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A TRUE TRIAXIAL APPARATUS TO TEST ROCKFILLS

UN APPAREIL VRAIMENT TRIAXIAL POUR L’ESSAI DES ENROGCHF sENTS
YCTAHOBKA TPEXCHOCHOI'O CAATUS ANG NCHIHTAHUA KAMEHHOU HABPOCKH

RAUL J. MARSAL, Research Professor of the Instituto de Ingenieria, (UNAM) and Advisor of the Comision Federal de Electricidad {(CFE), Mexico

SYNOPSIS.

The paper briefly deals with a statistical theory through which the frictional re-~

sistance inside a granular material is evaluated. By using the above mechanical concept, in-
cremental stress-strain laws are proposed. This theoretical introduction is followed by the
description of an apparatus that has been built at the Instituto de Ingenieria (UNAM), to per
form "true" triaxial tests in which the ratio of the three principal stresses can be controll-
ed at will. Emphasis is placed on the instrumentation and the means to apply uniform normal
stresses to the specimen. The types of test to be carried out in the future are discussed.

INTRODUCTION

One of the most pressing problems of Soil
Mechanics, is the search for the basic stress
-deformation laws of soils. Up to present, ea-
gineers have used linear or hyperbolic rela-
tionships (Kondner and Zelasko, 1963) based
mainly on results of triaxial compression
tests. Both approaches have been found ac-
ceptable in some special cases, but it is vye-
cognized that they do not constitute a correct
answer to the more general problems frequent-
1y found in engineering. For instance, the
differences between the computed stresses and
strains and the field measurements for the
first filling of a rockfill dam, are far from
negligible (Alberro, 1971).

Serious efforts have been made recently to
better understand the basic laws, both through
theory and experimental work (Reséndiz, 1970).
In Mexico, the construction of high earth and
rockfill dams has advanced the state of the
art of the instrumentation of these structum:
to observe their behavior and also has stimul-
ated the investigation of the strength and
compressibility of granular materials (Marsal
and Ramirez de Arellano, 1967; Marsal et al,
1965). The last stage of this field-laborato-
ry research program undertaken by the Insti-
tuto de Ingenieria (UNAM) and the Comisidén
Federal de Electricidad (CFE), is directed to
the study of the stress-deformation character-
istics of particulate masses. To this end,
the true triaxial apparatus described further
was designed and built.

THEORETICAL FRAME
A statistical theory was proposed {Marsal,
1973), with the maln purpose of assessing the

frictional resistance that generates inside a
granular soil. This model is founded on seve-
ral principles and simplifying assumptions,
wihich are briefly reviewed, In addition, the
distribution of contact forces, the express-
ion of the frictional resistance, and the in-
cremental laws of deformation are presented.

Basic principles. The stresses acting on a

particulate mass develop contact forces be-
tween the grains, P;; (Fig. la). The magnitu-
de and orientation o% these forces depend on
1) the dimensions and shape of the particlesf
2) the mechanical properties of the rock
grains and 3) the particle arrangement in the
vicinity of each contact. The effect of the
above factors on P;4 cannot be evaluated in a
deterministic manner; furthermore, the analy-
sis of P;+4 based on the equilibrium equations
suggests that the contact force components on
a cartesian frame may be treated as random
variables.

Pij Grain i+l

Grain i

Fig. 1 Contact and friction forces

»

Particles and grains are synonymous in
this paper.
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The shear strength is the result of fric-
tion forces (Rij) produced at the contacts
by both the normal components of Piy and the
grain moments (Fig. 1b). Friction forces
have the direction of the relative movements
between the particles, and in average, they
are parallel to the mean path of the grains;
the direction of this path can be determined
with the strain theory of the continuum me-
chanics (Marsal, 1971).

It is postulated that the strain incre-
ment ( Ac ) is proportional to the effective
stress increment ( Ap ) applied to the mass
divided by its available frictional resist~-

* -
ance (r) , all measured on the same direc-
tion.

4p
r

Ae
When Ap is the normal stress increment Agg,,
it also causes a deformation perpendicular to
the direction z which is proportional to 405,
Shear stresses ( Ap =AtT ) are associated with
shear strains only. It is acceptable to add
strain increments, produced either by normal
or shear stresses, or both, provided they
are small.

(1)

a

Main hypotheses. The rockfill material is
homogeneous in the sense that it has the
same granulometric composition in any ele-
ment of the mass; rock grains may be differ-
ent in size but randomly distributed. It is
assumed that the particles are spheres with
diameters given by the grain-size curve of
the soil; to partially correct the effect of
this idealization a shape factor is used
(Marsal, 1963).

The probability that a plane 8 passed
through the soil intersects a grain at any
height (h;) is constant (Fig. 2a). In add-
ition, the number of contacts over the grain
caps (nci) detached by plane 6 is a random,
discrete variable of constant density (Fig.

2b). Centroid of graini

Plane 8

Contacts n¢i
Grain cap

nci = Number of contacts over

Freq Freq the grain cap
Nci= Number of contacts per
@ particle @
1T | LED | Ti/ieNe
-di/2 di/2  hj 0123 Nei ]
Fig. 2 Probabilistic distribution of h; ana

Nei

* The available resistance is equal to the

frictional resistance minus the shear stress

in the plane parallel to the mean path of
the particles,

260

‘'The total load transmitted across the
plane 6 is distributed among the grains in
proportion to the cross-sectional areas in-
tersected by plane 6 . Furthermore, it is
assumed that the coefficient of variation of
the P; j-component forces depends on the grain
-size 3istribution and the effective stresses
(Marsal, 1971).

The sliding friction forces at the grain
contacts are proportional to the normai com-~
ponents of P;.; the constant of proportional-
ity is the coéfficient of interparticle fric-
tion ( uij).

Contact forces. Based on the above assump-
tions, the component forces of P;; on a car-
tesian frame (x, y, z) approach asymptotical-
ly functions of normal type (Central Limit
Theorem); the average magnitude of P;; and
the standard deviations of components Pxij'
Pyij and P for any plane 8 , are:

P =

zij’

(2)

S

)= iﬂi
xij n_ 3
in which p=resultant stress (= /T§x+Téy+0; )
Toxr Tgzy and o, shear End effective nor-
mal stresses for plane 8 ; N. = mean number
of contacts per particle; ng = number of
grains cut by plane 6 , per unit of area;
X coefficient that accounts for the pro-
babilistic distribution of Pij’ ve(a) var-
iance of intersected grain aréas; and Q=soil
parameter related to soil gradation and its
compaction. To obtain expressions v (P4 )
and v(P,;4) change in Eq. 3 T, by
0., respectively.

T NEY)

n_Q
D(P y/g [VZ(A)+("“—S )z -
= T
NC ZX

Tzy and

The frequency function of the intensities
of Pj4 forces is presented in Fig. 3

8 Freq

0.2

T

0l

" l
16 18 20

0 12 14

Pij 1 ke
Fig. 3 Statistical distribution of Pj4 in-
tensities

Frictional resistance. The frictional resis-
tance can be represented by a vector that
has the direction of the mean path of the
grains and a magnitude s equal to the differ-
ence of the sliding resistance s, and the
rolling stress tp (Marsal, 1971),




S = 8sp - tyn = fp - mT (4)

where p and 1 are the resultant and shear
stresses for the plane 6 parallel to the
mean path of the particles, and

g=bxplf o _ c (5,6)
V1 o+ 2 /12

In the above formuli, b = b'b", in which b’
is the avarage value of cos Bij (Fig. 4) and
b", is the number of contacts on plane ¢ ;
i =mathematical expectation of the interpart-
icle friction Hjs; x =coefficient related to
the statistical distribution of Pjjs I =fac-
tor that depends on the grain-size distribu-
tion and the number of contacts per particle;
and c=parameter that reflects the shape of
grains, its value being in the interval 0-1.

Contact | = of the

_—Reference piane

AN

Fig. 4 sliding friction forces

Fig. 5 shows the variation of the frictional
resistance (s), the shear stress (1), and
the inclination of the mean path of the grains
(8) for a specimen tested in triaxial com-
pression, in terms of the axial strain ( &_).
Near the origin ( €a=0), the frictional re-
sistance may increase appreciably due to ef-
fect of the standard deviation of Pj; ;-compo-
nents (Eq. 3) on the coefficient y of Eq. 5.

o1 -03 T and s , kg/cm?

80F ‘ 60}

eol l soF . Foilure- /2
! 40:_Zj:>__________

a0} ' 30 s 50°

20 Foilure-—: 20P~~ : 00
! 0F T '

0 TSR [N SO SR P o | L1 14 i Jo
O 4 8 12 16 20 0 2 4 6 81012 14 16
€0, % €0 %

o3 = Confining pressure = 25 kg/cm2
0y - 05 = Deviator stress, kg/cme

Fig. 5 Frictional resistance in a granular
material tested under triaxial com-
pression

Incremental laws. Bearing in mind Eg. 1 and
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assuming that the apnlicd effective stresses

are normal only, the stress—-strain relation-
ship for direction x is:

Ao - k{Ac. + Ao )

X v 2z

te, = a, (s=T)cosu, (7)

where Aoy, Aoy and Ac, = increments of nor-
mal stresses for three orthogonal axes;

(s -1) = available frictional resistance on
the plane parallel to the mean path of the
particles; cos a, = director cosine of the
mean path of the grains:; « and a, = dimen-
sionless coefficients. The éxpressions for
the other directions y and 2z, are obtained
by proper change of the subindexes. In gen-
eral the available resistance components have
different magnitudes. Therefore, a granular
soil is inherently anisotropic.

By considerations similar to those made
in the preceding case, the incremental equa-
tions for shear stresses can be established.
They are not presented here because of space
limitations.

Implications of the theory. If the incre-
mental laws for normal stresses (Eq. 7 and
similar ones for y and z directions) are ap-
plied to a hydrostatic compression test, one
obtains:

_ /3 (1 - 2¢) Av
A =3 = 5 0 >0, (8)

This is the well known logarithmic function
found by testing; o, depends on the granulo-
metric composition of the material and its
compaction. Within the interval 0 g0g Tor
deformations Ae are small and approximately
their relationship with ¢ is linear.

In a triaxial compression test, the express-
ions for the axial and radial strain incre-
ments (Aga and Ae,), result:

Aoa K Ao

- —— a :
Aea— {s~1)sind’ Aer an (s=iTcoss’ 9<2 (9,19)

in which 8 = angle of inclination of the mean
path of the grains relative to the major
principal plane; and AUa = the increment of
axial stress. Eq. 10 is indeterminate for g
~values close to the origin, because both «
and cos g tend to zero. The modulus of de-~
formation,

_ {s-tlsin®
Mpe = 72— (11)

n

decreases with the available resistance and
becomes zero when the frictional resistance
s is equal to the shear stress v acting on
plane o (Fig. 5). According to the theory
(Marsal, 1971), this implies failure and
from Eq. 4 the corresponding ratio of shear
and normal stresses is:
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( )fa1¢. T % (12)
By inspecting Egs. 5 and 6, one can foresee
the effects ¢f 1) the interparticle friction,
2) the shape of the particles and 3) the sta-
tistical distributions of both contact forces
and coefficients uj on the failure of a
granular mass. In a&d¢t;on, £ £(l4+m}s 1.29,
since c g1l in Eg. 6.

The relationship between ¥ and K, is theo-
retically found by applying Eqg. 7 to the ra-
dial component 8¢, of a K~ triaxial test.
Then,

Ao + Ag_)
X 4

n - o
(s~t)cos %

- Ag
K{ v

(13)

in which Apgy and Ag, are-the radial and axial

stress increments. If on/Acz = Kg from Eq.
13 follows:
Ko
KTTTER (14)
o
Poisson’s ratio computed with Egs. 9 and
10, results:
V = K tan © (15)

Since the direction of the mean path of the
grains in a triaxial compression test (Mar-
sal, 1971), is

- —'6—— = cot 6 (16)

Then, combining Eqs 15 and 16, one obtains:

IAEr{ =v =k
a

(17)

The shear modulus Gp, for a triaxial com-
pression test can be computed making use of
the applied effective stresses and the corres
pondlng principal strains (GTc “ATmax/AY =
A{o3-03)/2((lae] +]Ae] )). From this expres-
sion and Egs. 9%to0 11r it is demonstrated

that: MTC

GTC

When a soil tested in triaxial compression
is unloaded after being stressed to a certain
level, the sign of the frictional resistance
changes while that of the shear forces re-
mains unaltered; consequently, the modulus
of deformation at point A (Fig. 6) has two
values (Mpc and M'pe), the one for the load-
ing branch being always the smallest; upon
reloading a third value M" for g4, p is ob-
tained and M"qe > Mpe. The initial tangent mo-
duli at €a,0 and €4,B a8 well as the hyster-
esis upon unloadlng and reloading, depend on
the frictional resistance variations caused

=2 (1+v) (18)

262

by the effect of the standard deviations
D(p xi 3 -), D(P vi ), and D(le]) (see Eg. 3) on
the coefflclent X-

Failure
01-93 (s~T)sin 8= Axial component
C o of the available frictional
A=A resistance
A
{
i
]
; ! [ .
: Y Failure
i C
JL .
O | B €A €q €a,B €qg,A €
Pig. 6 Variation of the available resist-

ance during a loading cycle in tri-
axial compression.

Because the available fricticonal resist-
ance is a vector parallel to the mean path
of the particles, the type of the test (e.qg.,
triaxial compression vs plane strain) may
have a significant influence, not only on the
stress-deformation characteristics, but also
on the Mohr's envelope at failure of the soil
(Marsal, 1971).

DESCRIPTION OF THE APPARATUS

In order to obtain the basic information
required for the statistical theory described
previously and test its ability to predict
the behavior of granular soils, it was deci-
ded to build a device adequate for investi-
gating their deformation characteristics
under widely different stress conditions.
Also, to complement the previous studies on
strength and compressibility of these mate-
rials, the device should be capable of hand-
ling rockfill samples; consequently, it was
anticipated that the specimens should be one
cubic meter in volume and include particles
up to a nominal diameter of 10cm. These gen-
eral specifications led to the design of the
"true" triaxial apparatus which is described
below.

Component parts. As shown in Fig. 7, the
space allocated for the specimens is approx-
imately a cube one meter on each side. Its
surface is made of a steel sheet 6mm thick,
supported by reinforced concrete; this in
turn is encompassed by a l0cm thick cast
steel cylinder closed by a 1l5cm base and a
cap of vatriable thickness. The steel contain-
er was designed to resist a maximum internal
pressure of 100 kg/cmz.

Normal stresses are agplied to the speci-~
men by means of three rubber bags, confined
by the walls of the apparatus in the back
and a cardboard lem-thick in front (Fig. 7).

The cardboard not only protects the bag, but
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also helps in forming the specimen; while Stress and strains. Stresses are applied to
placing the material, the lateral cardboards the specimen through the rubber bags which
are supported by four movable footing located are filled with water. The pressure is produ-
at the corners of the corresponding specimen ced by three independent hydro-pneumatic
face. To avoid interference, the rubber bags pumps that automatically keep constant the
are separated by three steel lined, reinfor- state of stress, if required. In order to mea-
ced concrete beams, 20x20cm in cross section. sure the stresses acting on the three ortho-
The vertical beam is incorporated into the gonal axes, the walls opposite to the rubber
body of the apparatus and the horizontal ores bags are instrumented with pressure cells of
can be removed. the type used in earth dams (CFE, 1969). Each
wall has three pressure cells for detecting
The rubber bags are the parts that have arching effects in the specimen. The pressure
caused the most trouble. After several trials, transmitted to the above cells are registered
a square bag 80cm on each side with round by means of sets of three electrical Bourdon
corners, cast and vulcanized in a mold, was gages that cover the following pressure ran-
adopted. ges: 0-7, 7-28 and 28-100 kg/cm2. In this
manner, the accuracy of the system is +1.5
To minimize the side friction on the spe- percent.
cimen, its entire surface is covered with an
antifriction lining. This is composed of To measure the strains, three electrical
three layers of greased polystyrene plates, extensometers are located adjacent to the
15x15x0.1lcm thick. The plates are glued to fixed walls and they converge at the vertex
soft papers to keep them in proper position of the trihedron made by the above walls
while preparing the specimen. (Fig. 7). The linear extensometers consist
of an end-plate, a steel wire lmm in diameter,
The specimen can be saturated through a and an electrical potentiometer; the wire is
porous stone located at the base; at the top, kept in tension with a pair of constant pull
on the vertical beam, a pipe drains off the springs. To avoid the effect of side fric-
gas and excess water. tion, the wire is surrounded by telescoping
®— :
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o WA 5 linings
/ 3. Rubber bags
s 4. Cardboard
A — 5. Movable footings
18 oy T O 8 6. Steel cap
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3 crete
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14. Control valves
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ters
50

& . .
% Fig. 7 Vertical and horizontal cross—sections of the "true" triaxial apparatus and ohoto-
graphs of the equipment.
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small tubes. Because the vertical and hori-
zontal beams that confine the rubber bags
may cause a non uniform state of stress in
their vicinity, the initial length of the
extensometers is limited to 60cm, so the
test portion of the specimen is a cube 60cm
on the side. The extensometers read to the
nearest millimeter.

Recording of measurements. A data acquisi-
tion system is available to convert to pun-
ched tape, either automatically or manually,
the stress and strain readings during the
test. These data will be processed in a com-
puter.

Testing program. At present, the device has
been completed and preliminary tests with
sand are under way. The specimen is placed
in layers 10cm thick, compacted with a vibra-
tory tamper.

In order to determine the values of coef-
ficients a, and £ for different stress le-
vels (including the effect of grain break-
age), a series of hydrostatic compression
tests will be run. K,-tests are programmed
for finding out the variation of parameter x
with the applied pressure. Finally, triaxial
tests will be carried out with various load-
ing cycles and rotation of the principal
stress axes.

CONCLUSION

The true triaxial apparatus described in
this paper will be used to observe the in-
fluence of several factors (e.g., gradation,
compaction, loading history, etc.) on the
parameters an, K and Q, which are needed for
computations with the statistical theory.
Although grain breakage was not included in
the theoretical developments, the effect of
this phenomenon particularly important in
rockfills, will be also investigated. Through
this comprehensive study, it is expected to
improve and simplify the statistical appro-
ach to the analysis of the stress-strain be-
havior of granular soils.
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FIELD AND LABORATORY CREEP TESTS ON WEAK ROCKS
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3YNOPSIS. As part of tne study of foundation problems associated with heavily loaded struc-—
tures,such as nuclear power stations,the stress-strain-time behaviour of weak rocks must
often be determined. During investigation for the nuclear power station at Heysham,Lancashi-

ta

re{a loading test on a l.5m diameter plate at 1900 kN/m

on a Triassic sandstone was main -

ned for three months, This paper describes the experimental setup. Observations of the

effect of water level changes were made,from which an in-situ value of rock modulus was
calculated. The creep behaviour of the plate is compared with laboratory creep tests.In a
recent investigation for another nuclear power station at Oidbury,Gloucestershire, to be
founded on Triassic sandstones and siltstones,diamond drill core specimens of up to 163 mm
diameter were subjected to a triaxial state of stress for periods of up to 700 hrs. This
paper describes a new apparatus for this purpose. kxamples of creep curves are given their
interpretution is discussed, and a simple approach to the prediction of creep settlement

is outlined,

INTRODUCTION

Nuglear reactors may with economic advanta-
ge be desipgned to impose high loads on weak ,
rooks. Typically loadings of between 1-2MN/m'

be considered on bases from 30m-18m dia-
meter. Such load intensities on weak rocks
are not usually encountered in deep founda-
tion practice where there is often some dis~
tribution of stress from embedment (piles,
shafts) but when imposed by relatively ri-
gid structures on a rock surface without be-
nefit of embedment they approach the classi-
cal problem of a rigid punch on a half spa-
ce,and the dimensions ensure not negligible
settlements.Nevertheless the average stress-
es imposed by such structures are not high
when compared with the cﬁushing strength of
even weaik rocks, 10 MN/m<.

Nith structures on rock the greater part of
the settlement is expected to be immediate,
and,given the construction period,to have
been "built out" before operaticn.iay diffe-~
rential settlemenis subsequently causing
concern would arise from long term strain,
There are however major structures for which
it is necessary to predict total settlement
with some degree of accuracy,and under these¢
circumstances the time settlementi component
during construction becomes,along with the
"imnmediate” sottlement,a factor of enginee-
ring significance,This time settlement,
called "crcep',is defined for engineering
purposes as that settlement which follows
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the immediate settlement and any consolida=
tion settlement occurring on the dissipa-
tion of pore pressure,.

Two reactor sites on Triassic rocks in Eng-
land provide the information herein presen-
ted, the first at Heysham in lLancashire and
the second at Oldbury in Gloucestershire.

CREEP TESTING AT HEYSHAM

The bedrock here is weak to moderately strong
(3.0 to 30 MN/m2) fine to medium grained red
sandstone, Bunter Sandstone, of high poro-
sity (15 Yo 32%).Grains larger than about

200 M are mainly sub-angular to rounded be-
comfﬁg increasingly angular witn decreasing
S8ize having a fairly high degree of inter—
granular contact. The cementing matrix is
predominantly a red iron oxide probably with
c¢lay minerals,although some secondary sili-
ca is present,.The specimens tested exhibi-
ted non~lingar elasticity,the secant modulus
(0~1.4 MN/m2) varying bebween 14Q0=4200 MN/m2,
with a median value of 2800 MN/m? in the
drained stateg Poisson's Ratio was about 0O,l.

Plate Testing

Plate tests (0.6m) were carried out at three
levels in a deep shaft primarily to estab~
lish a factor between ths deformation modue
lus and the laboratory secant modulus on
rock cores. The modulus of deformation (se-



cant O to 1.6 MN/mz) from_these plate tests
ranged from 550-1400 MN/m? with the modulus
of elastiSity on reloading ranging from 2400-
5500 MN/m<. In these tests four loads were
maintained for a duration of 24 hours and in-
dicated that time dependent settlement should
be expected.

In view of this it was decided to carry out
long-term tests on part of tae 3itc wnere
the Bunter Sandstone was nearer the ground
surface.A well point system was installed
to lower and maintain the ground water at
the level of the tests which were carried
out in a large shallow excavation on O.6m
and l.5m diameter plates at two levels,the
final l.5m test being maintained for a peri-
od of 117 days.An excavation beneath the po-
gition of the final 1l.5m diameter plate
tests showed the rock to be fairly massive
with micaceous bedding surfaces,the appa-
rent bedding dip varying up to 10 ,with tight
sparse steceply dipping joints under the west
side of the plate. At 0.,9m below the plate
surface, O.42m of thinly bedded weaker sand-
stone occurred., Immediately beneath the
plate on the east side a thin superficial
band of weak material was removed and rep-—
laced with mortar.

Load was applied through a 1000 tonne large
capacity jack operated manually,the load
being measured by a 500 tonne load column,
Reaction was provided by deep anchorages
grouted into the rock.The datum bar compri-
sed an Invar rod,anchored 9m below the lo-
wesl; test level,passing through a hole in

the plate which consisted of a high strength
congrete disc 30 cms thick resting on a 25.4
mm steel plate. The whole loading setup (ex-
.cluding the reaction beam) and readout sys—
tem was housed in a double skin thermal ca-
binlg%th the temperature maintained at

12+ .

A study of the effect of small changes in
the water level was made by varying the

water level below the plate, a linear tela-
tion between water level and deformation
being derived.The modulus of the rock bet-
ween the plate and the point of fixity was
estimated to be about 1400 MN/m2 from this
relationship. On completion of the temperatus
re and water level stuaies,a load of 1.9MN/m
was applied and maintained for 117 days.Af-
ter the test had been under way 25 dgys two
of the four dial gauges (reading 10=~in.)
were replaced by four arm inductive trans-
ducers excited by a 1 ke signal giving a de-
modulated output via a precision low level
switeh-box to a pen recorder. A third trans—
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ducer was inserted as a dummy to monitor
electronic drift,The resolution of the sys-—
tem could be varied,but it was found adegua-
te,in view of background fluctuations in wa=
ter levels,to maintain it to 12.7x10*5mm per
0.01 millivolt. The settlement and recovery
curve is shown in Fig.l to a natural time
s¢ple.The settlement curve was also plotted
on semi-los paper, Fig.2,and indicated line-
arity beyond 10 days.Extrapolation of the
rate of crsep/time curve (based on a smooth-
ed experimental curve) suggested a termina-
ting state would ensue.

A further extrapolation was made by plotting
an averaged rate of creep against time on
log~log paper,projecting from various times
elapsed from the start of the test and car-
rying out a step by step integration. In
Table I predictions of plate settlements by
the various methods together with siaple
scaling to a 18 m diameter rocactor foundati-
on are summarised. A limit calculation was
made in which the lowest discernible rate

of creep on the plate test was extrapolated
linearly to 10,000 hours giving,when scaled
%0 18.0m diameter,only 15.0 mm of creep set-
tlement;.

Extrapolation of Plate Settlement Table I

Method of Plotting:CTeOP Settlement Thirty

;1.5 m Plate 18nm dia.Reac-

- tor———
Linear-log settle-—

ment (all-points) 0.75% 10.5
Log creep rate=log

time (elapsed time

thlrty-five days ) Oe 65 7 5
Log creep rate-log

time (elapsed time

seventy-five days) 0,28 345
Log creep rate-log

time (elapsed time

ninety days) 0.25 3.3

Laboratory Creep Testing

Unconfined creep tests were carried out on

10 spefinens with stresses generally maintai-
ned within the range of values shown in Tab-
le II for up to 1000 hrs. Most tests were
made on a lever arm/dead weight frame but
several were carried out with the hydraulic/
screw frame developed for concrete testing
by the C.E.B.,T.P,(Paris). With this appara-
tus it was only possible to start strain
measurements after application of the load.

A few triaxial tests were also carried out.
The results in the form of strain versus

log time are given in Pig.3,It was noted

that the modulus of elasticity based on the
strain measured at as short a time after loa~
ding as possible was lower than the average
secant modulus obtained from standard tests
on geunerally larger specimens,

267

1/40

Comparison of Plate and Laboratory Tests

The plate may be regarded as a rigid punch
upon a linear viscoelastic half space for
which a solution may bec developed at small
strains and in the absence of body forces

by using the correspondence principle betwecr.
the elastic constants and the viscoelastic
operators describing deviatoric and dilata-
tional relations between stress and strain.

A full solution would require knowledge of
both deviatoric and volumetric time strain
bekaviour. The determination of the necessa-
ry rbeological parameters is both difficult
and expensive,and in any case the values ob-
taired in the laboratory on small samples
would be of doubtful applicability,therefore
a sinple relationship was sought between the
modulus of elasticity of the rock "skeleton"
and the subsequent creep strain.The consoli=-
dation during the dissipation of pore pressure
may be regarded as a hydrodynamic "delay™ and
the rate of stress application reduced accor-
dingly in order to obtain the skeleton or
drained modulus of the rock,At Heysham the
high fabric permeability (10~>m/sec) ensured
that the moduli measured wére in fact “drai-
ned". The creep index may be regarded as the
creep settlement per log cycle expressed as
a proportion of the immediate settlement
(Burland,1970) or as the creep settlement
contribution extrapolated to some convenient
date,say,the life of the structure.One may
then use,as a factor reducing the short term
modulus,the ratio betweem the secant modulus
shortly after loading a specimen,but on comp-
letion of pore pressure dissipation,and the
secant modulus at a strain at the postulated
life of the structure.The predicted settle-—
ment of the plate, or the foundation on an
elastic basis can then be easily adjusted to
allow for any creep.Values of this reduc-
tion factor established by graphical extra-
polation of the laboratory c¢reep curves and
those obtained by comparing the short term
settlement of the plate with the settlement
predicted for 30 years are given in Table II.

With the linear viscoelastic model it is pere
missible to scale directly from the plate
test to the full reactor diameter with res-~
pect to total settlement at the chosen time
and to the rate of settlement, Alternatively
the "reduction factor" deduced from the plate
test may be applied to the estimate of short
term "elastic settlement of the foundation
made on the basis of the modulus profile
assessed from cousideration of the deep plate
loading tests,laboratory tests on cored Spe=
cimens,and other in-situ tests such as the
Menard pressuremeter, and also taking account
o1 the drill logs.

For one condition studied,a 18 m diameter 2
reactor applying a gross pressure of 1,9MN/m$§
short term settlements of 22mm were predicted
with an additional crocep settlement of 1l2mm
using a reduction factor of 0.65.Ry simple
extrapolation of the short term settlement of
the 1.5m araméter plate to the same reactord
dimensions and loading,a short term settle-
men$; of 25mm was predicted with an additio-
nzl oragp settlement of 11 mm,



Short and Long Tera Modulus Test Results

Sample Deviator Cell Pres~ Diameter Secant Modulus
No. Stress sure om Short term Long term E/E;
 n2 /a2 B, MV/n®  E_ (M/n°)
50 1760 - Sel 380 240 0.63
31 1760 - Sel o 1560 1030 0,466
S53a 880 1030 2454 180 130 0.72
53b 880 - 2.54 160 130 0.81
70b 860 1030 2.54 340 300 0.88
168 1800 - 5.1 540 490 0.91
169 1800 - 5.1 470 380 0.81
PLATE 740 580 0.79

The general validity of the above approach
may be qualified by a number of special
circumstances; the sandstone is porous and
permeable,the value of Poisson's Ratio is
low. Stresses were estimated as "average"
under the foundation and the effect of
stress level on creep rate was not estab-
lished,as the applied stresses were small
compared with the strength of the rock,
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CREEP MEASUREMENTS AT OLDBURY

During 1970-71 the investigations for =z pro-
Posed nuclear power station at Oldbury, Glou-
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cestershire,creep testing could only be car-
ried out in the laboratory because diffi-
cult ground water conditions precluded plate
tests,

At Oldbury a variegated sequence of Triassia
siltstones and sandstones is underlain by
Devonian sandstones and mudstones. In the up-
per 15m of the Triassic (Keuper) the sand-
stones are characterised by cavities from
which gypsum has been removed.The sequence is
difficult to sample with normal diameter
tools so large diameter coring was used to
recover 165 mm diameter specimens.

The type of creep test was chosen to simu-
late as closely as possible the stress state
to which the test specimens would be subjected
under the reactor foundation. Thus the weaker
siltatones at the upper levels were tested
in either conventional osdometers or flexible
loading "Rowe" cells (Rowe & Barden,1965)
while the stronger and nore open jointed
sandstones were tested in lever arm frames
without confining pressure. Intermediate ma-
terials were tested triaxially,and in order
to accommodate the 163mm diameter specimens
special triaxial cells had to be constructed.

Large Diameter Triaxial Creep Cells

The cell consists of high pressure steel pi-
pe having an internal diameter of 300 mm and
length of 700mm fitted with robust end plates,
the lower plate carrying the specimen pede-
stal.The cell is designed to withstand a
pressure of 3 MN/m2,

Axial loading of the specimen is by a flexib-
le diophragm supported by a plate 3mm smal~
ler in diameter than the bore of the cell,
Blectrical and pressure services apart from
the pressure line supplying axial load enter
through the base., A diagram showing the cell
and pressure system is given in Fig.4.



