having a grading between 15" nand £" in a 1 foot square shear box. In the
dense state nnd at low stresses they showed an angle of internal fricticn
of sbout 46”7 (Svetion 3:5 nnd Figz.3:5:1).

The Chesil Bank pebbles had o lower angle of internal friction than
the chert ond this was probably becausce they were rounded whereas the
chert was rather tubcercus and interlocked somewhat more. The pcbbles
were also tested in a shear box which might give slightly lower values
than the triaxin~l becausce of the boundary conditicns.

The well graded Heathrow, Thames Valley gravel demonstrated a similar
angle of internal friction (50O at a porosity of 26% and a normal stress
of 2 tans/ft{z) to the choert at low stresses. Thisg mny well be becruse
of the increased number of particle contacts and hence amaller inter-
particle forceg and increased dilatancy.

The gtresg-gtrain curves for the tests on chert are plotted in Figs,
9:34 and 9:3B,. The saw tooth naturc of the deviator-stress axial strain
curve is the result of particlc fracture. It appeared, especially with
the ccarser grading, that, at times, the full deviator load was being
transmitted in one particular planc by only a fow particles (probably less
than 45) some of which would suddenly brook. The load cell measuring the
devintor load was a very stiff slement, and the resulting deformation o
the sample wag not taken up by o relaxation of the testing machine either,
and 80 a large reduction in deviator gtress cccurred for o fow sccendse
The reaction time of the electronic circuit was too low to be able to pick
up the mininum value to which the deviator stress dropped. The resulting
volume change did not appear to effect the constant cell pressure.

The rate of dilatency at failure for a given minor principal effective
stress is plotted in Fig.9:3. Both the gradings of chert behave more as
a looge sand ot high stresscs and o dense gand at low stresses nd this is

probably because of the uniform grading and the resultant particle breakdown,
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(p:4)  Deformation

Some of the factors on which defermation depends arce set out in
Secticn T:4.

The axial strains at failure, for the fincr grading, varied between
about 5% and 12% at miner principal stresses of 10 p.s.i. ond 80 p.s.i.
respectively. Very gimilar rosults were obtained for the conrser grading
(T=blc 9A and Figs.9:34 and 9:3B)

Except for sample 110/12 all the samples dilated during shear at

minor principal offective stresses between 10 pus.i. and 80 pls.i.

(9:4:1)  Volumetric strain and deviator stress

There was = feirly linear rclaticonship between the volumetric strain
and the deviator stress up to about 75% of the peak deviator stress. As
with the conrser grudings of granitic gneilss all the samples followed a
similur path up to about 75% of their penk deviator stress irrespzctive of
the minor principal effective stress (Figs.9:3A and 9:3T5)

The large dilation which sccurs after the peok deviator stress is

most approrent on this plote.

(9:4:2)  Creep
Buring isotropic consclidation the volume change, on applicaticn of
an increase in stress, was almost instantancous and no creep was nuticed.
However, at the end of the shear stage the deviator load quickly
reduced when the applied axial deformation was stepped. At this stage
though the material was no longsr solely rounded, tuberous bodics because

of the particle breaklown (Section 9:4:4).

(9:4:3) One dimensional compressibility

One Kb test was carried out to determine the values of KO and m_e
Tha 12“ - §" grading was used to minimise membrane penetration,

An almost linecar relationship was found between axiszl strain and the
major principal effective stress.

The secant valuc of m is plotted for varicus major principal effect-
ive stresses in Fig.8:4:8d. There was an increasc in compressibility up
te a value of 62 = 400 p,s.i. This initinl curvature was demonstrated
by virtually 11 the samples subj.cted to anisotorpic consclidation and
it was thought to be due to the effcets of compretion. This initiel hump
in the curves (Figs.T:4:10h and 8:4:8ad) was especially evident on the
samples of uniferm gradings ond thosc containing 3" particlese

The sccant value of m remainsed reloatively constont from A: =

P h'a
400 pesei. to &, = 900 p.s.i.
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The value of K{J obtained increased with pressure but it is probable
that the initial variations were due to membrane penctration and the value
wos 0.53. This value is somewhat highor thon the average for mudstone
(0.45) and gronite (0.3%).. The simple relation, K =1~ sin &% , docs
not hold rs ﬁl decrenses with increasing strcss. ‘If ¢ at constont
voluane (4(0) is substituted in the 2bove eguation 2 considerably lower

volue of ¥ is predicted (0.36).

(9:4:4) Particle breakicwn

The silurinn cleaved mudstone and gronitic gneiss particles tended to
break int, shope# Similar to the original body and further fines were
vroduced by the crushing of contacts,.

Thne breskdown of the chert was of a different nature, The particles
were smooth surfaced nnd tuberous and hence brenkdown of the contacts did
nct cccur, Instead; o lorge cmount of strain cnergy was stored up in the
particle until it burst into several concoidal bodies and numerous razor

A

sharp splinters. A8 result of this form of brecddown the matericl ecould

o

not be scaled,

The sudden bursting of the particles was responsible for the saw
toothed character of the latter ports of the stress-stroin curves.

The dbreakdown of the 14" - 2" grading, with stress, is shown in
Table 9:4d:4a,

3.S. Sieve Initizl grading Increase in weight of material passing
% passing cach sicve %
} ’ } ’
06; =l°;‘;80i%=20£).S.i'o '%=40p.s.i. éz"‘:aopoS-io
1L 100,79 0 o 0. 0

P 0 742 12.4 20.1 26,5
Zn 1.1 1.7 349 75
3/16m V.6 0.7 1.7 3.2
No. 7 | 0.4 0.9 1.7
N’U.l4 0.6 l.o
mean = 1.49 2.53 4.53 6,65

Table 9:4:ide

5 v i . s . ) . e Qe
The breakdewn of the 3" - g" grading with stress is shown in Tablce 9:4:4w,
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!
Initicl grad- Increose in weight »f material passing each sicve %

B.S.Sicve :
ing % prssn
T =2 &, =10p.s.1 6:=80p.s.i.|Koto &, =450p. 5.1
- ? & =99Tp.5.1
S 100,0 0 0 0
B" 15,0 1.7 9.5 18.6
3/16" 2.8 -N.8 2.6 €.3
Nol7 0.5 2.1 3.3
No.14 0.3 1.0 1.7
H0.25 0.5 0.9
No.52 063 Je5
No.100 V.l 0.3
- - 1.7 16.1 31.6
mean = (.21 2,01 3,95

Table 9:4:4b

About three times the amcunt of breakdown occurred in the conrser

grading ot equivalent stresscs.

The genersl factors affecting particle breaicdown nre set out at the

end of Scetion T:d:1ll,

The permeabilities of the samples were so high that they could not be

measured with the apparatus avallable at that time.
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CHAPTER 10

CONCLUSIONS

(10:1)  Consclidaticn

The primary cbject of the rescurch programme was nst to study conso-
lidation. Membrance penetration played a noticeable part in those stages
of the tésts in which éﬂ was varying.

The apparent volwne changes during isotropic consolidation of dense
samples of gilurdinn cleaved mudstonc, gronitic gneiss and chert were as
large as or greater than those of loose sand (Figs.7:2:1, 7:2:3, 8:2:1
and 8:2:2), Lowse sand showed 2 greater volume change for a given mean
effective stress (%( 6:4- 5;+ éé‘D) when subjected to shear stresses
(from test data given by Skinner and Bishop 1966). The granitic gneilss
also showed o greater volume change, for a given mean effective stress,
under anisotropic stress conditicns but this effect was not so apparent
with the silurian cleaved mudstone. as expected, denser material under-
went o smaller volume change for o given opplicd effective siress,.

If a rockfillpc notter how dense, is compacted and consolidated in
the dry state it will undergo, whilst subject to constant effective stress,
further consolidation on first wetting., With the mudstone this was very
substantinl, varying between 49% and 211% of the previous apparent volume
change in the dry state. (Fig.7:2:1). This phenomenon wns less marked with
the granitic gneiss, 30% being about the meximum end this figure was con-
firmed by tests in oedometers (Pigeon 1969). The minimum average moisture
content required to prevent this sudden collapse on wetting was about 5%
(this moisture content may well voary for other meterinls) for the mudstonc

(Howkins 1966). It is, therefore, nccossary to keep a rockfill embank-

ment wet during construction in order to minimise post construction -
settlement,

(10:2)  Sncar Strensth

There is a very merked curvaturc of the MOhr failurc envelope for

densely compacted rockfill, Por the siluriten cleaved mudstone ﬂé reduced,
from about 50O to 540 for values «f éé from 10 p.s.i. to 500 p.s;i.
respectively. For granitic gneiss ¢£ reduced from about 60° to 400 over
a similor stress renge (Figs.7:34, 8:34). This demenstrutes the import-
ance of testing representative material at the relevant effective stresses.

The angle of internal friction dupcends on the ¢fiective stresses and
the particle shape and strength. Materials obtained by blosting are

generally zngular and irresulsr, At low stresses, thercfore, many quarried



273

materials demonstrate high angles of internal friection beecruse of their
irregular sh:pa. 4t high stresses the conticts fracture and therce is a
reduction in dilatancy, which is thon mainly governcd by the partiele
strength and overall shape. Donscely compacted, uniform gradings of rock-
£fill ot hi.h stresscs, and / or weak material, have dilatancy character-
istics similar to those of loose sand (Fig.7:3C).

For practical purposes there secms to be little significant varia-
ticn of shear strength with seomple size if geometrically similar gradings
are used (Figs.10:2:1, 10:2:2),

Horne (Skinner 1969)% derived a theoretical relationship between ¢Cj,
andwﬁﬁa for triaxial conditions cn the assumptions that the particles did
not roll or crush. This relationship is plotted (Fig.10:2:3) with the
results of the itriaxial tests on roekfill =and data obtained by Skinner
from shear box tests on spherical materials. The theoretical relationship
did not describe the behaviour of the spherical materials or the rockfillal-
thorgk #ls imconsistent in the latter case becaﬁse of the particle break-
down. The difference in the value of ¢C1f for the sphericoel material
and the rockfill clearly domonsgtrates the effect of the particle shape
on the angle of internal fricticn.

The angle of friction between the particle surfaces dces not scem 0
play a dominant part in determining the angle of internal friction. A
very similar value of @i wos obtained for cach material (chert 407,mud-
stone 41O and granite 410) although ¢/w varield from 11.5O tc 360. Bagalt
and metavolcanic rock als: gove o value of ¢gﬂ of 410 (Fig,10:2:4). Other
tests on rhyolite obtained by ripping and blasting agoin gave a value of
Byt 41° (private communication).  @eo for Ham River sand is about 33"
and for steel balls (in the shear box) 22° (aftor Skinner 1969)

The plot of ¢£ againgt the rate of dilatancy at failure suggested that
the ratic of sample diameter to particle size should be cqual to, orn
greater thun, 16 for samples tssted under triaxial conditions for the
same dilatancy although @cy is relatively insensitive to the D/d ratio,

On o plet of ﬂ; versus porosity for all the granitic gnelss samples
the effcet of the ratico £ somple dimmeter to particle size was not
evident. This plct alge demonstratcd that ﬁé wag mers sensitive to the
initial poresity at low stessses (Fig.10:2:5). A similar plot for
samples of silurian cleaved mudstone shecred at a minor principal ceffect-
ive stress of 10 pe.s.i. is given in Fiz.10:2:6.

The angle of internal fricticn for 2 given materi-l and effective
stress is dependant on its initial relative density (Fig.10:2:5).

Tests on small scale samples shoewed that the angle of interna
friction was about 40 lower for saturated thon for dry granitic gneiss.

*To be published in Gectechnique March 1969,
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The differcnce was only about io or 2 for the mudstone (Pigeon 1969).

The samples which were foiled by inercasing the stress ratio whilst
reducing the mean effcetive stress had rn ongle of internal friction 1° 4o
27 higher than those failedl by increasing é:. Fraser (1957) noticed a
similor  effect when shearing sand; in this casc the increase was 2% to 30 .

The stress path to failure of a rock{ill, under undrained conditions
is very dependant on the initial relative density. For greatest stabi-~
1lity under undrainced transicent loading o materisl which wishes to dilate
is to bu preferred, This i1s best achieved by a well graded material with
strong particles and which is compacted initially to maximum relotive
density.

The silurian cleaved mudstone was friable compared with the granite
and chert and yet it demonstrated an angle of internal friction only 30

o} 40 below the high values for the granite and 1° or 2° above those of
ths chert within the stress range shown in Fig.10:2,

The Méhr failure envelopes for varicus matcrials are compared in

Fig.10:2:7.

(10:3) Deformation

As with sand loose material has an axizal failure strain greater then
dense material at & given effective -stress.

The axial failure strain increases with increasc in effoctive stress
(Figs.10:3:1 and 10:3:2),

Leose material tends to consclidate during shear, even at low stresses,

At low strosses dense samples of chert and granitic gneiss showed o
large dilatancy. The silurian cleaved mudstone dil not show a great
dilatoncy even at low stresses. At high stresses all the materials
tended to bchave nmore as loose sand.

The volume strsin of the mudstone for o given stross incrcement was
greater when it was saturated thon when it was dry (Fig.7:2:l).

The secant value of the coefficicnt of one dimensional compressibility
decre:.ses with increase in stress after an initial hump which is due t. the
effeets of compaction (Figs.T7:4:10h and 8:4:8d).

Material which was failed by inecreasing the stress ratio whilst
reducing the mean effective striss had an axial strain to failure about %
to 4 of that failed by increasing stresses.

Aftor the peak deviotor stress has becn reached in drained tests on
densc samples there is often a2 relducticon in shear strength with increase
in deformation. This sheuld be berne in mind when determining the shear
stronsth along o shear surface as highly stressced matorial reaches peok
strength ot greater stroins and due allowance should be made to avoid the

rpossibility of progressive failure,
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Geometrically similsar gradings in verious sizes of sample have
comparable axial and volumetric strain characteristics.

Within the working range of stress there is a linear rclationship
between volumctric strain and deviator stress (Sce stress-strain curves).
Rockfill creeps wider load for an indcterminate period of time.

Field evidence is given by the crest scttloments of dams, scme of which
arc still deforming 50 years after construction (Kjaernsli 1962). ..t a
given time, after the initiazl immediate settlement, the rate of crecp
seemed 0 be independent of effective stress at the Venomo Dam (Kjacrnsli
1962) although laboratory evidence by Lovenbury (1969) suggests that this

may not be precisely true. )

(10:4) Particle Jreakdown

Particle breakdown increases with increase in maximum particle size
uniformity of grading, mean effective stres and stress rotio and the
angularity of the particles (Lee nd Farhoomand)., It is inferred that
an incrcase in breakdown also occurs with a decrcasc in particle strength
and on wetting and with increase in strain,

The mudstone had flat, platey, frisble particles, the granite
irregular, angular, hard particlcs and the chert smcoth, tubercus, hard
particles. Fer o given stress system the breckdown recordsd was of the
same order of magnitude for each matcrial. A dircet comparison though
is misleading becouse the chert had o wniform grading sand the mudstcone
contained a greater proportion of fines than the granite.

O8ther materials, however, undcr the same stress systoem may break down
by varylng amounts, It is thus important to determine whether materials
for filters, which are usually made up of uniform gralings, will satisfy
the filter requirements and remnin pervious when they and adjacent
materials are subject to effective stress.

The fine fractions of the silurian cleaved mudstone formed an
impermeable paste, Some other materials noy perform likewise and it is
important o determine the permeability after breakdown under various
stress ratios and effective stroesses if the material is to be subjected
to repid draw down. A material which forms an impcrmeable paste is alsc
unsuitable for filterse.

A saturated material with o groding an&/or particle strength such
that it is prone to considerable brenkdown, will tend b0 produce high
pore pressures and a low shear strength under undrained loading and may

be expected te behave in o similar manner under seismic loading.
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(10:5) Sample size

There are distinct practical advantages to be galned by testing small
size material becnuse membrane failurcs are less likely and érrors due to

3

membrane penetration, when ¢, is varying, are reduced. The handling,

processing and testing are generally easier and cheaper although one
instance was recorded where the cost of hand picking fine particles to
achieve similar particle shapes in the large and small fractions of a
grading outweighed the cost of large scale testing.

Three vory different moaterials wore tested in this reseaxch programme,
platey friable mudstone, angular,herd granite and smocth,tubercus chert.

For practical purposes thoe shenr strength of each material was independsnt
of particle size for geometrically similar gradings.

It appears that representative behaviour of a matorial is obtained,
in a geometrically scaled model grading of the original, if it fractures
during excavation in such a way that the particles of the resultant grad-

ing have gimilar shapes and unit strengths,

(10:6)  Recommendations for future research

Future studies might profitably be underteken to determine the effects
of variations in grading on the shear strength and dilatancy of a material,

Different materials should also be tested; using & common grading, to
determine the variation of shear strength with particle shape and strength
and the breakdeown of the materials might then be compered.

4 programme should be initiated to corrclate the rosults of the
regearch which hag boun published to date and 2lsoe an attempt should we
made to extract the deteils of unpublished work for the benefit of other

engineers.,
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