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Abstract
This research program arose from an interest in the
behaviour of earth and rockfill dams during reservoir
filling when, relative to the construction phase, increments
in major principal stress within the cobeﬂgndergo
significant rotation. To better model such processes, study

of the shear stress-strain and pore pressure-strain

characteristics of core material is of impor tance. For this
purpose, the two main types of simple shear apparatus are
\reviewed and one of a new design is advocated. It is a
ification of that developed primarily at the Norwegian
Geotwchnical Institute.

(s thesis deals mainly with the development of tHe
apparatus\ The prototype is described in detail.

Appendices coptain procedures for preparing samples and .

conducting test The calibration of the apparatus is also

described fully.

To assess the performance of the apparatus, a series of
cestsrwas carried out. The material tested was der1ved from
that used to construct the“core of an earth dam. Thé’
samples were saturated by back pressure. They were then
consolidated and sheared, to failure, in‘the undrained
state. Throughout, measurements were taken of boundary
loads and pore pressures act1ng. as well as the components
of deformation of the sample-

The average shear stress-strain curves are bjlﬁnean in

form and can be described by the well known hyperbolic



stress-strain formulation. Curves representing the average
pore pressure-shear strain relation determined are also
presented. The results are discussed but detailed
interpretation is 1 : ted by uncertainties associated with
the state of stress within the sample. However, these
preliminary data are considered encouraging.

To conclude, modifications for improving the
performance of the apparatus are outlined. The possible
nature of future testing programs is also discussed.
Finally, the development of a comprehensive constitutive

model for the behaviour of compacted soil is advocated.
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CHAPTER 1
INTRODUCTION

1.1 General

A brief review of the considerations that led to the
undertaking of thé research program begins the chapter.
Criteria for the design of an earth dam are introduced. The
use of finite element analyses, in such design, to predic:
stress-deformation behaviour and thus, to help insure proper
functioning of the earth dam throuthout the course of its
working life is then noted. Two constitutive models tor the
behaviour of compacted clay, that can be incorporated in the
above analytical procedures, are also described.
Assumptions and approximations implicit in these models are
caréfu]ly pointed out. The suitability of their use in such
analyses is then discussed. Finally, the need for fu her
work in this area is suggested.

The chapter concludes with a statement of the aims of
this research work and an ou“line of the remaining portions

of the thesis.

1.2 Analytical Methods in Earth Dam Design

In designing an earth dam, the principal objective is
to arrive at a functional design that minimizes the long
term total cost of the project. Recently, the fumdamenta]s‘

of such a basic design were outlined (USBR, 1977). Among

other things,



s

a. "The slopes of the embankment must be stable durin:
construction and under all conditions of reservoir
operation,..." and,

b. "Seepage flow through the embankment, :oundation,
and abutments must be controllied su that no internal
erosion takes place and so there is no sloughing in
the area where the seepage emerges.”

(USBR, 1977, p. 210}.

Thus, it is clear that the ability to accurately
predict the stress-deformation and pore pressure response of
an earth dam during all stages of its working life would be
invaluable in such an undertaking. However, this is anr
éxtreme]y complex task. Where justified, numerical
analyses, such as those employing the finite element nx d,
can be used as a guide to engineering judgment. In
particular, interest has recently been focussed on the
performance of earth dams upon first filling of the
reservoir. Kulhawy and Gurtowski (13976) discuss the results
of a parametric study to determine the relative effect of
certain factors on the potential for hydraulic fracturing.
Seed et al.  1976) have conducted a finite element analysis
to determir e stress state within the Teton Dam in an
attempt to elucidate the causes leading to its failure. For
this reason. the following discussion concerning the
predicting of earth dam behaviour will be restricted to the
periods of construction and first filling of the reservoir.

The major steps in any such analysis are:



a. the selection of an appropriate model, or models, to
represent the stress-strain behaviour of the
material within the dam,

b. the determination of input parameters including
constitutive moduli, and

c. the interpretation of the results.

1.3 Description of Two Constitutive Mode 1s

0f special interest here is the manner in which the
stress-strain characteristics of the materia' comprising the
dam are portrayed. Therefore, in the following paragraphs,
two constitutive models will be described. One of these,
that developed by Duncan and Chang (1970), appears widely 1in
the literature, especially in North America (Duncan et atl.,
1976 . Seed et al., 1975). The other, drawn from recent work
(Chang, 1976), is more complex, involving the concepts of
elastoplasticity. It is felt that this summary constitutes
an adequate representation of the current level of
sophistication among such models and will provide the basis
for a discussion, later in the chapter, of tﬁeir predictive
capabilities.

In the first method referred to above, the dam is
constructed in steps. During the placement of each new
layer, every element’s behaviour is governed by a two
dimensional, linear constitutive relationship in which only
normal stresses produce normal strains and, similarly, only
shear stresses produce shear st-ains. The constitutive

moduli are expressable in terms ~ stress level dependent



pseudo-elastic parameters derived from the results of
triaxial tests appropriate to the problem under
consideration (Duncan et al., 1978}). It is assumed that the
problem is one of plane strain. A similar formulation can
be employed during the simulation of behaviour upon
reservoir filling.

In seeking a versatile constitutive relationship for
compacted soil Chang (op. cit.) adapted the work of
-esearchers at Cambridge University on remoulded soils.

The soil is modelled as an elastoplastic work hardening
material. On loading, both elastic and plastic strains may
occur. A composite yield surface governs the plastic
behaviour once it has been assumed that an associated flow
rule is followed. When unloading takes place all
deformation changes are elastic. Finally. at failure, tr
effective stress state is assumed such as to satisfy a
linear relationship involving mean and deviatoric effective

stress invariants.

1.4 Requirements of the Models

In evaluating a particular constitutive model, one is
concerned chiefly with its predictive capability and that
required. The latter is deterhined by, among other things,
uncertainties introduced through construction practice and
control and, for present purposes, the complexity of the
expected stress deformation paths followed at points within

the dam during construction and first filling of the



reservoir. The nature of these loading paths is reviewed
briefly in the succeeding paragraphs. Although important,
considerations of construction practice and control will not
be dealt with exrlicitly.

An idealized example, due to Wilson (1877), shown in
Figures 1.1 and 1.2, illustrates the form of the
deformations occurring within an earth dam during
construction and first filling of the reservoir. It would
then seéem reasonable, considering as well any variation in
material stiffness throughout the dam, .that one should
expeé& an accompanying pattern of stress changes of some -
complexity. Evidence in support of this position can be
found 'in the work of, among others, Pernman and Charles
(1979), Kulhawy and Gurtowski (1976) and Squier (1970). The
possibility of stress transf-- between core and shells due
to varying material stiffposses is well known. In
discussing the processes ongoing during reservoir filling,
Nobari and Duncan (1872,a) note the imposition of water
loads on the upstream foundation and the upstream core-shell
interface. This would be accombanied by a reduction in
effective stress in the upstream shell due to buoyancy
effects (Nobari and Duncan, op. cit.). Within the core, one
might expect a marked reorientation of principal stress
increments. Data drawn from the publications of Nobari and
Duncan (1972,b) and Stewart (1979) support this hypothesis.

Thus, the basic fraﬁework of the tﬁo constitutive

models has now been discussed and the nature of the

4
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processes to be modelled.reviewed. With this information in

mind, an evaluation of their suitability follows.

1.5 Assessment of Two Constitutive Models

Duncan and Chang’'s formulation repreéents a practical,
reasoned approach to the task of modelling soil b viour
during constructioi and reservoir filling. This, as well as
the ease with which the empirical parameters can be
obtained, serve to explain its wide apppeal. However, - the
simplifications implicit in its development must be borne in
mind when interpreting results. Further, to the author’ -
Know ledge, pore ﬁressures are not predicted as part of such
~an analysis; for example, the work of Seed et al. (1876),
Kulhawy and Gurtowski (1976) and Nobari and Duncan (1972,b).

The model utilized by Chang (1976) is more rigorous and

complete in forn an the previous one, although the
a'\ -
necessary empirical parameters are equally easy- atain.
. \\
As well, pore pressures are predicted. S

However, in evaluating its capabilities, attenti Qa
‘restricted to the.case of triaxial, compressive, 1bading.
It would be of interest to see how the model would fare in
predfcting soil behaviour, fncluding pore pressures, under
different but controlled loading conditions. Also, for the
dam analysed, no field measurements were then available for
comparison, although good agreement was found with tﬁé
limited results of a nonlinear hyperbolic a?alysis, for the

case of steady seepage, presented. Thus, more evidence of

L



the usefulness of the model under the just mentioned

conditions would be desirable.

1.6 Need for Further Research

On the basis of the precedir naragraphs, it is felt
that research in the area of simpie shear testing of
compacted soil would be of value. The reasons are

a. the experimental data would be of interest in an
attempt to better understand the nature of soil
behaviour, within the core of an earthdam, during
reservoir filling, specifically tWF
interrelationship of applied sheart stress, shear
strain and pore.pressure

b. such data would also allow a more complete ~
verification of a general elastoplastic model for
compacted soii.

To date, little has been published dealing with the
effect of the cohtinuous rotation of principal stress
increments on the material behaviour of compacted clay. ‘s
far as is known, there is only one paper on the subject
(Thurner, 1973); few results are given, emphasis being
placed on a description of the testing apparatus and

experimental procedure.
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1.7 Aims of Thesis
The aims of the present research work are then twofold:
a. to design and build a simple shear apparatus
suitable for testing samples of compacted soil at
elevated pressures, and
b. to demonstrate, by comparing experimental and
expected results, that the data derived from such-

tests are meaningful.

1.8 Contents of Thesis
The contents of the remaining chapters are as follows:
Chapter 2 - the factors determining the selection of the
particular simple shear apparatus used for the |
r 2sent study
Chapter 3 - a description of the simple shear apparatus
Chapter 4 - the presentation and discussion of
experimental results
Chapter 5 - conciusions and recommendations for further
research.
Appendices A,B and C deal with calibration of the apparatus

and procedures for sample preparation and testing.



CHAPTER 2
COMPARISON OF CERTAIN SIMPLE SHEAR.-APPARATUS

2.1 General

The two main types of simple shear apparatus are
discussed briefly. Emphasis is placed Qﬁ the nature of
accompanying sample preparation, apparatus assembly and test
procedure, as well as the‘physical quantities that can be
measured during each type of test. The relative merits»qf
each apparatus are discussed. To conclude, the choice éf an
appropriate apparatus is made and an outline is presented of
the accompanying analytical scheme for treatment of the

experimer a3l data.

2.2 NGI Apparatus
The NGI simple shear apparatus employed by Bjerrum and
Landva (1966) is a further developmént of that presented by

Kjellman in 1951,

2.2.1 Description of Apparatus

Figure 2.1 presents a sectional view 6f the device.
The sample tested is 8 cm in diameter and may range from 1
to 2 cm in height. It is encased in a rubber membrane
reinforced with a spiral winding of wire. Ideally, the role
of the reinforcgd membrane is to maintain a condition of no
lateral strain in a horizontal plane; more will be said of

this later. During a test, the upper platen (3,Fig. 2.1) is

11
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Legend

1 Sample and membrane 2 Pedestal 3 Upper Platen 4 Load gauge for vertical load

5 Ball bushing 6 Dial gauges for measurement of vertical deformation 7 Load cap,
Upper and Lower 8 Dial gauge for measurement of horizontal deformation 9 Ball
bushing 10 Load gauge for horizontal force 11 Gear box 12 Exchangeable servogear
motor 13 Lever arm 14 Weights 15-16 Clamping and adjusting mechanism used for

constant volume tests

2

Figure 2.1 NGI Simple Shear Apparatus
(after Bjerrum and Landva, 1966)
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connected to the lower load cap (7,Fig. 2.1). The lower
load cap can slide independently of the upper one, being
séparated by roller bearings. However, vertical load may
still.be transmitted to the sample.

The vertical load on the specimen can be controlled by
a screw controlled loading mechanism which can be connected
to the loading rod of the lever arm {15,16,Fig. 2.1).

The horizontal load is applied to the sample through
the lower loéd cap and the upper platen by the horizontal
ram. For strain controlled loading, the displacement of the
horizontal ram is guided by a motor (12,Fig. 2.1). The
apparatus can also be used to conduct stress controlled
tests but this will not be discussed ‘here nor are the
appropriate components shown in Figure 2.1.

The vertical and horizontal loads acting on the sample
are measured using load gauges (4,10,Fig. 2.1). Dial gauges
(6,8,Fig. 2.1) indicate the vertical and horizontal
deformation which the upper platen and, presumably, the
upper surface of the sample have undergone.

The apparatus may be used to perform drained and
constant volume tests on specimens strained, approximately,
in simple shear and plane strain. The model of the NGI
apparatus used by Ladd et al. (1972) was able to apply a
maximum vertical load of 7845 N and maximum horizontal load
of 3825 N to the sample. The area of the sampie was 50
square centimetres. Further, it was able to test soft

clays, stiff clays, silt and sand. The membranes used by



14

Ladd et al. were of two Kinds; one reinforced Ly constantan
wire, the other by stain]ess steel suture thread. The
former could withstand a maximum horizontal stress of 1.8
kg/sq cm, the latter could be subjected to a maximum
horizontal stress of 5 kg/sq cm.

In breparing for a test, the sample is mounted on the
pedestal (2,Fig. 2.1) and encased in a reinforced membrane
with the upper platen positioned as required. To begin a
test, the <ample can be consolidated simply by adding weghts
to the lever arm (14,Fig. 2.1). The change in height of the
sample is noted by observing the change in the appropriate
dial gauge readings (6,Fig. 2.1).

After consolidation, a drained shear test can be run by
leaving the vertical load, acting on the sample, untouched
and imposing a horizontal displacement on the upper platen,
at a desired rate.

The rate would be such as to allow complete dissipation
of pore pressures during the shearing process. Measurements
are taken of the horizontal load, horizontal deformation and
vertical deformation. Berre(1969) notes the use of
constantan wire reinforced membranes as "strain gauges” to
get an indication of the value of the radial stresses acting
in the sample during a test. This technique has been
utilized in more recent work by, for example, Wood and Budhu
(1880) among others.

Bjerrum and Landva (1966) state that due to

difficulties in the prevention of drainage, undrained simple
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shear tests were conducted as constant volume tests. During
such tests, drainage from the sample was permitted, the rate
of application of shear strain being such as to allow
dissipation of pore pressures and the vertical load acting

on the sample was altered so that the height of the sample

remained constant. Given that the reinforcr ~tjbber
membr :ne maintained the perimeter of the sam istant,
its total volume remained constant as in an w 1 test.

The change in vertical stress required to maint.

volume constant was then interpreted as equal in mc e
but opposite in sense to the change in average pore pi ~e
that would occur in a truly undrained test under constant
total vertical normal load. Bjerrum and Landva (1966)
indicate that this hypothesis was verified by conducting a
truly undrained simple shear test in which the pore pressure

was measured at the base of the specimen.

2.2.2 Stress State in NGI Apparatus

In determining the stress state within the NGI
apparatus it is best to begin by establishing the boundary
conditions. The upper and lower horizontal surfaces of the
sample are assumed to remain planar and parallel to one
another during shear. Each point on the upper surface is
assumed to undergo the same disp acement relative to the.
lower surface of the sample which is taken as remaining
fixed. The boundary condition on the side of the sample is

really one of constant perimeter (Wood and Budhu, 1980).
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However , for the purposes of finite element analvsis other,
more approximate, conditions are chosen.

Lucks et al. (1972) conducted analyses of a sample of
dimensions identical to those used in NGI simple shear
devices at that time. The samples were assumed to be
representable by an isotropic, linearly elastic solid and to
undergo infinitessimal strains. Two analytical methods.
each employing the finite element method, were used. The
first employed three dimensional solid parallelpiped
elements with nodes at each of the eight corners. The
second, less rig-~rous, utilized a formulation for
"axisymmetric bodies unsymmetrically loaded. Plane elements
expanded in a Fourier series about the axis of the sample
were used. More information on these finite element
formulations can be found in the paper by Lucks et al. and
those to which they refer.

The sample analyzed was 8 cm in diameter and 2 cm high.
The isotropic, elastic properties were Young’'s modulus 200
Kg/sq cm and Poisson’s ratio .49. The boundary conditions
were largely as outlined before; the horizontal surfaces of
the sample remained parallel and at a constant distance from
each other. However, the side of the sample was allowed to
deform freely. Figures 2.2 and 2.3 indicate the boundary
conditions and the idealized finite element mesh for thé
sample of the rigorous analysis. In the Fourier series
analysis, an initial vertical consolidation stress of 1

kg/sg cm and horizontal consolidation stress of .5 kg/sq cm
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displacements specified are boundary conditions.

Note:

Analysis

Figure 2.2 Boundary Conditions for Three Dimensional
(after Lucks et al.

1972)
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were assumed.

The results of the rigorous three dimensional analysis
are presented in Figure 2.4. Were complementary stresses
assumed to act on the side of the sampi=, such imposed
horizontal boundary displacements would result in a uniform

shear stress of magnitude

. . E i [.04 | 200
T2(i+p) U2 (1 +.49)2

kg /cm? 21

= 1.34 kg /cm2 (131 kPa)

One can see by study of the figure how uniform the
induced shear stress state is.

Lucks et al. (1972) note that the results of the two
analyses agree quite closely. Figure 2.6 presents the
variation of the vertical normal stress through different
sections of the sample, yielded by the Fourier analysis. |
The axis with respect to which 8 is measured is shown in
Figure 2.5(b). It lies along a diameter of the specimen and
parallels the line of action of the shear load. T- s, for
the layer of elements portrayed, the nonhomogeneities in
vertical stress reach a maximum for 6=0° (parallel to the
shear load) and vanish for 6=90° . Note, similarly, the
variation in radial stress with both elevation and angular
position within the sample.

As noted by Roscoe (1953), if no complementary shear

stresses are provided on the side of the circular sample
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Note: displacements specified are boundary conditions.

Figure 2.5 Boundary Conditions and Finite Element
Idealization for Fourier Analysis

{after Lucks et al., 1972)
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then the distribution of shear stress increments upon an
ir..rease in shear léad can not involve only those components
of shear stress parallel to the shear load. For examplé, on
the perimeter of the soil sample, for a given horizontal
plane, the traction at each poipt must lie tangent to the
perimeter.

Any tendency for relative vaement betweer the soil
sample and pedestal or platen, where such is inhibited, is
likely to cause some degree of stress transfer -endering
the stress state within the sample‘more complex. In this
regard, the interaction of the soil sample and wire wound‘
membrane is of interest. Such an enhanced nonhomdgeneity of
stress state would also be expected upon actual, but
nonuniform, slippage between the soil sample and pedestal or

. upper platen (Prevost and Hoeg, 1976).

2.3 Cambridge Simple Shear Apparatus

To the pgesent time, there have been seven different
models of simple shear apparatus constructed at Cambridge
University (Wood et al., 1979). The basic design of the
three most recent models is markedly different from that of
the previous ones. The deformation imposed on the sample is
more uniform and allows measurement of sufficient boundary
“loads that the magnitudes and directions of the principal )

stresses can be determined independently of the principal

strains at all stages of a test (Roscoe et al., 1967) .
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The mark 7 apparatus contains certain improvements over
previous models (Roscoe, 1970). However, it is sufficient,
for present purposes, to discuss the mark 6 model (Roscoe et

al., 1867).

2.3.1 Description of Mark 6 Model

Figure 2.7 presents a sectional view of this apparatus.
The, sample (15,Fig. 2.7) is square in plan with a side
length of 10 cm. The height of the sample is about: 2 cm.

It is surrounded by load cells designated by the letters a-h
in the figure. Two other load cells may be positioned
parallel to the plane of the figure to measure the load
acting, on eithe} side of the sample, in the normal
direction, or they can be replaced by rigid sides
transparent to X or 7Y-rays. The load cells a-h can
measure the shear load and normal load acting on them as
well as the eccentricity of the normal load.

The lower bearing plate is hinged to one end f]ap
(7,5,Fig. 2.7). The other end flap (6,Fig. 2.7) is
constrained to remain in contact with the right hand edge of
1-2d cell f, at -all times, by a bearing. The lower bearing
plate is bolted to the base plate which can move
horizontally along rollers (8,10,Fig. 2.7). The rollers are
supported by the 1oadiﬁg frame base (11,Fig. 2.7).

The load cells a-c are mounted on the block (12,Fig.
2.7)fitting into the independent upper bearing frame. One

end flap (6,Fig. 2.7) is hinged to this frame, which also
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Legend

| Vertical ram

14 2 Tower frame
{0 ) 3 Load cell
éﬁﬂjrﬁv 4 Independent upper
N ﬁ '
] 0! l ' bearing frame
/// \\\ 5 End flap (left)
16 16 6 End flap {right)
\\\ | /// 2 7 Lower bearing frame
1@ on
;:3 8 Base plate
5'2— 4 9 Weight hanger
N alb|ec /6
g 10 Tracked rollers
h ]
15 g ) 13 i Main frame
7 ¢ 8
1 Z 12 Block
VZ 2N /D Dm‘p - FIANN
10 I 13 Shear load
14 Strain control device
15 Sample
16 Roller bééring guices

a-h load cells

Figure 2.7 Mark 6 Simple Shear Apparatus

(after Roscoe et al., 1967)



24

guides the movements of the other (5,Fig. 2.7).

A load cell measures the total normal and shear load
transmitted to the sample (3,Fig. 2.7). It is connected in
turn to a ram which is constrained to movesvertically by
roller bearing guides (1,16,Fig.2.7). Vertical loads can be
applied to the sample in stress controlled fashion by
applying loads to the hanger (9,Fig. 2.7). There is also
the capability of strain controlled vertical loading.

The strain state within the sample is calculated from
external measurements of deformation; that is, the maximum
displacement of the shear box in the horizontal and vertical
directions. The instantaneous height of the sample is also
measured. The apparatus was designed to withstand stresses
accompanying a maximum mean normal stress of approximately
700 KPa. The maximum angular distortion which may be
imparted to the vertical ends of the sample is 45° .
Referring to the load cells labeled a-f in Figure 2.7,
Roscoe et al. [(1967) note that the clearance between them
ranged from '004 to .005 cm. When testing samples of clay,
the gaps could be filled with latex. However, no indication

is given of an appropriate testing procedure.

2.3.2 Description of Simpler Cambridge Type Apparatus

A less complex form of the Cambridge type of simple
shear apparatus was used by Dunlop et al. (1968) to test
clays in the undrained state. The sample to be tested vas 6

cm square and 2 cm high. The vertical sides of the sample
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are surrounded by a rubber membrane attached to the upper
and lower platens. In turn, they are in contact with the
upper and lower horizontal surfaces of the sample
respectively. The membrane is surrounded by meta]lwalls.
With the application of shear load to the sample, the upper
platen can move both vertically and horizontally. At all
times, it remains parallel to the lower platen. As the
upper platen moves horizontally. the end walls rotate to
impose, in a gross sense, a state of simple shear
deformation. Vertical loads can be applied to the sample.
For the particular suite of tests described by Dunlop et al.
(1968), the horizontal loads were applied in a strain
controlled manner. Lateral normal loads, those acting on
the vertical walls of the apparatus, were not measured. |
Prior to a test, the tamples were consolidated
one-dimensionally, being subjected to a pressure gnrgter
than their previous overburden pressure. Since the top cap
in the simple shear device had a rather restricted range of
travel, consolidation was carried out in a large
consolidometer. After this, the samples were trimmed to the
appropriatéfdimensions.and installed in the simple shear
device.

Further consolidation of the sample was then initiated
to insure that it was properly seated and normally
consolidated under the desired pressure. A back pressure
was épplied to make sure .that the specimens were fully

saturated.
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Upon completion of the final phase of consoli. ition,
with further drainage from the sample prevented, a shear

load was applied to the sample at an average rate sufficient

to cause failure wit! v Tt s, It is noted
that, with failure occurr » !_ripee * g3t of time, the
estimated degree of equalizati. r uniform pore

pressures ranged from 92% to 298%.

2.3.3 Stress State in Cambridgé Type Apparatus

In trying to determine the approximate nature of the
stress state within an early model of the simple shear
‘apparatus, Roscoe (1953) assumed the soil to be isotropic
and 1ineaf]y elastic. The boundary conditions were as
outlined in Figure 2.8, where u denotes the horizonta]
deformation, v the vertical deformation, K the angle of
shear and 7 the shear stress, all referred to the
coordinate axes shown. The problem is two dimensional in
nature with the sample being six units long and two units
high. From the diagram, it can be seen that no vertical
load has been applied to the sample; the case analysed is
one of undrained shear. Poisson’s ratio is assigned a value
of one half.

The solution can be expressed in the form of an
infinite series with the constants being determined by
fitting them to the above mentioned boundary conditions. In
discussi 3 the results of the stress analysis, Roscoe (1¢33)

noted the following:
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a. the vertical normal stress, Oy , is zero for all
values of x along the horizontal center . ine of the
sample (y=0)

' b. wer the upper and lower surfaces of the sample the
distribution of the vertical normal stress 1is
nonuni form. The computed varjation of g, over the
upper surface of the sample is given in figure 2.9.
The parameter s 1is the average applied shear stress,
that is, the applied shear load divided by the
sample’'s area. The variation of o, along the lower
surface of the sample is simply a reflection of that
along the upper surface, about the abscissa.

c. that the distribution of the hor izontal normal
stress, g, . over the ends of the sample is
similarly nonuniform.

In Figure 2.9 is shown the distEibution of normalized
shear stréss.v;,/s, over the top surface of the sample; that
over the bottom surface is identical.

In a recent paper, Wood et al. (1980) discuss a
procedure for determining the stress state in the central
region of the latest Cambridge simple shear apparaius. It
is based on the measurements of the load cells that bound
the sample. Further, a method is advanced for ascertaining
the complete stress state in simpler forms of the apparatus
where only the total shear and norhal loads applied to the
sample are measured. However, as yet, the latter approach

is restricted to sands.
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An example of the stress state on the boundary of a
medium loose sample of sand tested in the mark 6 apparatus
is given by Roscoe et al. (1967). 1t is similar in form to
that predicted by Roscoe (1953).

In studying the nature of the stress state existing in
samples tested in their simple shear device, Dunlop et al.
(1968) employed the finite element method. The material
response was modelled as nonlinear and anisotropic. Details
of the method of determining the moduli can be found in the
paper by Duncan and Dunlop (1868) or, in greater detail, in

the report cited above. The imposed boundary conditions

were QU;Ji =i ‘lar t. those used in the analysis conducted
by Roscoe X . page 27.

Ny ant - the uniformity of the stress state
within S. P 2 ‘¢ . esented. However, the related

problem of p: gressive failure was considered. Its effect
on test results depends upon the post peak behaviour of the

soil.

2.4 University of fAlberta Apparatus
In this section, a possible alternative to the two

devices discussed previously is introduc+.

2.4.1 Description of Apparatus
Figure 2.10 shows a schem. = jew o the apparatus.
The sample to be tested is cir~n in plar and eir:cased in a

conventional latex membrane. The upper platen (5,fig. 2.10)
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is connected to the loading cap assembly by means of a pair
of collars. The lower load cap can slide independently of
the upper one due to the presence of a layer of ball
bearings (9,Fig. 2.10). However, as can be seen, any
vertical compressive load will still be transmitted from the
ram to the sample.

Vertical load can be applied to the sample by means of
a pneumatic jack or Bellofram, not shown in the figure,
~connected to the vertical ram. Similarly, horizontal load
can be applied, through the lower load cap and upper platen,
by a Bellofram connec to the horizontal ram (8,Fig.
2.10). It is also possible to apply a cell pressure to the
sample. Fins, embedded in the soil sample on its top and
bottom faces, allow transmission of the shear load to.the
sample and, then, to the cell base. Stress controlled tests
would »e conducted using this apparatus.

The rams’ loads acting on the upper surface of the
sample are measured using load gauges. The lateral load,
due to cell pressure, is measured by means of a transducer.

Linear variable displacement transducers (LVDT's) are
used within the cell to detect vertical movement of the
lower section of the load cap asgémbly. These are not shown
in Figure 2.10. The displacement of the horizontal ram is
measured by an LVDT positioned outside the cell (11,Fig.
2.10). The vertical and horizontal movements, just
described, are assumed to be those of the upper surface of

the sample as well. A lateral strain gauge (2,Fig. 2.10) is
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used to detect any change in the length of a reference
diameter. It is assumed that this measurement reflects the
behaviour of all sample diameters. The pore fluid pressure
is measured at the base of the sample, by means of a
transducer.

The technology employed in this apparatus being
conventional, it does not appear difficult to design one
capable of withstanding relatively high pressures: on the
order of 2800 kPa maximum working cell pressure. Both
drained and undrained tests can be performed. The samples
would be strained, approximately, in simple shear and plane
strain.

The specimen is compacted in a split ring mould, then
placed on the pedestal, the mould removed and the membr ane
positioned. The lateral gauge (2,.Fig. 2.10) is thén set up.
W°  the horizontal ram (6,Fig. 2.10) in place, the cell
we. . Cc" 1 then be positioned and the partially assembled
apparatus installed in the testing area proper. Next, the
load cap assembly (4,Fig. 2.10) is attached to the upper
platen {5,Fig. 2.10) and the cell cap (6,Fig. 2.10)
fastened. *Finally, the rams (7,8,Fig. 2.10) are connected
to load cells which are attached, in turn, to pneumatic rams
or Belloframs. Various electrical lines taking the output
from the meaéuring devices to an automatic recording"unit
can be connected at this time as well. The cell would then
be filled with a nonconducting fluid not causing the

degradation of latex membranes.
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In running an undrained test, the saiole is
consolidated under conditions of no lateral strain; the
diameter of the sample being maintained constant by an
appropriate manipulation of one or both of the boundary
loads. Back pressure can also be applied, through a line
leading to the upper surface of the sample, if required.

After completion of the consolidation phase. increments
of shear load are applied; the length of each being
sufficient to allow equalization of excess pore pressurs.
Again, the boundary loads are altered, as required. to
maintain the measured sample diameter constant.

At all times, pertinent data are recorded

automatically.

2.4.2 Stress State in U of A Apparatus

} The boundary conditions to be used for a stress
analysis of the sample subject to shear loading are similar
*o those of Lucks et al. (1872) mentioned previously. Upon *
shear loading each point on the upper surface of the sample
is assumed to experience an identical horizontal
displacement, the horizontal surfaces of the sample
remaining parallel to one another. The, initially, vertical
sides of the sample are'not acted upon by a cell pressure.

To analyse the stress state in the sample simulating

all phases of the loading sequence, one must model the

interaction of the soil, upper platen and pedestal. The
pedestal is taken to be identical in form to the upper
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platen. It is then the exterior horizontal surfaces of the
upper platen and "pedestal” to which the appropriate
displacement boundary conditions are assigned. Along the
vertical surfaces of the sample, platen and pedestal, forte
bo&%dary conditions are imposed. These conditions are
depicted graphically in Figure 2.11. The complete sample
Qas not analysed; the section considered was the one passing
through the axis of the samplie and parallel to the {ine of
action of the applied shear load. It corresponds to
the 6=0° section of Lucks et al. (1972). A two
dimensional, plane strain; linear elastic analysis was run.
That the 0 = 0° section deforms under conditions of plane
strain fo]]ows‘from the symmetry of the loading condition
and sample itself about that plane.

For an assumed vertical stress of o, within the soil

sample, the required horizontal stress, to be applied on the -

vertical faces of the sample is:

Ko O, v ) 2.2

Q
T
"
D
A~
Q
<
"

where v is Poisson’s ratio. The vertical displacements

to be imposed on the exterior horizontal surface

-4
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of the upper platen are:

Oy

1[1-2v K ] b 23

where E is Young's modulus and h is the initial height
of the soil sample; both in appropriate and compatible
units. The horizontal displacement of the platen’s upper

surface is:

g = T 2.4

51,
where 7 is the desired shear stress and the other
parameters are as defined previously.

Given a set of analytical results and assuming that the
normal loads applied to the sample (whether in the form of
horizontal load or vertical quormation boundary conditions)
are such as to avoid stress transfer between the sample and
upper platen or "pedestal”, one can assess the uniformity of
the stress state in vertical planes passing through the axis
‘of the sample, other than the §=0° plane, by referring to
the work of Lucks et al. (1972).
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A parametric study was then conducted to determine a
reasonable sample size. The comments that were made
previously concerning the effects on stress state
homogeneity of the cylindrical nature of the sample
(page 21 ) and possible slippage between the sample and

platen or pedestal (page 2! ) may t made once again.

2.5 Evaluation of Apparatus
In choosing an apparatus for this testing program, »f
particular interest are:
a. the ease of construction of the apparatus
b. the nature of sample preparation and apparatus
assembly
c. the complexity of the test procedure
d. the physical quantities that can be determined and,
e. the uniformity of the stress state.

As wi]lbhave become clear by th: " -cussion of the
various potential apparatus, each -as “s shortcomings.
However, for present purposes, the .- - sity of Alberta
apparatus would appear suitable. In a mechanical sense, its
design is relatively simple. Samples can be prepared using
conventional techniques and slightly modified equipment.
The membranes encasing the sample are easy to fabricate and
position. Further, the apparatus can be used to run tests

;over a widé'range of pressures. The test procedure might
seem tedious, involving as it does the adjustment of

boundary loads to maintain the reference diameter constant.
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However, in a recent paper Franke et al. (1979) describe a
servomechanism that accomplishes this. Perhaps some
variation of this development might ultimately be
incorporated.

The chief difficulty that surrounds simple shear
devices is the nature of the stress state within the sample.
The boundary conditions are not specified purely in terms of
stresses, but displacements and stresses so, to én extent,
one must presume a constitutive law to hold or make other
assumptions before proceeding with an analysis of the test
data.

In the recent versions of the Cambridge device one
attempts to circumvent the major uncertainties associated
wi. i a boundary value analysis through measurement of
boundary tractions using load cells, assuming that stresses
in the central region of the sample are uniform (Wood and
Budhu, 1979). However, in the case of undrained tests, one
cannot proceed similarly because with nonhomogeneous states
of stress near the boundaries of the sample come equally
variable pore pressures regimes; their equilibration cannot
be prevented and the state of stress in the central regions
of the sample can therefore not be isolated.

In the case of the apparatus utilized by Dunlop et al.
(1969), one must specify primarily displacements on the
boundary of the sample and then, with the aid of a technique
like the finite element method, determine the stress

distribution within the sample. Proceeding in this way, one
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must be sure that the boundary conditions in fact are

as presumed (Prevost and Hoeg, 1976; Finn et al., 1871) lest
the analytical results lose their meaning. The nature of
the stress-strain law assumed also affects the validity of
the results obtained.

With the circular simple shear devices, unless one is
content to deal only with average, boundary values of
stress, analytical techniques must also be used to determine
the nature of the stress state within the samplie. The idea
of interpfeting such test results in terms of boundary
stresses should be approached with caution due to:

a. stress nonhomogeneities evident, even assuming an
ideal soil model,

b. the tendency for some nonuniform horizontal
deformation during shear (Duncan et al., 1968)

c. the possibility of the horizontal normal stress
changes, required to maintain a Kocondition, varying
around the sample’'s perimeter in light of the actual
ability of the reinforced membrane or cell pressure
to provide such restraint, and

d. the equilibration of pore pressures within the
sample.

However, the derivation of a suitable soil model to be
used in the prediction of stress-strain behaviour and pore
pressure .response upon rotation of principal stress
increments would be given impetus by the experimental and &“\\

analytical work recently completed in this area. Then, with

o
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such a capability, the results of an ideal simple shear
test, one in which there are no stress nonhomogeneities,
could be recovered. More will be said of this in a later
‘chapter.

The level L1 technology reflected in the design, and
the simplicity ot laboratory procedures, in conjunction with
anyappropriate model of soil behaviour, would seem to permit
the University of Alberta device to elucidate the behaviour
of compacted soil upon rotation of principal stress
increments. Further, it is suggested as a reasonable choice

for use in the following study.
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CHAPTER 3
RESCRIPTION OF TESTING APPARATUS

3.1 General
In this chapter a description of the various parts of
the apparatus is given. When felt appropriate,

considerations of machining and design are noted.

3.2 Description of Apparatus
For convenience, this section has been subdivided. The

testing frame will be described first.

3.2.1 Testing Frame

This component is situated on a robust table )
constructed solely of hollow rectangular mild steel tubing.
The prime consideration in choosing the material for the
table was its avail lity. A view of the testing frame is
given in Figure 3.1. The base is formed by a mild steel
plate 155 cm long, 76 cm wide and 1.3 cm thick, braced on
the underside by hollow rectangular tubing welded in place.
In specifying the length of weld one must Keep in mind the
thickness of the table and its consequent deformation during
welding. The vertical uprights, 218 cm long, were machined
from precisely milled, high strength alloy steel shafting.
Material of this high quality was used due to the great

length of the uprights and the complexity of the apparatus,

nNecessitating fine tolerances. Collars, located on the

42



Figure 3.1 View of

Testing Frame
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underside of the base, are threaded to accept the vertical
supports. At the very top of Figure 3.1 may be seen part of
the uppermost crosspiece. The crosspiece is supported on
its underside by large mild steel nuts. To secure the
crosspiece firmly in position, two other such nuts may be
advanced downwards along the vertical supports until they
come into contact with its upper surface. The purpose of
this member is to provide support for a pneumatic ram.

fhe ram has a bore of 5 cm and maximum working pressure
of 1400 KPa. During assembly and disassembly of the cell it
may be used to raise or lower various components. This
point is discussed more fully in the appendices on testing.

The middle crosspiece is connected to the ram. This
component serves to enable transmission of force from the
pneumatic ram, through two .95 cm diameter steel rods, to
the Towest or main crosspiece.

The main crosspiece can thus be raised and lowered
along the vertical supports. The diameter of the central
threaded portion of the vertical supports is greater than
that of the unthreaded portion above so that the nuts used
to secure the main crosspiece may slide freely as its
elevation is changed. When not being moved, the main
crosspiece is supported by two other miid steel nuts, which
are located just below the cell cap in Figure 3.1 . Finally,
two steel rods connect it to the cell cap. This allows the

raising and lowering‘ok the cap.
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3.2.2 Vertical Loading System
The Bellofram, used to apply the vertical deviatoric
load, is situated on the main crosspiece. Bolts prevent its

moving during the application of load. The Bellofram has a

inserte n/ihe migdle of the picture one can see the
vertical 1o§d cell. It is made of aluminum. A hollow
plexig s cylinder encases the load cell, preventing
accidental damage to the :..ain gauges mounted on its side.

Two adapters 1link the Bellofram ram and vertical load
cell. The first, conical in profile, allows transmission of
force over a wider area. [t screws into the Bellofram ram
and is threaded to accept a male thread from the rotational
adapter below it. The second or rotational adapter'
incorporates a thrust bearing oriented in a horizontal
ptane. Due to this design feature, compressive loads can be
borne and yet, under no load, one half Qf the adapter may be
rotated independently of the other. Since it is inadvisable
to rotate the belofram ramn at any time, such a fitting
proves quite valuable during assemtily and disassembly of
apparatus. The rotational adapter screws into the load
cell. A small connector links the vertical load cell and
ram.

The ram is precisely machined, hardened and ground

.along its length for smooth travel through the bushing in



Figure 3.2 View of Load Cell and Cell
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the cell cap. Further, as shown in Figure 3.3, the vertical
ram screws into the top of the upper load cap. It is very
difficult to machine a material of this hardness, so, 1o
effect suct a connection, it was necessary to drill and
thread a hole in the end of the ram, into which was screwed
an adapter of an exposed 'threaded diameter equal to that of
the ram . The need for the load cap to remain normal to the
axis of the vertical ram and, hence, for a rigid connection
between the two components was discussed in the chapter in
which the stress state within the sample was described.

The load cap is composed of three distinct parts:

a. the upper load cap, mentioned previously,
"b. a Teflon sheet, immediately below it, and,
c. the lower load cap.

Twenty three holes were drilled, in staggered rows, in
the Teflon sheet. A ball bearing is positioned in each one.
The diameter of the holes is slightly greater than that of
the bearings; the thickness of the Teflon sheet is slightly
less. Connector plates, positioned on each of the long
sides of the load cap, lim{t relative movement between the
upper and lower luad caps. Dlue to the presence of small end
flaps, one of which can be seen bolted to the upper load cap
in Fjgure 3.3, and the just mentioned limits to the relative
mdvéhé;t of the lower load cap, the displacement of the
Teflon sheet relative to the upper load cap can e no
greater than that of the lower load cap. Figure 3.3

represents a condition of no relative displacement of the



Figure 3.3 View of Ram-Load Cap Connection
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components of the léad cap.

This design insures maintenance of tpe integrfty of the
load cap, allows transmission of vertica\iload to the sample
yet, even under suEh load, permits horizontal movement of
the lower load cap. The magnitude of the resistance to any
such movement, due to friction between various components of
the apparatus, will be discussed later. The maximum *‘ravel

of the lower load cap is about 1.3 cm.

N

3.2.3 Upper Platen

The load cap rests n theupper platen of the sample.'~ﬁ
Two collarg incorporated ii. the lower load ’é‘ap, may be
lodged against the uppér_platen by tightening several Allen
head cap screws. These collars enable prober besif{Bhfng of
the load cap during sample assembly and, hence, ensure ‘that
the displacement of the lower load cap will be ‘equal to that
of the upper platen during the test. From the vantage point
for Figure 3.4, the horizontal combonentnof displacement is
from left to right. “

A clo;e up view of the upper pléien is seen in Figure
3;5. The brass disc and attéchedfétainless steel line,
Qccupying the recessed area in“the platen, are components of
a drainage line through which pore fluid may drain frém the
sample, if the appropriate valves are open. One can also
see an 0O-ring, inset in the disc, and the ends of two '

screws, tighténing which the O-ring seal may be formed. To

prevent drafnage around the heads of the screws, Teflon
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Figure 3.4 View of Sample with Lateral Gauge Attached
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Figure 3.5 View of Upper Platen
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gaskets may be used. Figurew 3.6 shows the drainage line in
position.

The platen itself, upside down and disassembled, may be
seen in Figure 3.7 . Uppermost is the finned plate with the
recessed porous stone below. The finned plate 1is attachéed
to the upper platen, proper, by means of aluminum screws.

In tightening the screws, one must be careful! not to tighten
them too much, thereby stripping the threads. Note, that
the holes for the screws are countersunk. Drainage of the
pore fluid from the sample takes place through the numerous
small diameter holes drilled in the finned plate. The fins,
triangular in profile, insure that the horizontal
deformation of the upper platen and upper surface of the
soil sample are identical. Their spac*ﬁb was arbitrary,
being thought great enough to allow easy embedment in the
soil, yet small enough to allow transmission of the desired
shear force. The ratio of fin to sample height was selected
after reference to the work of Hvorslev and Kaufmann (1852)
and Bishop et al. (1971). The porous stone is cut from N
coarse, sintered stainless steel. It is connected to the
upper platen drainage line, shown in.Figure 3.5, by a line
drilled vertically through- the upper platen, proper.

The upper platen, prover, is not of uniform diameter,
as can be seen in Figure 3.7 . The diameter of the finned
plate is equal to the larger diameter. During sample

preparation, two O-rings may be slipped over ‘"~ region of

smaller diameter and lodged against that of G arger



Figure 3.6 View of Drainage Line in Position

N



Figure 5.7 Upper Platen Disassembled
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diameter. The fii.ied plate, when screwed into place, then
prevents the O-rings from slipping out of position.

Ouring a test, two other 0-rings will encircle the
lower platen or pedestal, on which the sample rests. Metal
strapping is used to press the rubber membrane, enclosing
the sample, against the sets of 0O-rings, thus isolating the
sample <rom the cell fluid. The lower set of 0-.ings can be

seen in Figure 3.8

3.2.4 Pedestal

Like the upper platen, the pedestal, proper, has a
recessed area for a porous stone and screw holes allowing
attachment of a finned plate. Lines allowing drainage of
fluid and measurement of pore fluid pressure run down
through the pedestal and into the cell base. The finned
plate prevents the lower surface of the sample from
translating horizontally under the action of the deformation
imposed on the upper surface. As with the upper platen, the
fins ¢ = aligned normal to the axis of the horizontal ram.
The pedestal fits into a recessed area in the cell base,
being secured by Allen head cap screws that pass through the
cell base and lodge in holes drilled and threaded in the
underside of the pedestal. An O-ring which runs around the
underside of the pedestal, near its perimeter, prevents the
inflow of cell fluid. Further, smaller 0O-rings surround the

base drainage and rore pressure lires,



Figure 3.8 View of Pedestal
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3.2.5 Cell Base

The cell base is constructed of aluminum. Various

views of the base are presented in Figures_3.3, 3.4 and 3.8

A schematic view is shown in Figure 3.9,l The lines for
pore fluid pressure measurement and base drainage pass
predominantly through the cell base, appearing on its
exterior vertical ﬁurface. The pore fluid pressure
transducer is located there. One of the valves on the base
drainage line is also ‘located there. Care had to be taken
in drilling these lines as they are rather 1© - and it was
necessary that their final form be such as to allow the
complete flushing of enfrapped air bubbles during sample
preparation.

Within the cell, during a test, are several electrical
measuring devices. The leads for these devices are passed
through lines, of a diameter larger than those jug}
discussed, drilled in the cell base. They areconnected,
ultimately, to a data acquisition system. That device can
monitor and/or record their output. There are three such
lines. A seal must be formed around the electrical leads,
where they leave the cell base, to prevent gross leakage of
fluid from the cell. However, small amounts of leakage can
be tolerated since the qe]l pressure is generated by a
constant pressure.source and sample volume change is
monitored using electrical devices.

The-remaihing lines drilled through the cell base form

parts of systems allowing draining of the cell and enabling
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drainage of the sample from its upper surface, respectively.
A transducer, located on the former line oOn the perimeter
of the cell base, is used to measure cell pressure. It can
be seen in the right forea ~ind of Figure 3.2 . 0O-rings
nrovide a seal between ne flanges of the cell wall and the
cell base and cell cap respectively. The groove for the
lower O-ring may be seen in Figure 3.8 . Tie rods -~e used
to connect the cell cap and cell base. The lower ends are
screwed into hardened ir-»~ts lodged in the cell base.
Aluminum is a soft meta d the threa4§ 2?\$uch holes would
“ be degraded quickly were hardened inserfgﬂzgt provided.
Other features of the cell base., as see.. in Figure 3.8, will
be described later. The consideration determining the
thickness of the cell base was ease of machining of the

various lines.

3.2.6 Cell Wall and Yoke

A view of the cell wall may be seen in Figure 3.2 . The
cell wall, proper; is welded to the upper and Tower flanges.
Given the average diameter of the cell wall, 40 cm, some
distortion of the flanges and cell wall might be expected
upon such welding. To circumvent the problem, flanges 1.3
cm in thickness were used, the welding was done,.ana only
then were the surfaces of the flanges, in contact with the
cell cap and base, mdchined. The holes for the tie rods
were then marKed and drilled.

The horizontal load to which the load cap is subjected
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during a test is applied by a yoke passing through the cell
wall. Beyond the wall, the yoke passes through a bushing
housed in a fitting which is in turn bolted to a base on the
cell wall. This is shown in Figure 3.10 . O-rings must be
provided to prevent leakage of cell fluid along the
interface between the above mentioned base and fitting.

In Figure 3.11 are pictured twe - . ~1 arms that

extend from the underside of tbh owe~ ' .dd ~ . At the

lower extremities of the arms ¢ oriz 2 4y oriented
roller bearings held in plac~ ! * pins passing through e
‘espective arms. The roller .-rings form line contacts

with the arms of the yoke. It is beneficial to use them to
transmit the horizontal load from thé‘yoke to the load cap
as vertical deformation is not impeded even if the load cap
is under horizontal load. In the initial testing position,
the maximum possible vertical movement of the load cap
permitted by the design of the yoke is approximately 1.3 cm.
It should be noted that, not withstanding deformation due to
the applied load, the arms of the yoke, in contact Qith the
roller bearings, are at all times vertically oriented. This
insures that the load, as transmitted to the load cap, has -
negligible vertical component. In Figure 3.8, two small
rectangular supports for the yoke may be seen. Teflon
covered, the supports offer little resistance to the

horizontal movement of the yoke yet prevent its rotation.



Figure 3.10 View

of Horizontal Bushing Assembly
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Figure 3.11 Yoke and Load (ep Assembiy



3.2.7 Horizontal Loacding System
The complete ~orizontal loading system may “e ;egn in

Figure 3.12 . It consists of, in turn:

a the yoke

b. a load cell

c. a rotational adarter

d. a spacer and,

e. the horizontal belofram.
During construction of the appara “re was taken in

aligning the various components ¢ ‘rictional forces

due to the interaction of the yoke ... bushing would be
minimized. The lcad cell, similar, in desi ' to thevohe
discussed previously, measures the load abbf%ed by the
horizontal beleraA. This is not necessarily the load to
which the sampfégfg;subjecfed, since other forces may also
act on (he yoke;. for »xample, the above mentioned frictiondl
forces. The determination of the - Jal‘magnitude'c this
load will = discussed in a2~ apppendix.

The ac=.te »dlays thé same role as the one linking thre
vertical load cell and Bel ofram but muét bear a tensile

ioad during a test. On occasion, the spacer is used to

restrict the movement of the horizonta]llpaggng system. Its

<

function is described in more detail in Apffendix C. The
horizontal Beflbfram’is bp]ted to its stand which, in turn,
is bolted to the base of the loading frame. To insure
horizontal force equilibrium, the ce’’ “tself must be able

to resist horizontzi load. Two of the our bolts used to



Figure 3.12 Horizontal Loading System
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secure the cell may be seen in Figure 3.2

3.2.8 DeformationyGauges
~astly, the compdnents for the measurement of
deformation aithin fthe cell st be discussed. A gauge was
? designed to moriitof, the average lateral deformation of the
sample. Several gnewiﬁ'f the gauge may be seen in Figures
3.4 and 3.6. In prvnciplé its design and opeQ§t1on are the
same as those of the one described by Fréd]und’(1973).
Perhaps the ma{ﬁbdeference is that in the present case the
pads restiné on the sampie’s membrane a¥e not of a radius of
curvature equal to that of thé ™sample, but planar, or1ented‘,
vparal}ol to the l1ne of action of the imposed shear load.
This must be so to allow hor1zonta{ deformat1oﬂ‘;f the
sample to take p]acqﬁgﬁ ie, at the same time, record1ng
%§§d1ameLer change. A .

o The other gauge, part of which can be seen on the gar.
side of the load cap in Figure 3.3, cons1sts~essent1ally of
two LVDT's that measure the vertical components of movement
of the lower load cap at two discrete points. The probes of
the two LVDT's rest on separate horizontal pads connected to
the lower load cap. These can be seen in Figure 3.1 .-The
rotation of the lower load cap and, hence, of the upper
platen, may be important in determining the stress state
within the sample. Considerations in the design of the

gauge were the limited spéce available and the ease of its

installation during assembly of the cell..
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An LVDT, mounted yoke, outs1de the cell,

:asures the horizonta f1 p1acement of the 1atera1 loadinc

system and, it is assumed, the sample. It may be seen in
\

Figure 3.12. The presence of the spring to maintain the

position of the probe should be noted.

3.3 Devices Used During Sample Preparation

The split ring compaction mould is of standard design, i
but unusual dimensions. It %w used to form samples 5 cm in
height and 15 cm in diameter. When embedding tgé finned .
plates in the soil sample, the compaction mould is placed on
the pedestal,fas shown in Figure 3.13 . Due to the design of
the mouid’s base, there is a gap between the bottom of the
soil sample and the bottom of the‘campaction mould. This
allows the compaction mould to be centered on the pedestql
» by the finned plate. It is important that the fins be |
orient&d ig the direction normal to the line of action of
the shear_]oad. In the case of the lower finned plate this
cqﬁ be assured by the pattern of screws holes in the A
pedestal. This is not so for the upper platen; s somewha't
complex alignment and loading system was'designed’ Two rods
are threaded into holes in the cell base (the bottom ha§
been drilled out of the base for the bar supporting the
lateral strain gauge). A crosspiece links these two
uprights. This is shown in Figure 3.13 . Below it, a
slotted 15 cm diameter disc sits on the er platen, wh%dh

is resting directly on the soil sample. Previously, two
, t



Figure 3.13 Embedding Fins in Sample

N
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small holes had been drilled, with their long axes para]]§J
to one anot#er, through the small rod connecting the N
crosspiece and the disc. The holes were oriéﬁied at right'
angles to the axis of the rod. Into these holes wé}e~4hén
hammered roll pins. Finally, slots to accept the roll pits
were milled in the crosspiece and disc. Thus, postiOniqg
the rod as shown in Figure 3.13, one fixes the orientat{on
of the disc relative to the crosspiece. The upper platen
can then be pos1t1oned by matching marks made in its own
sur face and‘that of the disc, so that the fins are normal to
the dineQ&i@h of shear. Further, applying a uniform Toad to -
the crosspiece al]owsﬁ&he fins to be embedded in the soil.
The sample is prepared W1th the cell base resting on a
movable plate posi ned at one end of the loading frame d
base. When the load cap is about to be attached, the pin
securing the blate is removed and the plate is moved to the
position\§hown in Figure 3.1 . The track along which it runs

may also be seen. The plate is made of aluminum, the wheels

. are light roller beérings.



CHAPTER 4

PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

RO, O

4.1 General ‘ .
In thisﬁchapter, an assessment of the performance of

the apparatus is made’ As well aspectt of the laboratory

procedures employed are evaluated The experimentahvdata

are then presehted and reviewed in the light of expected

results To conclude, the uncertain nature of the stress

' stéte w1th1n the sanple 1s .noted and me thods of analysis, to

resolve the attendant d1ff1cult1es. are d1scussed br1efly

4.2 Description of Soil Tested

The material from which a sample was det ived formed
part of a boxed sample of Mica Dam core material taken in
the area of one of the abutments. The methcd of sample%
preparation is described in Appendix B. Routine‘index tests
were run on the material to be tested: thevliqdqd limit was
t8.3%, the plastic limit 15.4%. The specific gravity of
sofl solids was found to be 2.79. Figure 4.1, on the

following_pege, shows the grain sigg,distribution based on

the results of sieve and hydrometer analyses.

-
2

The bulk density of the compacted material was 2.23
gm/cc, the water content being approximately 15%. An *
ayerege degree of saturation would then be about 95%, ‘given
the mean void ratio ot .44 . The gra:h size distribution: and
moulding water content were chosen to enable the fins to bé’ J
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embedded in the soil sample easily and to ensure a tight
contact between the f%gs and sample. This necessitated th

FAT

covering of the inner surfaces of the compaction mould with¥f%J§
plastic wrap before beginning compaction of the sample.
However, stable, intact samples were easily progyced

thereafter.

4.3 Evaluation:of Apparatus and Laboratory Procedures
In this section, various aspects of the performance of
the apparatus and laboratory procedures used will be

reviewed. -

4.3.1 Membranes

The membranes, produced using techniques based on the
work of Vaid and Campanella (1973), were simple to fabricate
and performed well. At no tihe were dif -~ulties
experienced with membrane leakage, but the metal straps,
binding the membrane to the pedestal and dpper platen,
respectively, had to be tightened 9arefully. Care was also
taken to insure that the membrane, positioned on the sample,

was nowhere wrinkled.

4.3.2 Loading Frame

The design of the-loading frdme’ base, incorporating an
area where the cell base could be'p§$itioﬁed during sample
assembly, proved acceptgble as did the performance’bf the

pneumatic ram. With.a small amount of practice one was able
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to control its movements quite closely. Further, there was
little friction apparent with relative movement between the

vertical uprights and main crosspiece,

4.3.3 Cell Fluid : nl
In choosing a fluid to be used ir the cell one must
consider, under these curcumstances,
a. whether its conductivity is such as to affect the
signal of measuring devices within .the cell,
b. the tendency of, the fluid to dec ade the Iétex
menb;mes ov&the perwod of a test,and,
c. its ?Qn1§c1b1l1ty in water, '
Glycer1n manufactured by Fisher Scientific Co., was found
to be essentially nonconductive. Further, in special
preliminary tests run at cell pressures of 1400 KPa over a
period of several days, it did not\affect the structure of
the membranes. The fac that §lycerin is soluble in water
makes it relatively easy to clean up after a test. Howéver,
care must be taken to ensure that the flu1d used in tests

has not been contaminated w1th water Th1s can be

determ1ned periodically be check1ng”{Ts conduct1v1ty

4.3.4 Testing Procedure
The process of filling the cell was time consuming, -
taking approximately two hours. Every twenty minutes or so

the, fluid level within the reservoir was checked: if

necessary, more fluid was added. -

[}
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It was found preferable for two people to work together
on sample and apparatus-assembly from posftioning of the
sample on thé pedestal to filling of the cell. However, it
was essential that there be two people only from the
positioning of the sample t» the attaching of the cell cap;
on the order of several hours.

In the initial stages of a test, prior to each
increment in cell presure, a §eating load was. applied to the
vertical ram to prevent its 6ging forced out of postion by
the cell pressure. The calcuiated increase in air line

. @
pressure to th# vertical BelYofrem. 5% of the subsequent
= ' ok 5y

3

cell pressure increase, proved‘igffﬁc{éﬂt. -
The above undrained increments in cell pressure
preceded Ko consolidation of the sample and the application |
of horizontal shear load. Their oni&%al purpose w‘ to~« /’w
raise the pore pressure to any appropriate leyel prior to the
applicatjon of back pressure that wouid eventually causé
séturatiéé of the Samp]e'é: he cell pressure wou{d then
again be increased, in undrained increments, and
Ko consolidation begun. MAlso, it was planned that these
load increments would involve no lateral.strain.. HowéVer,
the pore pressure respbnse tSAthe increases in cell pressure
‘was such that increments in deviatoric load, to maintain a
-Ko condition, were not apblied for fear the e1‘fective'wf
lateral stress within the sample would tend to zero.
Further, it was realized that, for préctical'purposes, the

sample could be saturated by undraimned loading. The cell
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pressure was thus raised, in steps, past the level at which
back pressure was to have produced full saturation, to its

final level and K, consolidation then took place again:

he
Just mentioned baék pressure (or in stages, with the fm
back pressure equalling the above mentioned value) .

Values of the parameter B for undrained load increments
at pore bressure levels equal to or greater than the finél
applied back pfessure were always at least .99 . Also, the
component of vertical stregs., due to the various increments
of seating load during th1s period of undra1ned loading,
proved negligble. As des1red the assumpt1on of full

satwration of the sample was thegufe1t:yarranted. Vo

4.3.5 Lateral Gauge
The boundary loading during the episodes of
consolidation and shear loading was determined té a large

degree by the performance of the lateral strain gauge. W1tp

R

2

a change in the reference d1ameter 1nd1cated by the stra1n
gauge, the vertical dev1ator1c load would be altered by a
certain amount to restore ‘the reference diameter to its
__origina] length. Although the present gauge is similar in
design to that utilized by others (Frediund, 1973: Law, 1975
) its per formance was not enfirely satisfactory. Certain |
tq&her difficulties, associated with its use, presented
themse]ves'in the course of the testing program. Details of

both of these concerns are noted in the following

.paragraphs.
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In the first test, although'tﬁe gauge was responsive to

changes in sample diameter during consolidation (against 568

KPa bacKk pressure), too large a vertical load was applied in

trying to return the reference diameter to its original '

Tength. After reducing the vertical load, without a

comparable change in lateral gauge readings, it was decided
. simply to allow the sample to tend, through consolidatior .

towards its jnitial diameter. The gauge’g\readings B
ref]eotéﬁ'ihé'deéréase ip diameter.. Duriﬁg theﬂébplication ﬂ%‘
of shear load, the readings of {ﬁg géuge did not change.

In the second test (consolidation aé%insf 606 kPa back

‘pressure), the method of maintaining the reference diameter

. éonstant was jgproved and worked sucessfully. However, it

)'apéears that Qd this occasion the wires of the gauge's LVDTU
interfered with the free movement of its probe; after two .»
successful attempts to béturn the reference diameter to its

-

initiéa value, the gauge indicated a constént diameter
despite further consolidation of the sampf;. With the
application of shear load, thé output remained Unchanged
until late in the test when there was some movement
indicated.

During the third test, the sample was loaded to a cell
pressure of abbroximately 1400 KPa with little response
shown by the tateral gauge. In an attempt to better
demonstrate thé efficacy ofﬁthe gauge, the sample was
consolidated in stages with the backbpressure being reduced

successively to approximately;1120, 840 and 630 kPa,’
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respectively. tor present purposes, it was assumed that a
linear effective lateral stress versus effective vert1cal
stress graph would constitute sufficient evidence of proeer
performance; however, an actual calibration test would have
been preferable.

While the backpressure was set at approximately 1120

v kPQ,the gauge seemed responsiva'to the deformation of the

{@sample during consoligdation. On two occasions, successful
attempts were made to return the reference diameter to its
original length by increasing the vertical load. - However',
thereafter, the lateral gauge did not indicate any movement
although.some would have been expected, and the vertical’
load experienced a slight decrease in magni tude due to ¢
leakage of air from the Bellofram

During tne second stage of consoiidation, 1t seemed to
be much less responsive despite a slight altering of the

"vertical load. This behaviour was exhibited in the f1na]
consof?dat1on stage as well. No further change in lateral
gabge readings was noted except at the very end of the test
WIth the removal of boundary loads.

It is felt that attention shou 1d be devoted to
upgrading the performance'of the lateral gauge. Each change
in sample diameter must be reflected by a change in LVDT
output. Both the method of support1ng the lateral gauge

/arms and that of displacing the LVDT probe should be
examined. \

With the end of consolidation, in each test, drainage



from the sample was prevented and the shear load applied.
Table 4.1, on page 78 . indicates . e loading conditions jus‘t
prior to shear. The cell pressure and average total

vertical stress were maintained constant thereafter.

4.3.6 Maintenance of Boundary Conditions
During the course of shear loading. to insure as

homogene~us a stress state as possible and representative
measured quantities, it is desirable that there be:

a. no rotation of the upper platen.

b. no bulging of the sample: a constant lateral

dimension maintained,
c. homogeneous deformation of the sample even in the
region of the platens, and,
d. no wrinkling of the membrane.
In the first test, the only test in which twc LVDT's

were used in the cell to measure vertical deformation, a
very small amount of platen rotation was noted durii . the
final two stable load increments. It is thought that this
may have been connects ~ith the early stages of failure
plane formation. Vis =~ inspection of the other two
samples, at the end of the respective tests, revealed the
upper and lowe- surfaces of the samples to be horizontal and
parallel. Figure 4.2 shows the sample at the end of test
#3. The nature of the deformation is generally
characteristtg of that in the other tests except that in

test #2 a discrgte failure plane did not form g proff]e,

~ \
. A

N }
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Figure 4.2 Views of Sample at End of Test #3
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some nonhomogeneity of deformation is evident. However, it .
must be borne in mind, in drawing conclusions, that the
sample shown had undergone large strains. The contact
between the horizontal surfaces of the sample and the finned
plafes was smooth and without gaps. This was seen at the
end of the test upon careful removal of the sample from the
apparatus.

“igure 4.3 also shows the sample of the third test
after failure. The wrinkling of the membrane is apparent.
However, again, it must be remembefed the sample had been
sﬁbjected to e-cessive deformations. At the beginning of
the test the fit of the membrane, on the sample, was
excellent. It is believed that such distortion accompanied
the . -ge strains following failure of the sample. Fur ther,

the samplie, as photographed, was not subject to any loads.

4.4 Evaluation of Test Results
In evaldating the test results, the first question to
be answered concerns the nature of the expected outcome.
Hence, in the following paragraphs, the factors determining
such an outcome will be discussed. The experimental results

will then be considered.

4.4.1 Factors Influencing Soil’'s Structure
Table 4.2 (after ‘Mitchell, 1976, abridged) lists the
variables governing the structure of the soil and, hence,

its behaviour upon shear loading.
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Figure 4.3 Views of Sample #3 Encased in Membrane
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A description of the soil tested has been presented on
page 69. In preparing a sample. enough distilled water was
mixed with fhe soil to yield an initial water content of
15%. Following this, t'w sample was allowed to cure and it
was then compacted. A Standard Proctor hammer was used for
the purp. ue.

The total energy imparted to the soil was identical to

that in a Standard Proctor compaction test. However, the
volume of the mould is slightly larger than the conventional
one: its shape, as well, is different. The resulting sample

was quite soft with a high degree of saturation. This is
reflected in the fact that, during compaction, the base of
the hammer penetrated the soil’'s surface upon the
application of each blow. Following curing of the compacted
sample and apparatus assembly, embedding of the platens 1n
the sample, undrained loading and consolidation would
further modify the stfucture of the soil sample. With due

consideration to tg; impoéed boundary conditions. the

behaviour during éheac should reflect this final structure.

4.4.2 Average Stress Strain Curves

Figure 4.4 shows the average shear stress versus
average shear strain curves resulting from the three tests.
They all have an initially steep curvilinear portion
followed by a second, approximately linear, segment that
begins at an average shear strain of about 1.4%. The s.lope

of the latter part of the curve is much less steep. . Such a
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bilinear stress-strain relation seems indicative of a
brittle structure; the discontinuity in siope would then
likely mark the beginning of its breakdown. In 'wo of the
three tests discrete failure planes formed. This s taken
as evidence of the above.

The similarities among the stress-strain curves led to
an attempt to characterize the data by means of a

constitutive relation. The one chosen was of the form:

T = .__7__. 41

where 7 is the average shear stress applied to the
horizontal surface of the sample., v is the average shear
strain and.a and b are constants. Citing previous work, a
relationship of the same form was used by Byrne (1876} in
modelling the plane strain shear stress-shear strain
behaviour of compacted materials.

If the data fit such a curve, it would follow, as it

does upon rearranging the previous equation, that:

[Y/7]= a+bY , 4.2
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with the relationship between Y/ 7 ang'Y being linear
in form. Figure 4.5, show1ng the variatien fﬁ magnitude of
these quantities durinp a test is baseﬁ on\the results of
test #2. The relat1onsh1p 1s linear until large strains
oceur where, with fa1lure plage formatloh the sample’s
behaviour would be expected to q1ffer from that in the
initial stages of the test.

Hence, the stress-strain results are of the form

Al

expected.

4.4.3 Average Pore Pressure Shear Strain Curves

Figure 4.6 shows the average pore pressune as a
function of average shear strain for each of the three
_tests. As with the stress-strain curves there is a
similarity among the results. The slope of each of them
decré%ses monotonically, reaching slightly negative values
at large strains. It is felt that the general form of the
curves is reasonable considering the extent to which the
soil’s structure was determined by the process of
consolidation; an init%ally soft sample was seen, subsequent
to consolidation, upon shear, to display a rather brittile
structure. ne decrease in pore pressure at larger strains
would then be in response to a tendency toward volume
increase upon formation of the failure plane.
4.4.4 Reformulation of Results

The interrelationship between average applied shear



87

Uteudjs dJeays M
abeuaay 0 UOLlouny se sn|npoyw juedas 340 ISJUBAU] G ' Iunby gy
(8LAdwes 40 1ybLay (eijiui/ded peo| 40 "ldsip cjuoy) s

(%) L xULlRU1S uedys abeusay

< 9 S 1 4 [ P4 ] \
T T L § L4

-

%10’

i (‘lf,‘) SN|NPOK 1uUeBD8S 3O ISUIAU]

. (2d)



88

ULBJ3S Jeays abeuaay 4o uo(joung se 94NSIVUY 3404 9 'y unby 4

[31dwes 4o 3yBisy (et}iui/ded peo| 40 - |dsip RECCIR

%) xULBJIS uedyS abeuaay
8 i 9 S ¥ € 2 i o}
T Y Y T T v Y Y 0
432 SOv Ex 1say) v \o
iedi veGi CH 1S3} = h O
- 0804 2601 I# 159} © \ Y
Yo BgH) (RgX) o .
( Bae, ssauys jusa 1830} suNssaud (a3 .\ v
] / |
G . 002
—_—
0 .\ 4
/I l q
/./- . I -\ .
—_— qoog
v . H{o0¢
/q/q
- /Q/QII\I'.\
{oos

34NSSdug 340(

n

(Bd¥)



89

»

stress and pore pressure, during the three tests, is
demonstrated in fFigure 4.7. The ‘ndependent

parameter (7/0,) may be thought of a: an indication of the
mobilized shearing resistance. Another way of representing
this behaviour is shown in Figurels s Except for a portion
of the curve from test #3, the curves in Figure 4.7 are
coincident. This implies that. in Figure 4.8, poin§§ of
equal shear strain would lie along lines passing through the
origin and inclined at various angles to the borizontal

axis. Thus, with increasing strain, in e h test, the

parameter (T/a;) appears to tend to a limiting value.

4.4.5 Discussion of Stress State in Sample

In'discussing the results of the testing program, an
attempt has been made only to prove their re .onableness,
avoiding a detailed physical interpreta{ion. The reason for
this is the uncertainties that exist as to the actual nature
of the stress state witﬁin the sample. Previously, the
stress state was characterized as nonhomogeneous. The
generation of pore pressuré throughout the sample would then
be expected to be similarly so, with pore pressure
equalization taking place. For an apparatus of this
particular design, the discrepancies that might exist
bethen such experimentally derived relationships and ones
based on ideal simple shear tests providing a homogenedus

internal stress state are, as yet, unknown.

-

In light of these concerns, and because of the basic
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similarities existing between the NGI apparatus and the one
used in the present study, it is of interest to note the
analytical work of van Eekelen and Potts (1978) and Prevost
(1978) concerning the former device. However, a rigourous
discussion of the respective papers is beyond the scope of
this work. Therefore, the approaches will simply be

described and results prescnted.

4.4.6 Work of van Eekelen and Potts

As a starting point for an analysis of data from cyclic
simple shear tests on Drammen clay, van Eekelen and Potts
(1978) attempted to construct a model that would predict
static triaxial and simple shear test data; given certain
fundamental soil properties and initial test conditions.
Several changes were made to the Modified Cam Clay model
(Roscoe and Burland, 1968) so that the observed and expected
soiisbéhaviour, under triaxial compression, would agree
closely. The resulting formulation was then generalized,
without further revision, to allow an;Iysis of simple shear
test conditjons. The stress state inside the simple shear
sampie was assumed homogeneous with the reinforced membrane
"maintaining a condition éf no lateral strain. Only average
norma’ and shear- stresses on the horizontal upper surface of
the sample were measured. Expected and observed results are
compared in Figure 4.9. gAs can be seen, the agreement is

excellent for the normaliy consolidated case, less good for

overconsolidated Drammen clay.
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4.4  Work of Prevost

The work by Prevost (1878) draws upon the theories of
isotropic and Kinematic plasticjty. Parameters for the
model are derived from observed*soil behaviour in triaxial
compression and extension tests. In turn, the behaviour
under simple shear loading can be predicted. However,
contrary to van Eekelen and Potts (1978), Prevost (1878} did
not assume the'stress state within the simple shear sample
to be homogeneous; an approach, it was said, dictated by the
nature of the boundary conditions. During the simple shear
tests, the average vertical and horizontal normal stresses
as well as the average horizontal shear stresses were
measured. Tests were run or Drammen clay. In the normally
consolidated case, the samples were consolidated under
conditions of no lateral strain until the vertical effective
stress equalled that that was carried in the field. Another
set of samples was consolidated, under conditions of no
lateral strain, to a vertical effective stress greater than
that carried in the field and then the vertical stress was
reduced, again under K, conditions, to yield an
overconsolidation ratio of four. Following consolidation,
all samples were sheared in the undrained mode. The results
and predictions are shown in Figures 4.10 and 4.11. The
agreement is generally very good.: Of interest also are the
dotted lines on the graphs, accohpanying the simple shear
results. These‘represent the predictions of material

behaviour for ideal simple shear tests, i.e.| tests in which
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the boundary conditions are such that the internal stress
state is homogeneous. Since van Eekelen and Potts (1878)
did not consider stress nonhomogeneities within the sample,
their predictions of soi 1 behaviour in the simple shear test
may be thought of as anmalogous to the material curves of
Prevost, just mentioned.

Perhaps, their fit could be improved by consideration
of such nonhomogeneities. However, regardiess, it is felt
that the preceding discussion of th two papers demonstrates
the reasonableness of the data that can be obtained using
the present apparatus and; hence, its role in a study of the

material behaviour of compacted soil.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS FQR FURTHER RESEARCH

5.1 General

To begin the chapter, the ultimate goals and current
aims of the present research program are stated. The
conclusions which may be drawn from it are then discussed.

Finally, recommendations for further research are outlined.

5.2 Review of Thesis
In the introduction to this thesis, some of the aims of
earth dam design were recounted and the consequent
desifability of the capacity to predict ;tresses and pore
pressures, throughout the working life of the dam, then
noted. Techniques such as the finite element method can be
used to yield approximate results for this purpose.
Attention was focussed on the periods of construction and
firsf filling of the reservoir and, in that light, two
bonstitutive models that might be incorporated in such
analyses were reviewed. It was decided, keeping in mind the
aims of‘earth dam design al]udéd to above, that research n
the area of simple shear soil testing woulid be of value.
The aims were stated as follows:
a. to design and build a simple shear apparatus for
testing samples of compacted soil at elevated
pressures, and

b. to demonstrate, by comparing experimental and

97

B —



98

expected results, that the data derived from such
tests are meaningful.
The construction of a new type of simple shear apparatus was
then advocated. In support of this decision, the level of
technology reflected in the design, simplicity of
accompany ing laboratory\procedures and recent work cdncerned
with the modelling of soil behaviour in the simple shear
apparatus were cited. A detailed description of the

apparatus and experimental results, obtained, followed.

5.3 Conclusions
C the basis of the testing program, the following
conc ,usions can be drawn:

a. in general, in a mechanical sense, the cell and
loading systems functioned well. There is some
friction developed between the rams and associated
bushings but this can be estimated and accounted
for.

b. the sensitivity of the lateral deformation measuring
system must be heightened. This may require
improvement of the present gauge or design of a new
one; examples of different designs, such as that of
Menzies (1976), may be found in the literature.
Whichever route is chosen, the problems are not
insurmountable.

c. the sample preparation and apparatus assembly

procedures allowed samples of a uniformly good



quality to be produced.

The second aim of the thesis was to show that the data
produced by the apparatus arevmeaningfui. In a qualitative
sense, the average shear stress-strain and pore
pressure-strain curves are as expected. This point was
discussed in Chapter 4. Some uncertainties in
interpretation are introduced by the inadequate performance
of the lateral gauge., mentioned before, and the stress
nonhomogeneities within the sample generated by the boundary
conditions. However, the test results may still be taken as
an indication of the usefulness of the apparatus in the
course of this research.

As concerns the former problem, the performance of the
gauge may be upgraded. The effects of the boundary
conditions on the homogeneity of the stress state are
perhaps more serious. However, it would appear from the
review of the work by van Eekelen and Potts (1978) and
Prevost (1978&) that the results of an apparatus of this
general type are predictable and, therefore, in another
sense, meaningful. The material response under boundary
conditions in~ g a homogeneous stress state can then be
recovered (see :igure 4.11, page 95!. The ability to
predict test results, in the case of the present simple
shear device, would prove its validity as a model test on

.1e same footing as the NGI device.
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5.4 Recommendat ions for Further Research

As indicated in the first chapter af this thesis, the
ultimate goal of this research is the formulation of a
pracical yet comprehensive model for compacted soil to be
used in design. The necessary complexity and power of such
a model is dictated by considerations such as the physical
quantites to be predicted and uncertainties in the processes
to be modelled. To reach this goal, the following
recommendations are made:

a. more testing should be done, using the piesent
apparatus, over a wide range of pressures; the
maximum worKing cel’ pressure is 2800 kPa. These
tests might take the form of those run as part of
the present program or another; for example, drained
K, loading followed by undrained K, unloading and
horizontal shear loading. as before.

This would require, in addition to the
recommended modifications noted previously in the
chapter, that the compliance of the drainage and
pore pressure measuring systems be reexamined in
order that the experimental results reflect only fhe
behaviour of the soil sample.

Also, tests on unsaturated soils may be
contemplated. Considerations involved in such
testing may be found in the work of Frediund (1973)
and Law (1875), among others.

b. a comprehensive model for tr stress-strain



behaviour of compacted soil should be developed,
capable of predicting soil behaviour in the simple
shear test, under the above mentioned loading
conditions.

The first recommendation will lead to a greater
understanding of the material response of compacted clay
under a wider range of loading conditions. The second will
allow the recovery of the material response of such soils
under ideal simple shear conditions, as done Ly Prevost (see
page 94 ). Further, the prediction of field behaviour. based
on analyses using hyperbolic and elastoplastic formulations.
would provide more evidence of present abilities to model
the processes ongoing during construction and reserwvoir
filling and, hence, of the predictive capabilities required

of models used in such analyses.
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A.1 Procedure for Friction Determination

An aluminum spacer, of dimensions similar to those of
an actual sample, was positioned on the pedestal. A small,
cylindrical load cell was then placed on the aluminum
spacer, its axis aligned with those of the pedestal and
spacer. The line from the load cell was connected to the
electrical lead, passing through the cell base, normally
used for the lateral strain gauge. To prevent later
difficulties such as displacement of the yoke upon increase
in cell pressure, the load cap was rotated through 180O and,
upon positioning the cell wall, the yoke was pulled towards
the wall as far as possible. The cell was then assembled as
usual; the load cell being tocated, ultimately, between the
load cap and aluminum spacer. Finally, the cell was lifted
from the movable plate and placed on the loading frame base
proper. The vertical load cell was then screwed into place
and the main crosspiece secured. Initial values of the
output of the internal and external load cells and the cell
préssure transducer were obtained.

At the beginning of a test, the air pressure in the
line leading to the vertical belofram was increased to about
140 KPa. The cell pressure was then increased to the
desired level. The verticé] seating load prevented the
ram’'s being forced upwards upon an increase in cell
pressure. When the cell pressure had come to equilibrium,

the pressure in the line to the Bg]lofram was increased to

/
~ L

—

-
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about 275 KPa and then, successively , to 552, 827, 1103 and
1379 KPa. At each vertical load level, the internal load
cell output was allowed to come to an essentially stationary
value (usually taking a minute or two ) and then readings
were taken of the load cell’'s output and the output of the
cell pressure transducer. Upon reaching a line pressure to
the vertical Bellofram of 1379 kPa, the pressure was reduced
to the levels previously mentioned ( 1103, 827, 552 KPa etc,
) and readings taken. Tests, as described above, were run
for various cell pressures from atmospheric pressure to 1535
KPa. The results will be presented later in this appendix.
Af the time these tests were run, there was some
question of the internal load cell’s readings possibly being
affected by elevated cell pressure. To determine thé extent
of this effect, with the cell assembled as described
preVious]y, the output of the internal load cell was noted,
for a variety of cell pressures. Each was large enough
that, in the absence of an applied vertical load, the
loading cap was forced away from the load cell. At the end
of the test, when the cell pressure was reduced to zero, the
measured output of the load cell rose noticeably as the load
cap came into contact with the load cell. Up until that
time, for the complete range of pressures applied, the
output had been sensibly constant. Thus, it was concluded
that elevated cell pressures had no effect on the
fuhctioning of the internal load cell. Figure A.1 presents,

schematically, the forces acting on the load cap-vertical



ram assembly during the friction determination i(est. The
load due to the self weight of the ram-load cap system, load
C, is reflected in the initial output of the internal load
cell. The magnitude of load D may be calculated easily and
is constant for a given cell pressure. Hence, with an
increase in applied vertical load, the change in output of
the internal load cell directly reflects the effect of the
frictional force. Further, all parameters being known, the
value of frictional force can be calculated. Figure A.2
presents the quantity (A-D) as a function of (E-C), for
various cell pressures. The significance of the letters is
as in Figure A.1 |

The horizontal displacement of any experimenta]]y
determined point from the no friction loss line isia measure
of the frictional load, B, acting at that point in the test.
There is a slight dependence of the frictional load on the
magnitude of the net external load, (A-D), but it is
essentially independent of cell pressure. The total
vertical load to which the sample is subjected is composed
of a deviatoric load and one due to the cell pressure. It
is only the former that is plotted on the ordinate in Figure
A.2 . As a percentage of the total vertical load, that lost
to friction is quite small.

For present purposes. the above method of determining
the frictional loads acting on the vertical ram is deemed
sufficient. A more comprehensive study was required for

determination of loads acting on the horizontal ram.
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A.2 Determination of Horizontal Friction Loss

The testing configuration u§ed to determine the
friction loss through the horizontal bushing was similar to
that described previously for the vertical bushing. A Known
tensile load was applied by the horizontal belofram. The
reaction was provided by a load cell anchored to the
pedestal. For a range of such applied loads, whatever
discrepancies appeared between the internal and external
loads were attributed to frictional forces.

To prepare for the test, a rectangular plate was
machined so that it could be screwed onto the pedestal. The
head of the yoke, that portion that normally comes
intocontact with the vertical arms of the lower load cap,
was then unscrewed from the one passing through the cell
wall and replaced by a small adapter. This in turn screwed
into the load cell, normally used to measure vertical loads,
that was anchored by a stock bolted to the rectangular plate
mentioned above. It should be noted that for this occasion
the vertical load cell had to be calibrated in tension.

The vertical ram was then unscrewed from the load cap
and both components removed. After that, the cell cap was
attached and the cell positioned on the loading frame base.
The tie rods were then removed and the cell cap raised.

Upon connecting an electrical line to the internal load
cell, two small wooden hlocks were placed on the upper
flange of the cell wali and the cell cap once again lowered

until it came in contact with them. These blocks provided



support for the cell cap and, at the same time, ensured
sufficient clearance for the line to the vertical (internal)
load cell. The cell base was then bolted to the loading
frame and the horizontal loading system finally connected.

During a test, a monotonically increasing series of
loads was applied, using the horizontal Bellofram, and the
outputs of the external and internal loads cells recorded.
The procedure was then repeated as the applied loads were
decreased. With the results of the first friction
determination in mind (see fFigure A.1) it was decided not to

un tests at elevated cell pressures.

Normally, when a Jload cell is calibrated, the output is
recorded for given range of known applied loads. Assuming
the load-output relationship to be linear, a straight line
is fit to the data. Thereafter, until a further calibration
is deemed necessary, one determines the magnitude of a
change in applied load based on the accompanying change in
load cell output and the slope of the calibration curve.
This approach is acceptable for applied loads greater than
approximately 10% of the maximum working load. How- -r,
when the load cell is to be used in low load ranges, ghe
nonlinearity of the calibration curve should be considered
in detail.

To do this, a piecewise linear curve was selected to
represent the actual calibration curve. Figure A.3 shows
this function, as well as the assumed calibration curve.

For a given load cell output, the true and apparent applied



116

3AJUN) UOL}BUQL|B) 4O UOLlRZL|BIP] £V 24nby 4

IAAND

uotL31eJgL{ e BNJ}

BAJIND

UoL}BJQL | BD pawNSSe

pec pst|ddy

1nding | |80 prOT

{ AU)



loads could then be linked by an equation of the form:

r (1-q)! Al

where:

a. r is the true load;, that determined using the
representation of the actual calibration curve

b. q is the error, expressed as a percentage, and,

c. t is the apparent load; that determined assuming the
calibration curve to be linear.

The absolute value of the parameter g, for the two
different load cells used to determine the friction loss in
the horizontal bushing, is shown in Figure A.4 . Depending
on the nature of the actual calibration curve, that is,
whether it is concave up or down, as portrayed in a diagram
similar to Figure A.3, the value of g may be positive or
negative.

The load cell data were then -orrected. Figure A.5
shows the resulting relationship between‘the true external
load and the true internal load. The load lost due to
frictiop in the horizontal bushing system is apparently
about 10% of the true external load.

iowever, since a stiff measuring element, the internal

load cell, was utilized in determining the friction loss due
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to the vertical and horizontal bushings, those values
provide, if anything, an upper bound to the friction loss,
under identical conditions in an actual test. The lower
bound fo the friction loss is zero. Thus, the best
approximation to the true value was taken to be the value
midway between the two extremes. Hence, thevHorizontal

friction loss was taken as 5% of the true external load.

A.3 Reduction of Horizontal Loaa Data
Considering Figure A.6, it can be seen that, for

horizontal equilibrium:

f = a+c-b A.2

where: _

a. f is the load carried by the soil sample

b. a is the load measured by the horizontal load cell
c. b is the frictional force and,

d. c is.the load due to the cell pressure.

However, from the foregoing discussion, it is
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kKnown that:

b =(.05)}(a+c) A3

since the friction correction is 5% of the total

applied horizontal load. Thus, substituting equation A.3 in

equation A.2 yields:

f =(95)(a+c) A.4

) - s
The value of a may be determined by correcting the

horizontal load cell readings as outlined above. In
calculating the value of parameter c, one simply multiplies
the value of the cell pressure that prevailed at the time

load f acted by the cross sectional area of the horizontal

ram.



APPENDIX B
SAMBLE PREMARATION

123



. e I T Y A O N T et b e e < e

124

B.1 Preparation of Sample

The soil to be tested was derived from a block sample
of Mica Dam core material. The initial maximum grain size
of the block sample was far too large for present purposes
and so, by sieving, the grai- size distribution was altered
as felt appropriate. Sieves ude by the Tyler company,
numbers 4, 8, 16, 30 50 ¢ =r sed. All material
passing the nUmber 100 "=ve was = ... ed in a pan. The
soil retained in each of these groupings was placed in |

separate bags. Only that material passing'the number 16

sieve was used for testing purposes.

To prepare a sample:

. 1." measured quantities of ajr dry soil from each of the
bags are placed in a pan and mixed, by hand, till
homogeneity is achieved.

2. distilled water is ther idded, in small amounts,.and the
soil is again mixed.Th: - ‘nsures an even distribution of
hoisture throughout the masé.

3. a quantity of water is added to achieve a predetermined
water content, allowing .5% extra for evaporation. Any
lumps of soil are broken by hand.

4. the soil is then mixed for five minutes in a mechanical
mixer .

5. finally, it is placed in a plastic bag which is tied,
labelled and stored in a moisture room for approximately

24 hoursf
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To compact the sample:
plastic wrap is placed over the base of the mould and
taped to the inside surfaces of the split rings. This
is a good way to prevent the soil sticking to the base
and sides of the mould. Care should be taken to see
that the plastic is not wrinkled.
The split rings are then placed on the base of the
mould, assembled and secured there. The compaction
mould, assembled, is shown in Figure B.1

the weight of the base and mould is then determined.
the compaction mould collar is positioned and the sample
formed, each of the three identical layers being
compacted by 25 blows from a Standard Proctor hammer
distributed evenly over the sample’'s area. The surface
of the uppermost layer, when compacted, 1is almost leve!l
with the top of the collar. |
after compacticn, the collar is removed and the sample’s
upper surface trimmed level with the top of the mould,:
proper.

the mould, base and sample are then weighed. A water
content sample is also taker.
with the sample still in the mould, it is placed in a
plastic bag and stored in a moisture room. -

the following day the water content sample is weighed.
After a curing time of approximately 24 hours, the

sample is ready to be tested.
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Figure B.1 View of ompaction Mould



B.2 Preparations Involving the Apparatus
In preparing the apparatus for a test:

1. organize all the components and required tools. This
will save a great deal of time.

2. level the LVDT gauge pads on the load cap. To do this,
a surface dial gauge is used. The probe of the surface
gauge is dréwn across the surface of the pad. parallel
to the line of action of the shear load, and the change
in dial reading noted. This change is relative to a
reference datum. By altering the orientation of the

pad, the deviation of points on its surface from the

horizon  ° an b~ reduced to an acceptable.leve]. The
criter: - ~.ote1lity depends on the éfringency of
the re o . :garding rotation of thé Towerlload
cap: .ut” o' t - effects the sample’'s stress state.

For tie following descriptions, referende'to
Figures B.2 and B.3 is required. At the oufset, it may
be assumed that all valves shown are closed.

3. deaiﬁ the lines running from the back pressure reservoir
to the cell. With valve V2 opened to the atmosphere,
valve V1 is opened and the back pressure reservoir
filled. The progre§% of the water’s su-face can be
monitored using the sight tube.

4. when appropriate, valve V1 is closed and valve V2 is
opened to the air pressure re ;i “or. \.lve V3 is then
opened, and a slight pressurs = ied to the bac'

pressure chamber. Care must be taken to NOT allow water
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to enter the air pressure regulator.

the line leading to the upper platen is deaired first.

It is disconnected at the cell’s base and the end placed
in a medium sized beaker. Valve V5 is then opened,
allowing water to flow into the beaker. The reservoir
should not b allowed to become empty of water. After
no more bubbles appear during continued flow, valve V5
is closed and a visual inspection of the line is
conducted to make sure that there are no bubbles left in
the line. Finally, with valve B4 closed and valve V5
opened, the line is reconnected and valve V5 then
closed. If found necessary, the back presure reservoir
should be refilled.

deair the pore pressure line then reconnect it.  Note,
at this time, that valve B1, on the base drainage line,
ar alve B3, at the pore pressure transducer, are
closed. Prior to deairing the last line, that leading
to the base drainage line, it is worthwhile to saturate
the pore pressure transducer’s cavity.and that of the
adapterﬁ

tip the ceil base so that the edge of i(nhe base where'
valve B1 is located is the highest point and that by the
pore pressure transducer the lowest. Spacers are placed
under the cell base to maintain this orientation.

open valve B1 and unscrew the transducer, draining any
water in the adapter’s cavity. If valve B2 is not open

at this time, the transducer might be exposed to



11.

12.

14,
15.

16.

17.

negative plkssures (absolute) and possibly destroyed.
fill the small cavity in the transducer with water
open valve B3 and allow the water to run into the
adapter’s cavity.

screw the transducer part way into place and hold it
there til]l water is seen to seep along its threads; it
can then be screwed in all the way. Note that the
transducer should not be tightened too much as this
risks stripping the threads in the brass adapter.
allow water to run through the cell base to the cell
pedestal till it emerges, without bubbles.

close valves 82. B3 and V4. No excess water shou’ " be
allowed to remain outside the recessed area of the
porous stone.

remove the spacers from beneath the cell base.
éaturate the base drainage line. The techniques
descriﬁed above are used where applicable. A1l open
valves éng then closed. )
plug thg/}VDT’s in to allow them time to warm up. This
e@gﬁnf731ly eliminates drift of the instrumentation
during the actual test. Also, the direction of movement
of the probes indicated by a change in output should be
noted.

prepare the line running from the cell fluid reservoir
to the cell base. The cell fluid reservoir is shown in
Figure B.4 . It is assumed that the line connecting the

reservoir to valve B5 is partially full of glycerine,
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Figure B.4 View of Cell Fluid Reservoir
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the cell fluid. The line is then disconnected at valve
B5 and glycerine run through 1t till the fluid seeps
into a beaker at the,free end. If thought necessary,
the glycerine reservoir is filled manual! , beforehand so
that the flow, under gravity, is sufficiently fast. The
line is then reconnected and the cell pressure

tran: cer’'s cavity and that of the adapter saturated,
as with the pore pressure transducer’s cavity.

place the porous stones in a pan of distilled water and
boil theﬁ for approximately 5 minutes to rid them of
entrapped air.

open valves V2,.V3, V4 and B1, as appropriate, and run
water till the recessed area in the pedestal i filled.
close the valve on the base drainage line at the cell’s
base. After removing one of the porous stones from the
pan, slide it onto the pedestal and into the recessed
area. Any water displaced in the process should be
cleaned up. Sliding the porous stone into position, it
is hoped to prevent the entrapment of air bene- it.
cover the 0-rings, to be positioned on the pede .1,
with a light film of high vacuum grease and slide them
‘nto ¢ "1ce. Use of such grease allows a better seal
hetw.=n :2 O-rings and the membrane surrounding the
samp’'e.

screw tne thicker f 1ned plate into position and run
water tﬁropgh the tase jine, having opened valve B1, to

fill the drainage hoies in the finned plate. The
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pedestal, as it appears at this stage .. sample
assembly, is shown in Figure B.5 . Care should be taken
to align the fins in a direction normal to the line of
action of the shear force.

trim strips of filter paper to fit between the fins
themselves, place them in position and wet them
completely.

assemble the upper platen. Open the appropriate valves
and run water through that portion of the upper platen
drainage line situated within the cell. Figure B.6
shows it, at a later stage of sample assembly, connected
to the upper platen.

with the drainage line attached, turn the upper platen,
prope: , upside down. The plastic tubing, seen in Figure
B.6, leading to the upper platen, should not be allowed
to bend during inversion of the platen lest a
constriction develop near the fittings at either of ite
ends.

run water through the top drainage line to fill the
recess in the upper platen with water. It should be
recalled that at ¢ 1 times the water level in the back
pressure chamber must be monitored to ensure that the
chz—ber does not run dry.

slide the remaining porous stone >nto the platen and
into the recess. Clean up any water forced out in the
process.

clear the O-rings to be positioned on the upper platen,
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Figure B.5 View ¢ P =2: 3l /
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Figure B.6 Upper Platen with Drainage Line Attached
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proper. Coat them with a light film of high vacuum
grease and slip them into place.

29. attach the finned plate and run water through the upper
drainage line to fill the drainage holes. Its
orientation should be such that the fins are parallel to
the long axis of the stainless steel portion of the
drainage line.

30. trim strips of filter paper as before and place them
over the drainage holes. The upper platen is left like

this till the fins are about to be embedded in the soil.

B.3 Installation of Soil Sample
To position the sample on the pedestal:

1. remove the compaction mould from the moisture room and
place it rightside up on the pedestal. The mould fits
neatly over the pedestal SO no problems are encountered
in centering it.

2. screw the uprights for the embedding device into the
cell base. Position the crosspiece as shown in Figure
B.7

3. place the upper platen on the soil sample, approximately
in its final position, and place the slotted disc on
top.

4. insert the rod linking the crosspiece and slotted disc.
This orients the disc in the manner required. By
matching marks on the surfaces of the disc and upper
platen, the finned plate can then also be positioned

properly. At no point should the fins touch the side of
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’

Figure B.7 View of Device for Embedding Fins in Sample
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the compaction mould.

apply a uniform force to the crosspiece and embed the
fins in the sample.

remove the membrane from the moisture room, trim it to
size and position it on the membrane stretcher. Care
should be taken to insure that the membrane is not
wrinkled but lies flush on the inside surface of the
membrane stretcher.'

remove the crosspiece and upper platen drainage line and
lay the membrane stretcher on top of the slotted disc.
reppsitioh the crosspiecé and tighten the nuts on the
vertical uprights until a small pressure is applied to
the top of the Qpper platen.

remove the compaction mould carefully - so as not to
damage the sample - and position the membrane. With the
membrane properly positioned, there is sufficient room
near the upper sur®ace of the platen to attach the
collars. These should abut the upper platen and not
touch the membrane or the strapping, which is about to
be positioned and tightened.

remove the membrane stretcher, support bars, crosspiece
and associated components and attach the metal
strapping. To insure a good seal between the 0O-rings
and membrane, the strapping must be positioned and
tightened carefully. The membrane has a tendency to
bunch if the strapping is_tightened too much. This mus t

be guarded against. It is a good idea to tighten the
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lower strap first and then to stretch the membrane, in
the region of the upper strap’s screw housing, as it is
being tightened. The upper strap should be positioned
so that its screw housing does not interfere with the
collars when they are attached.

position the lateral strain gauge. It is simply slipped
over the sample, as shown in Figure B.6, and the
electrical connections made. The upper drainage line is
not attached at this time. If alot of vertical
deformation is expected during the test, the lateral
gauge should be placed so that its midplane, that of the
arms, is slightly below the horizontal midplane of the
sample. In this way, the mﬁdplane of the gauge will
remain close to that of the sample.

align the collar, to which the lateral gauge is
attached, parallel to the line of action of the to be
imposed shear load and fix its elevation by tightening
the appropriate cap screw.

thread the wire, attached to the LVDT probe, seen in
Figure B.6, around the various posts on the arm of the
gauge and anchor it on the opposite arm. The wire
should be made taut to prevent poor response of the
measuring system upon sample deformation. Further, the
probe of the LVDT should be positioned so that, upon
sample deformation, it is not interfered with by the
wires extending from the tbp of the LVDT. At this time,
the output of the LVDT should be checked to insure that
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the probe is not near the limits of its travel.

attach the top drainage line, the channel in the upper
platen, having first been filled with distilled water:
the level might have been drawn down due to swelling of
the sample. The screws are not tightened too tightly to
avoid stripping of the threads.

insté]l the rotation LVDT's and stand, as pictured in
Fjgure B.8. The proper elevation of the gauge is found
by matching the guide notch on the support stand with
the upper surface of the collar. The Allen head cap
screw is then tightened. The lower hor{zontal surfaces
of the barrels of the rotational LVDT's are set flush
with the underside of the lower horizontal surfaces of
the arms to which they are attached. During tests,
springs extend from the heads of the LVDT probes to the
bases of the LVDT's. 1If restraint is not provided while
the sample is being set up, the probes will be forced
out of the barrels of the LVDT's. Therefore, two strips
of copper sheeting were cut ‘o size with a short section
at each end of the strips being bent to form a right
angle. One end of the clip is then hooked around the
top of the LVDT's barrel, the other supports the head of
the probe. Using the thumbscrew, the arms of the gauge
are rotated so there is sufficient room for the gauge
points of the load cap to pass by as it is lowered into
position; otherwise, the LVDT's might be damaged.

clean the large 0-rings and corresponding grooves in the
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Figure B.8 View of Rotation LVDT's and Stand
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cell base and cap.

cover the 0-rings with a light film of high vacuum
grease and position them~as required.

position the cell wall. This step requires cautior s
the wall must be nlaced on the base, from above, without
damaging any of the instrumentation surrounding the
sample. For there to be sufficient room to do this, the
cell cap and load cap must be raised. A workable
procedure is outlined in the following steps.

check the nuts normally used to secure the lowest
crosspiece to make sure that they ar> po>sitioned above
the central threaded portion of the vertical uprights.
They will then offer no resistance to the movement of
the lowest crosspiece as it is raised. All relevant
components should also be checked to see that they are
bolted toghther properly and that no obstruction to the
movement of the cell cap and load cap will be
encountered.

accompanying the apparatus are two steel rods, each
about 13 cm long. These are extensions to the loading
ram that screws directly into the upper load cap. The
extension without the collar is screwed into the top of
‘he loading ram.

open valve V10 and turn valve V9 to the left. [If the
air regulator valve is opened, air will flow to the
pneumatic ram.

increase the air pressure slightly until the lowest
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crosspiece begins to move. After movement Cémmences it
should continue rather uniformly except for a slight
variability induced by the stick slip nature of the
frictiona interaction between the vertical supports and
the sliding components.

when the cell cap collar, in which the vertical bushing
is located, is about to rise above the elevation of the
top of the first extension, decrease the air pressure in
small amounts till the upward movement of the crbsspiece
is halted: when this happens, there will be a sharp
increase in the blow by of the regulator.

screw the other extension into place and increase the
air pressure once again. Due to the presence of the
collar on the end of the upper extension, the load cap
will be lifted as the cell cap continues to rise. When
the load cap has been raised sufficiently, the pressure
is reduced slightly, as outlined above, so that its
elevation does not change further. If the components
are raised too high, the middle crosspiece will come
into contact with the upper crosspiece and its progress
will be stopped. Care should be taken to prevent damage
to the apparatus and minimize risk of personal injury
uhgngmalfunctioning of the air pressure system; a backup
sdppéét system for the lowest crosspiece is recommended.
position the cell wall. The cell wall should b=
oriented so that the yoke rests on the two Teflon

covered pads and the bolt holes in the lower flange line
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up with those in the cell base.

remove the pin securing the moveable plate and push the
plate into position, as shown in Figure 8.9 . Recalliné
for the moment the discussion concerning the raising of
the cell cap, this figure also shows the vertical
loading ram that is screwed into the upper loading cap
and, abave it, the lower extensién and part of the upper
extension, distinguishable by their wrénch flats.

lower the load cap into position. To aid in the
process, two long aluminum rods are used. As the load
cap is lowered, but before it nears the upper platen,
its movement is halted and the two rods passed through
sets of diametrically opposed holes in the cell cap and
base. In this way, the loacd cap is automatically
centered. Further, the holder for the horizontal
displacement LVDT, which is on the ram of the yoke and
seen in Figure B.10. is positioned so that when it abuts

the bushing, the yoke is in the initial testing

position. Thus, throughout the operation, one simply

has to ensure that the arms of the rotation gauge are
not hit by the load cap and that the collars, on the
underside of the load,ap, do not prevent it from
sitting horizontal'y ¢ {he upper platen.

tighten the collars when the load cap is sitting on the
platen. It is best to do this by hand as much as
possible, using the appropriate Ablén wrench when

necessary. The cap screws are tigh{ened greatly only
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10 View Showing Horizontal LVDT Holder Abutting

Figure B.
Bushing Assembly
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after both ccilar:e fit snugly against the upper platéen.
move the arm. e rotational gauge into positﬂi? and -
remove the copper clips so that the LVDTs’ p?ﬂgkﬁ rest
on the gauge points bolted fo the side of the lower load
cap.

lower the cell cap. As this is being done, remove the
upper extension lest it interfere with the vertical
Bellofram. Vhen the cell cap rests on the upper flange
of the cell wall, the two aluminum guide rods ace
remo&ed and the tie rods positioned.

check the cell cap to see that it is level; Tbe'tie’ 9
rods are tﬁen screwed into the base of the cel]ﬁ

tighten the ngts on the tie rods till they are hand
tight. .

tighten the nuts moderately?'¥ollowing the pattern shown

in Figure B.11 . o

check to see if there are discréfé spaces between the
cell wall flange and cell cap. If so, the adjacent nuts
are tightened. However, this should not be attempted if
the observed spaces are quite large. Under those
circumstances, one risks damaging the cell cap; it is
best to start again.

on completion of the previous step, tighten the nuts
further, lodging them very securely against the cell
cap.

remove the lower extension then attach the vertical load

cell assembly. The complete assaﬁ&?& consists of a
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small adapter that screws directly into the vertical
load cell, the load cell itself and finally, tae
rotational adapter. This is shown in Figure B.12
installed in the testing frame, the load cell should be
oriented so that the electrical connecfion points
downwards. o

1ift the cell, using the pneumatjc ram, remove the
moveable plate and lower the cell slowly toward the:
loading frame base. It is advisable to lower the cell
till it is just above the table top and then to thread
the four bolts, used to secure the cell to the loading
frame base, part way into their holes. The cell is then
lowered to the table top and the bolts tightened.

level the lowest crosspiece using a spirit level.
advance the nuts down the central threaded section of
the vertical supports till they come into contact with
the upper surface of the crosspiece.

connect the horizontal loading assembly. The horizontal
load cell is screwed into t~e small connector,_?lready
attached to the yoke, with the plug on the load cell
pointing toward the cell base. The horizontal spacer is
then sdjd over the ram of the horizontal Bellofram and
the appfopriate small adapter screwed into the end of
the ram. Toelink the small adapter and the load cell
itself, the rotational adapter is then screwed into
place. To complete assembly, the length of the spacer

is adjusted so that it abuts the Bellofram stand on one
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Figure B.12 View of Vertical Load Cell Assembly
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side and the rotational adapter on the other. These
components, as just described, can be séen in Figure
B.13

connect the LVDT to measure horizontal deformation. The
probe of the LVDT is placed in contact with the vertical
face of the housing for the horizontal bushing, then the
barrel is positioned so that the resulting output
indicates the probe to be in the midrange of its travel.
fill the cell. With valve V10 open, valve V8 is turned
to the right and vaive V12 opened. Valve B8, on the
reservoir, is then opened to the air line and valve BS
checked to make sure that {t is closed (the reservoir
and part of the low pressure line can be seen in'Figure
B.4). The air pressure is increased till the gauge
reads approximgtely 205 kPa. The bleed plug on the cell
cap is then removed and valve B5 opened. Cell fluid
will flow from the reservoir, through the low pressure
line, into the cell. The amount of flu{a\ceﬁ%ining in
the rcservoir can, at any time, be ascertained simply by
closing valve B5, opening valve B8 to the atmosphere,
and, when the rush of air has abated, opening the tap on
the side of the reservoir. The fluid then flows, in the
sight tube, to the elevation of the fluid in the
reservoir itself. The tap is then closed once again,
the fluid in the sight tube drained into a storage drum
and valve B8 opened to the air 1lir-.

when sufficient pressure has built up within the
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Figure B.13 View of Horizontal Loading Assembly
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reservoir open valve B5,

fill the cell till the fluid begins to seep from the
bleed hole on the cell cap.

close valve BS and screw a blind ended plug into the
bleed hole.

open valve B8 to the atmosphere and reduce the air

pressure to zero.

check to ensure that all lines to the data acquisition

system have been connected.

The sample is now ready to test.
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C.1 General
In this appendix, the rroredure for conducting a test
is outlined. As well, ceriain important aspects are

discussed in detail.

C.2 Test Procedure

For simplicity, detai : ° the testin%;ruqsedure will

b%wgrouped under several major subheadings M

C.2.1 Initial Readings
In this subsection, the setting and recording of
initial test conditions are described.

1, Before starting a test, make sure that the output of all
appropriate channels in the data acqujsition system is
being read and, when required, recorded. Determine that
the following conditions prevail:

a. the pressure within the cell fluid is due to
atmospheric pressure and gravitatiqnal forces alone

b. all air regulator gauges indicate zero line pressure

c. all valves are closed except the one at the :top of
the vertical Eelofram, which is open to the
atmosphere, and that leading from the cell base to
the pore pressuyre transducer

d. the horizoﬁtal loéd cell is in an unstressed

condition
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2. the output of the lateral gauge is displayed, the
acquisition system being in the single channel mode with
a reading interval of two minutes.
Under these conditions, the output of the various
devices will be printed on paper tape, every two minutes,

while the output of the lateral gauge will be displayed

continuously. It is also advisable, « . ks course of a
test, to record any other inform: on tha wi' facilitate
later analysis and interpretatio: the

¢ 2.2 Back Saturation of Sampic

The first step in the test itself is to saturate the
sample. Although a number of methodé may found in the
literature (Bishop and Henkel, 1962; Lowe and Johnson,

1960), it was felt that for present purposes the desirable

way to elevate the degree of saturation of the sample would

be by undrained loading while maintaining a K, condition.

During the subsequent consolidation stage, the back pressure

in the drainage line would be set at a sufficiently high

level to maintain the degree of saturation as required. A

more detailed discussion concerning the procedure may be

found in the final section of this chapter. \

1. open the appropriate valves leading from the vertical
Bellofram to its accompanying air pressure regulator.
Increase the air line pressure to the vertical Bellofram
to approximately (1/20) of the subsequent increment of

cell pressure, each as read on the appropriate regulator
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gauge.

The purpose of the seating .. is to prevent the
vertical ram’s being forced away ... the load cap upon
an increase in the cell pres re.

2. opening the necessary valves, increase the cell
pressure. Apply these two load increments in quick
succession. As soon as possible aftef this, take
another reading on the data acquisition system; readings
being taken thereafter at two minute intervals.

Continue the loading step until it is judged that a
condition of stability has been reached. In the present
series of tests, this usually took about 15 minutes.
More will be said of this later in the chapter.

No steps were taken to restore the sample to a

Ko condition if whatever deviations which occurred appeared

small. The details of the procedure to use, if réqired,

will be discussed later, in connection with the
consolidation of the sample.

This pattern of undrained loading involving increments
of seating load, cell pressure and, if necessary, further

vert1ca] load is cont1nued until a su1tab1e stress level is

s

atta1ned At the\and»of each loading stage an apparent B

value can be calculated.

C.2.3 K, Consolidat ion
In consolidating the sample, the procedure is as

follows: S

-

!
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with - valve B4 closed‘(éee Figure B.3), incres e back
pressure to the desired value

take a set of initial readings

reset the data acquisition system as required, and Have
the lateral gauge’'s output displayed

The readihg interval was chosen after studying the
consolidation of the sample during the first test. It
allows the consolidation process to be charted to insure
that everything is proceeding as expected.
open valve B4. Take another reading as soon as
possible. ‘

When thought appropriate, the vertical load is
altered to maintain a K, condition. The procedure to
maintain a K, condition is given below. It assumes that
the vertical Bellofram is open to the accompanying
regu]atér. To increase the lc: slightly to maintain a

K, condition:

o

a. close the valve on theyveftical Bellofram to the air
regulator

b. increése the line pressure to more than the :
estimated level required

c. open the valve to the air lina slo&iy and. for short

periods of time, watching to see the effect on the

lateral strain gauge’'s readings. When a N

K, condition has been restored, keep the valve

closed to the airline.

A

«

To decrease the load slightly:

¢
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a. close the vaWe on the vertical Bellofram to the air

o

reguJatorf“
- Bl”'ggen that valve to the atmosphere sloﬁly and fof
short périods of time
c. when K, conditions have been ach%eved, Keep the
valve closed to the airline
In view of the assumption of K, loading, it is
necessary to Reep the lateral strain occurring to a
minimum. Thus, the maximum . able lateral strain
was set at .26% . | S,
| The lateral gauge magn{fies eéﬂn change iﬁv
E&F‘Qr ther, ‘th»e"~ e

diameter, ad cm, by a factoﬁ{of twd}
calibration factor ofuthg lgterél gaubé LVD] is g
volt§/chQjI?us, if‘thggdiametral strain, (ad/d) ,
is to be lfg?ﬁgd to .0025, whére d is the diameter
of the saﬁblé in ceniimetres, the corresponding
change in LVDT abtput muLt be less than (.005).qd)
volts
5. with the dissipation of all excess pore pressures, close
valve B4, | |
C.2.4 Shear Loading

The sample is now subjected to a hor’“ shear load.
| S - |

When doing this: R |
1. reset data acquisition system to take readings at two

. minute intér?a!s. .Take an initial set of readihgs. |
2. make sure the outpuf of the lateral gsuge is displdyed

3. loosen the spacer on the horizontal ram. Take a set of
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readygs as soon as possible.
™~

A@Qe- spacer*s length should be readjusted, if

rioe fsary and when convenient, to allow the horizontal
disp?acement of the ram to attain a maxitum value of
"wnly 1 cm. This will prevent horizontal loads being
épplied to the vertica] bushing assembly.

The length of time d?§app11cat1on of a shear load
1ncrement is on the order of tS 16 mlnutes It may be
set by the st1pu1at1on that, w1t@1n tt, some
representative phys1ca&—Quant1ty, w, must achieve an
approximately statwonary state sat1sfy g the

inequality:

-

;ia(wg4)(w,5|2- . c

\

where: 5
w,_ 4 represents the magnitude of w after t-4  minutes
Wy represents the magn1tude of w after t minutes

\

and 1t is assumed that»ﬁ changes monotonically. If this
cr1ter1on fails under ce%tain circum;tahces, one simply
makes the decision based lon a further . .sessment of the
~data. \ .

- restore the g gon81tion. 1f necesSary

\
at th? end of the loading period, take an initial set of

. A ’
NIERE DT S/ '
oy P?‘%l
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readings for the next load increment
6. increase the horizontal load and take anofher set of
readings as soon as possible.

In the 5iesdht series of tests, the magnitudes of the
load 1ncrements were se1ected to define the average
stress-strain curves gé:cle ly 8s poss1b1e It is a good
idea to try to est imatidie Ue'swed loadmg pattern
beforehand. and then to plot the appropr1ate Ourvesﬁﬁas the
fggt proceeds, detéﬁmiq}ng if any changes inh the loading
sequence are feqbired. | »

" : Aw
' C.2:5 End-of Test ’ .
Upon cgmp]etionnof the test, the ﬁ?ocedube 1§;ﬂ3
fo]lows: e
1i§gisolata.the pore pszgﬁﬁre tran#ducer. If this is not
”<_’dong; and the -transducer is subject;dvto negative
pressures kabsolute), it can be damaged. : |
2. remove the shear load and reduce the vertiééi load’to
the value redhired as a seating load
3. decrease the seating load and cell pressure together.
C.2.6 Disassembly of Cell
When disassemb\ing thé cell:
1. make sure all valves are clased, including the -tap on
the cell fluid reservoir
2. open valve B8 to the atmosphere and open the appropriaté

valves as one would to increase the cell pressure '

(V9,V10 and V11)

¥
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A
apply a pressure of 21§

Pa (30 psi), as read from the
air regulator gauge, to the cell fluid

pen valve BS, on the ce]l‘base, to allow the fluid to
flow into the reservofr |
occasionally, check the level of fluid withih the
reservoir. Close valve B5 and, opening the tap on the
base of the reservoir, allow the fluid to find its own
level within the sight tube, held upright

if the reservoir is~ful],‘élose the tap, insert the *
sight tube into one of the storage containersf;nd open.
the tap once again. When the reservoir has been
drained, cfgse the tap and open valve B5 once again

if the reservoir is not full, close the tap, drain the

\

fluid in the sight tube into a'étorage container andﬂ
open valve BS v
aintain the cell pressure till the flyid being forced
fr;}vthébcell turns to foam, then close valve B5,

Reduce the cell pressure to zero; it will take a short

-

while for the pressure to dissipate completely
1 > . R

€

close valveé‘VQ,VWO and V11. Remove theﬁblind.ended

plug on the cell cap to ensure that all gell pressure

has dissipated

put the vertical load cell channel in skip mode. Remove
the tie rods and vertical load cell, the load cell being
replaced by the lower extension

unscrew the collars in contact with tk pper surface of

the main crosspiece. 'They must not obstruct the

R
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movement of the main crosspiece when it is raised,
opening the valves to the pneumatic ram, V9 and V10, the’
cell cap is raised and the second extensison inserted.
The collars on the load cap are then loosened, the
rotational LVDT's and hblder removed and the load cap
raised. Care _must be taken to avoid damaging the LVDTs’
wires andkprobes

put the horizontal load cell and LVDT channels in skip
mode. Loosen the clamp securing the horizontal LVDT and

~
remove the LVDf

. push the hor%ntal ram towards its initial pos1tw

do this, it might be necessar‘y to open va]ve “} the .
horizontal Bellofnam to the atmosphere

unplug the horizontal }oad cell and remove it

position the;horizontal ram to accept the lower load
cap. ‘Lower the load cap

The guide- rods may be used to center the load cap.

Make sure the collars, used to secure the load cap to

the upper platen, provide no obstruction

lower thé cell cap, ré@qVing the second éxtension wheniC};,
necessary ' ~ |

secure the cell cap us1ng four tie rods equally spaced

about 1ts per1meter Remove the guide rods. ¢ o

unscrew the bolts attaching the cell base to the load1n5§a

‘frame base. Make sure that there are no cables or

pressure l%neS'that will obstruct the cell while it is

LS

being positioned on the moveable plate



20.
21.
22.

23.

24.
25.

26.

27,

28.
. wgll and“resting on the cell base.

29.
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raise the 9211. position the moveable plate (with the RE
hole for tGe anchoring pin pointing away fram.the cell)‘
and lower the cell onto the moveable plate N

reduce the line pressure to the pnepmatic ram to zer‘oh~
undo the tie rods, raise the cell cap, insert tﬁe secondm
extension and raise the cell cap further - : e
raise the Toad cap'ijT] the moveable p]ate.can be

pul?%d, witﬁout obstruction,'to the workKing area; anchor

the moveable plate by positioning the pin that passes

through thtplate and the lcading frame base

remové t) ce]] wall and lateral strain gauge
pos1t1on a spacer beﬁgath the load cap, with its upper

and lower parts nc: aligned, and lower the load cap till

it rests on the spacer.

The spacer should be of a diameter equal to that of
the sample and of sufficient thickness that there is
clearance between the vertical arms of the Toad cap and
the loading ffame base ‘ B ‘
remove the second extension and iower the cell cap till
the mq‘n crosspiece comes into céntact with the two ‘
collars positioned on the vertical supports ”
decrease the liqengggﬁsgre to the pneumatic rah to zero.
Close valves V8 and V10,

4

9lean up the cell fluid coating the inside of the cell

the éample should then be inspected”. The following

~ should be considered:
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e

. C.3.1 Seating Load.

a. is lie urr platen apparently horizontal to the
base?

b. what is the nature of the deformed profile of the

166

samp]e*iﬁ fheqdjrgctioqﬁparallel to the shear force?

c. is there much lateral deformation along the diameter

which is normal to the line of action of the shear
‘

load?

vl

d. was a failure plane formed; the homogeneity &

defoFmation in general?

€. the nature of any dlsturbance in the reg1on of the

fxnned plates (upper platen having been taken off
- f. Vthe,presence of any cell filuid within the porous
stopes pr around the sample; implications?

30. photographs should be taken as appropriate.

C.3 Detailed Discussion of Back Saturation

The following subsections deal with an approximate

method for determining the degrge of saturation of the
sample during undfained shear loading. ) P

s

-~

L4

)

g

As describeld on page 157 , to begin the test the cell

pressure and vertical load were increased. The vertical
load was 1ncreased to prevent the displacement of the ™

vertical ram upon application of the cell pressure.

¥

Assuming that the cell fluid will exert pressure on every .

éur?éce of the load cap assembly, thé..net load due to

+

5

-

,A\

-
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the cell pressure, L,, is:

€.

L = (w/4)(d,)?p, C.2

where:

d, is the diameter of the ram, in metres

P, is tl"@wtie"l] .pr‘e'ssure, gauge, in Pascals

and it ‘%?gcted vertically upwards. Similarly, the

load exerted by the vertical Bellofram is:

. 2
Lz =(m/4)(d,) p, k c.3

- Wﬁére:
djis the bore of the Bellofram‘and,

pzis the internal pressure acting.
) . r
The units are compatible with those of the previous

equation. - .

To insure static equiliyriumn of the vertical ram, it
. o
is required that L, equal Lz.-(The,self weight of the load
4

cap-ram system is neglected as is $he frictional force

exerted by the vertical bushing asseﬁrbly. This is

oo,
. PP .
! v - T os ’ Ny A -

v,
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-

conservative. NRERER
AT

. "

Calibration proced@res demonstrate that the air iine g

3

i

pressures indicated‘by the air regulator gauges, of interesfﬁiﬁ&é
here, are below the true line pressures by about 10%. |
Hence, equating“the two above relations and with&érimed

variables representing the quantity as determined from the

appropriate regulator gauge:

(T/4)(d; 2(11) p' = (T/4)(d,)% (11 p g c.4

or,
(p," 79, VY=(d,/d, )? c.5

]

Now, the diameter of the Bellofram cylinder is
approximately 14 cm; that of the vertical ram is 3.18 cm.
Thus, for equilibrium, the ratio of the regulator pressures

must be‘approximately 20. 5 s

C.3.2 Increments.of Cell Pressure , %

Following an increment in cell pressure, as discussed
>



“ -

on page !57 . one need not make an attempt to maintain a

Ko condition if the observed deviations from it are small.
Further, one must'be careful that the pore pressure does not
exceed the lateral total stress.

An examination of the test data demonstrates that éﬁ
interpreting the present stage of undrained loading, any
vertical stress exerted by the vertical Bellofram on the -
sample may be neglected.
C.3.3 Changes in Degree of Saturation

Tt is assum%e:,f?at th‘ncreasé in cell pressure serves
only to compress>;£efﬁree air within the sample and that no
further air goes into solution. This is a conservative
assumption. Further, following Bishop and Henkel (1962},
pg. 179" et seq., it is taken that the pressure 6? the air in
the voids of the sample does not differ‘greatly from the
pfessure in the pore waterq'yith;tﬂe air assumed to be at
atmospheric pressure. NoQ,’it is possible to derive 3
simple, conservative expression for the degree of saturation
of a soif sample as a function of pore pressuregand initial
degreee gf‘éaturation. This will be done in the followind

.paragraphs.
Let

-

Wdenote the initial volume of water in the sample
Videnote the initial volume of free air within the sample
Si dénose the initial degree of saturation of the sample

Spdenote the fiﬁETﬂdegree of saturation of the sampies

-
o
Vo
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P, denote the initial pressure (absolute) in the pore space

and,
podenote the final pressure (absolute) in the pore space.

As the pressure in the pore space rises from p, to p,,

the voiume of free air decreases to:

vy Py Vi - c.6
o o
2 T
.
i - . l. e .
i‘. ’ " “ ‘491‘ ~}‘ ¢ * Rt -
. 1&"“,‘15‘“‘: o “"G

o - e s L4 '
where it is assumed that the_ pdke air obeys Boylels law

and, again, that upon increase in the pore pressure no

further air goes into solution. Now .l“%definitién,
. o ., . @. ] A i._ N

o/

&

) 2 ‘ .
. > )
. 5)' . Vw . v c7
V'+V| ;'(.3'6‘ A< - .
Y .
. - Qg
and. i » ) . ‘ 4
14 % ;:”
“u
v -t
SZ = - C.8 e
. . ] .

{

"‘n{ ™
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Therefore, using equation C.6, equation C.8 may be

rewritten as.:

w

v
S = ¥ cC.9
2 v,,+[v, P,]
R

Also, equation C.7 can bé{rearranged tb yield an

explicit expression for‘vi:

zn
RIS

\

Vyp = !¥i(l-SiY i ¢.1a )
Si ' -
a
which can be substituted in equation C.9 to'giye:A r
* _ - NG
.
. ! S :
Sp = ™ ‘ C.h
R bl
&2

~ wTherefore, knowing the initial degree of saturation and
pore pressure, and final pore bressuq; upon an uhdraiﬁed
‘increment in cell pressure, one can make a conservative

'estim?te of the new degree of saturation. At the end of

rh
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consolidation, the volume of air and water considered during
undrained loading to calculate the sample’'s degree of '
saturation occupies not only the pore spaces of the sample
but a certain amount of the drainage lines as well.

Equation C.i| ma’be used to calculate the final degree of
mmturat1on of that volume.

Since the pore fluid is assumed to-remain homogeneous,
thie figuFeA@}§o~;epne§ent§ the degree of g%tukaiionfof/the
material occupying the pore'spaces o 'tVI\"\e sample. It should
be noted that although the pressure of the pqre fluid

* decreases as consol1dat1on proceeds, it is stil] greater
5\\than the pore pressure at the start oF the test. Thus,
S&ch no-air has BJEn assumed to enter so;\\iOh’with any

A}
‘uy
1ncrease 1n,pressure the est1mate of the degree of

" saturation of thé sample is etill coﬁservatiVe. Further, it

~5

should be_roted that before testing is begun all drainage
' 1fnes and lines in the'ce1+ base are rid of ajr bubplesﬂ
5 « .
cC.3.4 Acceptable Degree of Saturation .

Black and Lee (1973) assume that under certain
conditions one can treat a soil sample, with a degree of
saturation»o?e.ggbfor .995, as fully saturated for the
purpose of interpretingltest'resultsﬂ It is chiefly a
question of the stiffness of the‘sample. The advantage of
‘this lees stringent criterion 3S~a.saVJng of time. Since
the samples presently be{ng ées;ed.aqefof med ium stiffneif.

| followihg_BlacK and Lee (1973), a Yegree of saﬁurafion of

T
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.990 was accepted. .

In the chapter on test results, data from the testing

program will be reviewed.



