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ABSTRACT _

Results of drained and undrained triaxial compressions tests:
on a sensitive clay are presented in this thesis. Contours of
water content from both drained and undrained tests are compared,
and it appears that for the clayrtested, there is not a unique
relationship between effective stresses and water content as found
by Rendulic and Henkel for remolded soii. The Roscoe_qqnqept“og a
state boundary surface, which is similar to the Rendulic concept
1s examined, and it also does not hold for the clay tested.

Thé Réécoe energy‘equation is appiied to the results of éil~
tésts and it appeafs to hold quite weli. It indicates that for
a soil which is yilelding there is only one fundamental strength
parameter, M, which is independent of both strain and strain rate.

Methods of predicting stress-strain relationships are 9xamined°
The Roscoe method, which is based on the existence of a state
boundary surface is not strictly applicabie, but does yield results
which are of the same order as the measured relationships. The
Landanyi method does not appear to apply to the clay tested.

A method for predicting residual pore pressures and or permea-
bility in drained triaxial tests is derived. This enabled al-
lowances to be made for the effect of residual pore pressures in
drained tests. However, it is felt that the method may have more
application in the examination of soil structure, since a com-
parison of the permeability of samples at the same void ratio and

temperature yields a measure of structural difference.
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CHAPTER 1
PURPOSE AND SCOPE

1.1 Purpose

Rendulic (1936, 1937) and Henkel (1958, 1959, 1960) have
shown that a unique relationship exists between effective stresses
and water content, or void ratio, for both drained and undrained
triaxial tests on saturated remolded isotropically consolidated
clay. The prime purpose of this testing program was to determine
if a similar relationship exists for a sensitive undisturbed clay.
A secondary purpose was to compare the behaviour of the clay with
that predicted by Roscoe and Schofield (1963) for an idealized
"Wet-Clay" and in particular to compare stress-strain relations,

Most problems involving the design of earth structures are
concerned with either stablility or settlement of a soll mass. In
stébility analysis, the structure is analyzed to insure that the
sum of the resisting forces on any potential fallure surface is
greater than the sum of the driving forces. No attempt is made
to determine the magnitude of the deformations. The resisting
forces are determined from strength tests on the soil. It is gen-
erally agreed that for most soils, the strength in terms of ef-
fective stresses is practically independent of the type of triaxial
test performed, drained or undrained. However, for sensitive
soils there is some disagreement on this. The testing program
was undérfaken jointly by Mr. T. J. Hirst and the writer. Hirst
(1966) discusses the strength envelopes obtained from drained
and undfaihéd tests. |

Settlement analyses are concerned with the magnitude of



deformations. For many structures, such as foundations, it is
important that these be limited. Deformations are caused by
volumetric strains due to changes in vold ratio and by shear
strains due to distortion. If there is a unique relationship
between stresses and water content or void ratio that is indepen-
dent of stress path, then the volumetric strain can be calculated
for any stress path which lies between a drained and undrained
path., The shear strains, however, are very much dependent on
stress path. Poorooshasb and Roscoe (1963) determined a relation-
ship between volumetric and shear strains for normally loaded
remolded clay and from their theory, it is possible to estimate
the shear strains for any stress path. A state boundary or yield
surface is a fundamental part of their theory and this only exists
if there is a unique relationship between stresses and water
content.,

It is realized that stress-strain relations and contours of
watér content may be dependent on strain rate, therefore, drained
and undrained tests were performed at the same rate. Additional
drained tests were performed at slower rates which allowed the
effect of strain rate on drained relatlions to be examined.

1.2 Scope

A review of pertinent literature is presented in Chapter 2.
A discussion of macroscopic components of shear resistance is
presented in Chapter 3. The clay tested, test equipment and
testing technique are discussed in Chapters 4 and 5. Residual
pore pressures of some magnitude are always present in drained

tests. A method for predicting these pore pressures is presented



in Chapter 6., The results from drained and undrained triaxial
compression tests on Haney clay are presented and discussed in

Chapter 7. Conclusions and suggestions for further research are

presented in Chapter 8,



CHAPTER 2
REVIEW OF LITERATURE
2.1 Review of Literature »

Basic experimental relations between triaxial stress condi-
tions, water content, and pore-water pressure for normally con-
solidated clays were first established by Rendulic (1936, 1937).
He performed both drained and undrained compression and extension
tests on saturated remolded Vienna clay. Test specimens were
drained by a central core of sand and mica mixture, and pore-water
pressures were those existing in the core. No allowance was made
for the effect of the change in cross sectional area on the verti-
cal stress, thus at large strains the vertical stresses are likely
to-be too high. Rendulilc devised a method for comprehehsive
graphical representation of the state of stress for any stage in
a triaxial test. Consider Figure la; since in the triaxial test
62 =03 and O% = Gg, stresses must plot on the shaded plane. To
plot points on this plane the radial effective stress (O% or Oé)
must first be multiplied by'JEL Isotropic consolidation conditions
(01 = 65 = Og) are represented by the space diagonal or line
which makes equal angles with the three axes. Figure 1b shows
typical consolidated drained and undrained tests plotted on this
plane., Compression tests plot above the space diagonal, extension
tests below. Plotted points represent different stages in a teét,
and the line joining these points represents the stress path fol-
lowed in any one test. In an undrained test on saturated normally
loaded clay, the pore pressure rises and the stress path which is

also a line of constant water content is some curve as indicated.
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In a drained test the radial effective stress is constant,
and thus the stress path is a vertical line. Curves of constant
water content can also be obtained from dralned tests where volume
changes during shearing have been recorded. Contours of water
content are shown in Figure lc. The line A D which makes an angle
of 90 degrees with the isotropic consolidation line and all lines
parallel to it represent stress paths along which the value of
the first effective stress invariant (Ji = G]'_ +O‘é + O'é) is con-
stant. For linearly elastic material and for small strains, Ji
equal to a constant, represents a constant volume condition. It
is seen that for normally loaded clay a Ji = constant stress path
would cause a volume decrease.

Rendulic found fairly good agreement bétween contours  of
water content determined from drained and undrained tests, and he
conclqded that any point in the diagram represents a unique
relation between stresses and water content that is independent
of the stress path, provided the path does not cause a temporary
decreése in water content. If the contours are geometrically
similar, they will plot on a single curve on the unified Rendulic
diagram, Figure 1d, which is obtained by dividing o, and Oy by the
effective consolidation pressure 62. Rendulic found that the
curves were approximately geometrically similar,

Henkel (1958, 1959, 1960) describes results of a comprehensive
serles of triaxial tests on saturated remolded Weald and London
clays., The series included isotropically consolidated drained and
undrained coumpression and extension tests on both normally loaded

and overconsolidated samples. A few tests were performed keeping



the mean effective stress p' (1/3 Ji) constant, and some samples
of Weald clay were anisotropically consolidated. Henkel found
that there was a unique relationship between effective stresses
and water content which was independent of the stress path whether
the clay was isotropically or anisotropically consolidated, pro-
vided normally loaded and overconsolidated samples were considered
separately. Ma%imum principal stress difference was considered
to be failure and he found that the fallure envelope was indepen-
dent of the stress path. Contours of water content from drained
and undrained tests for normally consolidated London Clay are
shown on the Rendulic diagram in Figure 2. It 1s seen that the
contours are essentially independent of the effective stress path.
Thus from undrained tests alone, the water content and deviator
stress at failure for a drained test starting from a water content
of 29.3 per cent and a consolidation pressure of 90 p.s.i. could
be predicted to be 25.9 per cent and 82 P.S.1l. respectively. If
the average effective stress, p', were kept constant, then starting
from the same water content and pressure as before, the water
content and deviator stress at failure would be 27.4 per cent and
62 p.sS.l. respectively. It is seen that Ji constant does not
ihply a zero volume change condition as it does for linear elastic
material and that change in water content is a function of both p'
and the deviator stress q. | - '
Henkel (1960) suggests that similar relationships may also
apply to undisturbed clays. However, for sensitive soils in which
structure is an important factor and for clays in which the secon=-

dary compression is large, he felt that the relationship between
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stresses and water content might be more complex than that sug-
gested for remolded soils.,

Whitman, Ladd and P. da Cruz (1960) describe a series of tests
on saturated remolded samples of backswamp clay from the lower
Mississippi River valley. It was found that comparison of samples
coﬁaolidated isotropically and anisotropically did not produce a
unique relatlonshlip between stresses and water content as sug-
gested by Henkel. For the same void ratio, the samples which
were anisotropically consolidated had the higher strength,

(01 - Oé), The maximum principal stress ratio appeared to be the
same for both.

Henkel and Sowa (1963) working with a new batch of Weald clay
obtained results similar to Whitman. It was found that the water
content after consolidation, whether the consolidation was iso-
tropic or anisotropic was a function of p' only. This is shown
in Figure 3. The stress paths followed for samples of the same
void ratio are also shown in Figure 3 in terms of p' and q (G, - 6}).
Anisotropically consolidated samples are seen to follow a markedly
Qiffereﬁt stress path and it can be seen that for the same void
ratio they have a higher maximum deviator stress but that the
strength envelope is the same for both. They state that the results
are quite different from the data presented by Henkel (1960) on an
earlier batch of weald clay using similar testing techniques.

Roscoe et al. have presented a number of papers since 1958 on
the ylelding of soils. They consider soll to be an elasto-plastic
isotropic continuum material. Roscoe, Schofield and Wroth (1958)
were primarily concerned with the establishment of a critical void

ratio (C.V.R.) line. It was suggested, however, that for saturated
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remolded clay tested under triaxial conditions, the envelope of
all loading paths would form a unique surface in space which

could be expressed in the form of an equation:

w=F~F (p'9 Q)

where w water content

f function of
' = 1/3 (6] + 2G))

q = (07 - (53) corrected for boundary energy.

This surface is shown in Figure 4. It is seen that the envelope

is comprised of two parts. Part A is a surface on which stress
paths from all normally loaded samples lie throughout the shearing
process whether drained or undrained. Part B applies to‘over-
consolidated samples, and stress paths lie on this surface only

at or near failure, Part A of the surface which is the portion of
interest, suggests that there is a unique relation between stresses
and water content which is independent of the stress path, provided
that a correction for boundary energy is applied to the shear stress
(Cﬁ_-C%) in the case of drained tests to allow for the work done
in changing volume. .The corrected deviator stress was given by the

following equation:

oV
= (G -G)+6'— ———- (1
where BV = increment of volumetric strain

%&1 = increment of major principal strain

Poorooshasb and Roscoe (1961) presented data for normally

loaded isotropically consolidated remolded samples of Weald clay
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which indicated that there was a unique relation between stresses
and water content provided no boundary energy correction was ap-
plied to the shear stresses. A two dimensional plot of the unique
surface was devised which allowed easy comparison of drained and
undrained tests,

Equation (1) above arises from the assumption that all energy
transferred across the boundaries of the sample is dissipated in
work done by the shear stresses. This may be reasonably true in
the case of a sand. However, it is likely that in a clay, some
of this energy will be stored elastically (Hvorslev 1960),
Poorooshasb and Roscoe (1961) derived the following equation for

the corrected deviator stress:

ag = (O] - O3) + (p' - r) & ——-- (2)

where r 1s a parameter expressing a measure of the energy stored.

If r = p', then all the energy is stored and q = (Gi - 65).
If r = 0, then no energy is stored and
T35,

which the authors feel should replace equation (1l). It is sug-
gested, therefore, that for normally loaded clays all energy trans-
ferred across the boundary is stored elastically and hence drained
and undrained tests can be compared directly.

Roscoe and Schofield (1963) present a theory for the mechani-
cal behaviour of an ideal continuum referred to as "Wet Clay". The

following equation 1s derived for the state boundary surface:

q=;4—fl-'{ (T+AN-K-e - 1ln p") --== (3)
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where M, A, K, T are four soil constants

M = ratio of q and p' at failure

T = void ratio at failure for p! =1

A = slope of e vs ln p' curve for both isotropic and failure
conditions

K = slope of e vs 1In p curve for unloading and reloading.

68
&V

increment of shear strain

increment of volumetric strain

Equation 3 expresses the unique relationship between effective
stresses and void ratio or water content.
A new energy or work equation is derived which supersedes

equation (2):

Kép!

p'§V + qét = e+ Mp'o€ ‘ (%)

The terms used have already been_described. The left_hgnd side of
Equation 4 expresses the energy transferred across the boundaries
of a unit volume of soil subject to stresses p' and q on applica-
tion of a probing stress increment $p', 6q. The terms on the right
hand side express to what use this energy is put. The term Eég;
represents the energy stored elastically and the term Mp'éE Lre
represents the energy dissipated by the shear stresses. »It is as-

sumed that no energy can be stored by the shear stresses.

Equation 4 can be rewritten as follows:

- Vv K .
qw=Mp—q+p'§—E--l+e% —em= (5)

This means that if at any stage in a drained or undrained triaxial

test the deviator stress q is corrected for both energy due to
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volume change and energy stored elastically, the corrected q = Ay
will be on the fallure envelope q = Mp'. Figure 5 shows'how these
corrections would be applied to both normally loaded drained and
undrained tests. In an undrained test ®V = 0 and since &p' will
be negative because p"is decreasing, the elastic energy cér-
rection’will add to the measured q. In a drained test the energy
due to volume decrease will add to the measured q while the

energy absorbed elastically will subtract.

Roscoe suggests therefore that for normally loaded remolded
samples there is a unique relationship between stresses and water
content provided no energy correction is applied. If an energy
correction is applied in the form of equation 5, then the cor-
rected ¢ will lie on the failure envelope for all points of the
stress path, i.e. q, = Mp'.

Roscoe has also predicted stress strain relations. Pooroo;hasb
and Roscoe (1963) presented a graphical means of determining stress
strain relations for normally loaded remolded clay where the stress
paths lie on the state boundary surface, which is the surface
expressing the unique relation between stresses and water content
(no energy corrections). Undrained tests were performed which
show that for remolded spestone kaolin, contours of shear strain
are radial lines. Consolidation tests were performed at different
ratios of q to p' and relations between the shear strain and the
volumetric strain were determined graphically. It is shown that
volumetric strain also causes shear straln. The higher the ratio
of q/p' the higher the shear strain for a given volumetric strain.
It is stated that for any increment of applied stress the change

in strain can be considered to be the sum of a change in strain at
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constant volume, and a change in strain at constant q/p'. Thus,
if the stress path is known, the applied stress can be considered
to comprise of a number of stress increments and each increment can
be subdivided into an increment at constant volume and an increment
at constant q/p'. From the undrained tests the change in shear
strain at constant volume is known, and also the change in volume-
tric étrain due to the increment at constant q/p'. The change in
shear strain due to the change in volumetric strain is determined
from the results of consolidation tests. The total change in shear
strain is the sum of changes at constant volume and constant q/p'.
This method is shown for a stress increment AC on Figure 6. ‘
Figure 6a shows sgsess paths from consolidated undrained 'tests on
kaolin. Contougi of strain at constant volume are superimposed
and are seen toige radial line from the origin. Figure 6b shows
the relationship between increments of shear strain and volumetric
strain as a function of q/p' derived from consolidation tests. A
stress increment AC can be resolved into increments AB and BC.
The shear strain increments arising from these are .75 per cent at
constant volume and 6.4 per cent at constant q/p' thus the total
shear strain increment is 8.2 per cent. In this manner a relation
between shear stress and shear strain can be obtained for any
stress path.

Landanyi, La Rochelle, and Tanquay (1965) present a graphical
method of predicting shear strains in saturated normally loaded
and over-consolidated clays. It implies that contours of shear
strain are independent of the stress path followed. Relationships

between shear strain and princiapl stress ratio and shear strain
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and water content were determined from drained tests at various
confining pressures. Using this information the principal stress
ratio versus strailn relation was predicted for an undrained test
and compared with an actual test. Agreement was quite reasongble°
This theory would imply that if there is a unique relation between
stresses and water content that contours of shear strain are also
unique.

The unique relationship between stresses and water content
implies a failure envelope which is independent of stress path.
Casagrande and Wilson (1953) found that for both an ofganic clay
and for Boston Blue clay the undrained strength envelope was
higher than the drained strength envelope. Maximum prineipal
stress ratio was considered as failure. The difference amounted to
9 degrees for the organic clay and between 2 and 5 degrees for the
Boston Blue clay. In an undrained test on normally loaded clay,
the pore pressure rises such that the normal effective stress on
the failure plane falls as shearing progresses. Thus at failure
the soil could be considered to be overconsolidated. This over-
consolidation 1s referred to as prestress effect and was consider-
ed responsible for the additional strength of the undrained tests.

The straln rate in the undrained tests was considerably higher
than the drained tests and it has been argued by subsequent writers
that this could account for the higher strength. However, undrain-
ed tests were performed as stress controlled and strain controlled
and although the maximum deviator stress was higher for the stress
controlled, the principal stress ratio was the same for both. It

could therefore be implied that the strain rate affected the stress
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path but not the strength envelope in terms of the principal
stress ratio. Energy corrections were not considered.

Bjerrum and Simons (19605'present data from drained and. o
undrained tests on normally loaded undistrubed clays. The sensiti-
vity of these clays varied from 3 to 100. It was found that for
almost all the Norwegian clays the pore pressure was still rising
at maximum deviator stress and the maximum principal stress ratio
was reached at higher strain. Kenney (1959) has suggested that
this phenomenon is a function of the sensitivity of the clay.

The greater the sensitivity the larger the difference in the
strength envelope determined by both methods. Bjerrum and Simons
found the undrained envelope to be slightly lower (about one
degree) than the drained envelope, provided maximum principal
stress ratio was taken as the criterion of ' failure. This, they
state, is opﬁosite to the findings of Casagrande and Wilson,.
However, the writers have corrected their drained tests for
boundary energy due to volume change, whereas Casagrande and
Wilson did not. They suggest that the prestress effect is of
secondary importance and state that it is the overconsolidation
ratio before application of the shear stresses that is important.

Barron (1960) states that the volume change occurring in
drained tests causes considerably more remolding than in undrained
tests. He suggested that the undisturbed drained strength
envelope and the remolded undrained envelope are only slightly
different and that the undisturbed undrained strength envelope
is higher because of structure and prestress effect.

Scott (1963) considers that the prestress induced in the
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undrained tests may or may not be important depending on the _
failure strain. If fallure is occurring at large strainsvthen the
soll will be fully dispersed at failure and no memory of previous
past pressure will remain. On the other hand, if failure occurs
at low strains, as is likely with a soil initially flocculated,
memory of past pressure will be retained and the soil will exhibit
a prestress effect. Thus, Scott suggests that the prestress ef-
fect will be most pronounced for undisturbed soils and particularly
for sensitive soils, these being highly flocculated. For compacted
soils, and particularly for those soils compacted wet of optimum,
with low salt concentrations in the pore fluid, the prestress
effect will be of minor importance;
2.2 Discussion

It is seen that there is considerable difference of opinion
both with regard to the unique failure envelope and the unique
relationship between effective stresses and water content. It
would appear that for normally loaded remolded material, the
strength envelope is essentially independent of the stress path,
and that the fallure criterion, whether maximum principal stress
ratio or maximum deviator stress makes little difference. The
volume change at failure in the case of drained tests is generally
very small or zero so that a boundary energy correction if ap-
plied, wiil have negligible effect on the strength envelope. For
undisturbed normally loaded material and particularly for sensi-
tive material, the maximum principal stress ratio occurs at a
higher strain than the maximum deviator stress in undrained tests,

leading to two possible failure envelopes. In drained tests,
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maximum deviator stress and maximum principal stress ratio must
occur at the same time. However, volume decrease at fallure leads
to a measurable boundary energy correction, and thus gives rise

to two possible drained fallure envelopes, i.e., one with a
boundary correction and one without.

It appears that if maximum principal stress ratio is taken as
the fallure criterion, then drained and undrained tests have ap-
proximately the same failure envelope provided a correction for
boundary energy be applied to drained tests. If no correction is
applied, then the drained envelope will lie below the undrained.

Evidence for the unique relationship between effective
stresses and water content is rather conflicting, but suggests
that for normally loaded remolded clays which have been isotro-
pically consolidated, the relationship is approximately true. No
data on sufficiently uniform undisturbed clay 1s available but it
has been suggested that a similar relationship might hold for
undisturbed clays of low sensitivity. For sensitive clays it wés
thought that the relationship would be more complex.

The literature suggests that the relationship between effec-
tive stresses and water content determined from both drained énd
undrained tests may not be unique for any one clay for the
following reasons:

1. Rate of testing not identical‘for both drained and

undrained tests;

2. Temperature not the same for all tests;

3., Non-uniform distribution of stresses and water content

due to end restraint;
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4. Residual excess pore water pressure in drained testsy
5. Different structure arising from different stress paths
followed in drained and undralned tests.

The effects of 1. and 2. may be eliminated by testing at the same
strain rate and at constant temperature. Non-uniform stresses
give rise to unequal pore pressures within undrained tests. If
tests are run at sufficiently slow strain rates, these will
largely become equalized by migration of water within the sample.
In drained tests non-uniform stresses will give rise to non-
uniform water content. This aspect will be considered in detail
in Chapter 5. Residual excess pore pressures in drained tests
cénnot be completely eliminated, as theoretically it would take
an infinite time for one hundred per cent dissipation of excess
pore pressure. A method for estimating the excess pore pressure
at all stages of a drained test was devised and is presented in
Chapter 6. The prestress effect in undrained tests and the
additional remolding effect of volume change in drained tests
are macroscopic factors reflecting different microscopic struc-
ture in the clay. The macroscopic behaviour of a clay is very
much dependent on the structure and this will be considered in

Chapter 3.
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CHAPTER 3
MACROSCOPIC COMPONENTS OF SHEAR STRENGTH

The shear strength of a saturated clay is often considered to
comprise of a friction component, a cohesion component and a sur-_
face or boundary energy component. The friction component is that
portion of the shear resistance which is linearly related to the
normal effective stress. Cohesion implies a shear resistance which
is independent of the normal effective stress. The surface energy
component of shear strength arises when a soll is undergoing
volume change. Taylor (1948) demonstrated that the work done by
the boundary stresses during shearing could account for the dif-
ference in strength between a loose and a dense sand. Bishop (1954%)
calculated the energy component for triaxial conditions (Gé = 63)
at maximum deviator stress as follows: If an element of material
under stresses G& and Gé undergoes changes in strain 5&,.and 853,
then the bogndary energy transferred to the sample, BW, will be

oW

now BV

oy & + 26‘3'683

éEl +22883 = volumetric strain increment, decrease

in volume positive

therefore G]'_ - O‘é = %%’l - G'é g—é’-l T eme= (6)

63 %%‘is the surface energy component of shear strength. It

is positive for volume increase, negative for volume decrease and
zero for constant volume or undrained conditions. Although Bishop
mentions that his equation would apply at maximum deviator stress
Roscoe, Schofield and Wroth (1958), Gibson (1953) and others applied

the correction at other points on the stress path in addition to
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the point of maximum deviator stress. Hvorslev (1960) suggested
that part of the energy involved in volume change might be stored
or released elastically and hence should not be considered in the
term involving energy dissipated. Bishop (1964) considered that
'the rate of change of elastic energy at maximum deviator stress
would be small. Roscoe and Schofield (1963) developed an energy
equation discussed in Chapter 2 which considered both boundary
energy and elastic energy within the sample. Rowe, Oates apd
Skermer (1963) extended the stress dilatency theory to cohesive
soils,

The modified coulomb equation

! + G} tan @!' e (7)

Tep
Whe re Tff

shear stress on failure plane at failure

c! apparent cohesion
0} = normal effective stress on failure plane at failure

@' = effective angle of internal friction

is often used to express the shear strength of clays. YFor satu-
rated normally loaded clays it is generally found that c' = zero.
If the clay has been overconsolidated, the strength in the over-
consolidated region of interest may generally be expressed by
Equation 7. However, the friction angle determined in the over-
consolidated region will be less than that of the normally loaded
region. Therefore, for the one clay there is more than one pos=-
sible friction angle. Frictlon and cohesion in this form are now
considered to be merely parameters expressing the slope and inter-
cept which best approximate the strength envelope in the region of

interest (Figure 7). Hvorslev, at the suggestion of Terzaghi,
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performed direct shear tests on saturated remolded clay in such a
manner that it was possible to compare shear strength at the same
void ratio but with different applied normal effective stresses.
It was found that for the same vold ratio, the shear strength was
a linear function of effective normal stress and plotted with an
intercept on the shear strength axis as shown in Figure 7. Lower
void ratios plotted as parallel lines with higher intercepts on
the shear strength axis. The slope and intercept determined in
this fashion were given the symbols ¢é and c; and were thought to
reflect true friction and true cohesion. Hvorslev (1960) prefer-
red to refer to ¢é and c; as effective friction and effective co-
hesion. The terms imply that at any one void ratio the cohesion
is constant and independent of the effective stress. Hvorslev
(1960) suggested that this would only be so if there were no sig-
nificant differences in structure. Scott (1963) stated that due
to the irreversible nature of the compressibility of clay it would
not be possible to have two samples at the same void ratio with
differing effective stresses and the same structure. The very fact
that the stress is different signifies a different structure.
Gibson (1953), Bjerrum (1954%) and many others have determined
the effective friction and effective cohesion components for
remolded soils. If the components were determined from drained
tests, then the surface energy component was generally removed
using the Bishop equation. Gibson found that application of the
energy equation reduced c; and increased ¢;. Simons (1960)
determined these parameters for an undisturbed soil., Bjerrum and

Simons (1960) found that the effective friction component was
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lower for a soill in the remolded than the undisturbed state. It
1s apparent that the same friction and cohesion components will
not be present for the same soll in the undisturbed and remolded
states.. This is particularly true for sensitive soils. Hvorslev
(1960) considered that the components might only apply to re-
molded soils, ) »

Schmertmgnn (1963) considered that the components as deter-
mined by Hvorslev' on remolded clay might be correct. The dif-
fering consolidation ratios neéessary to produce samples at the
same failure void ratio but with differing effective stresses
would result in samples which befofe shearing would have dif-
féfent structures. However, he thought it possible that the dif-
fering failure strains could‘cause structures which were not
iﬁitially the samewto be the same at failure, and hence the
Hvorslev parameters coulq be‘correct° He suggested that this
would not generally be the case and proposed a method of "ecurve
hopping" to produce what he considered to be identical samples at
tﬁe same;strain under different effectlve stresses from which the
ffiction,and coﬁesion.components.could be determined at any strain.
These he tq:med the Dependent and Independent components., ‘

— ﬁoorany,énd Seed (1965) proposed a.method of obtaining samples
at the same void ratio and almost the same structure but with
differing effective stresses. The method involved anisotropic
consolidation of two samples to the same vold ratio, after which
time the deviator stress was removed from one, resulting in two
samples at the same void ratio but with different effective

stresses., The samples were then sheared at constant void ratio and



29

separation of Mohr circles at failure allowed the effective fric-
tion and cohesion components to be determined. The authors sug-
gested that the Mohr circles might plot quite close to each other
for insensitive clays making separation of components quite dif-
ficult, whereas for sensitive material, considerable separation
could be expected. However, this could also mean that the ob-
served separation in Mohr circles is due to structural change
caused by release of the anisotropic stress condition, and as
would be expected, this is more marked for sensitive material,

The Roscoe concept discussed in Chapter 2 indicates that a
soil which 1s yielding has only one strength parameter, M, which
implies a linear relation between p' and the deviator stress cor-
rected for both boundary energy and internal energy. M can be
considered as a friction component and the theory suggests that
the full Qalue of M is mobilized at all strains. In undrained
tests it is generally conceded that considerable strain is neces-
sary to mobilize full friction. However, the Roscoe concept
indicates that this conception is due to neglect of the release
of internal energy from the sample. The release of internal en-
ergy is of course governed by the soil structure.

Although it is of considerable interest from theoretical
considerations to try to isolate the components of shear strength,
in practice it is generally the measured combined value that is
required. In addition, from the above discussion, it appears that
the effective friction and cohesion components may have no phy-
sical meaning but arise from structural effects. It may be neces-

sary to try to isolate the surface energy component if the labora-

tory tests do not duplicate the field conditions with regard to
volume changes,
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CHAPTER 4
TESTING PROCEDURES
4.1 Description of soll tested.

The clay used in thils testing program was taken from a de-
posit located in the Fraser Valley, British Columbia. The aeposit
1s centred around the town of Haney which is about thirty miles
from the mouth of the Fraser River, and is known locally as Haney
clay. It is presently being used for the manufacture of bricks
and it was from the pit at the brick factory at Haney that samples
were obtained.

The clay is thought to have been deposited in a marine or
brackish environment during or shortly after the last glaciation
of south-western British Columbia (Armstrong, 1957). Subsequent
uplift of the land relative to the sea has exposed the deposit
and percolating rain water has since leached out much of the salt,
with the result that the clay now has a sensitive structure.
Marine shells were found while sampling and attest to the
depositional environment.

Haney clay has a dark blue-gray colour when wet, and has the
colour of neat cement when dry. In the partially dry state, light
and dark laminations of Qarious thickness are evident. Standard
laboratory identification tests were performed and the results are
shown on Table I and Figures 8 and 9. A small dry sample of the
clay was subjected to X-ray diffraction analysis to determine its
mineral composition and the results are shown in Table II. It may
be seen that the silt size particles are composed primarily of quartz

ahd feldspar, while the clay size particles are mainly chlorite.



TABLE I

_ PHYSICAL PROPERTIES OF HANEY
Specific gravity
Liquid Limit
Plastic Limit
Plésticity Index
Natural Water content
Per cent finer than 2 microns
Activity
Undisturbed unconfined compressive strength
Remolded unconfined compressive strength
Sensitivity

Maximum past pressure

CLAY

2.80

4L

26%

18%

42% + 1%

46%

Ok

1550 1lbs./sq.fte.
130 1lbs./sq.ft.
12

5500 1lbs./sq.ft.
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TABLE II

CHEMICAL PROPERTIES OF HANEY CLAY

GRAIN SIZE MINERAL AMOUNT PRESENT
Quartz Large
Silt Fraction
Feldspar Large
(greater than
Chlorite Moderate - small
2 microns) '
Mica Moderate - small
Amphibole Small
Chlorite Large
Clay Fraction Feldspar Moderate - small
(less than Mica/chlorite Moderate -~ small
2 microns) Quartz Small
Mica Small
Amphibole Small - questionable

3k
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4,2 Field Sampling and storing of block samples.

Block samples were obtained by hand excavation from the clay
deposit at Haney in an area that had recently been worked by the
brick factory. A trench was dug around an area of about 12 square
feet to a depth of 3 feet, thus isolating a large block of soil.
The top 18 inches or so of disturbed clay was removed and block
samples were cut using fine piano wire. These were trimmed to
rough cubes of side 9 inches, and were coated with wax at the
site as shown in Figure 10. The blocks were carefully trans-
ported to the laboratory and the next day were given further
coatings of wax and then stored in a moist room until required.
4.3 Description of test equipment.

The testing program was shared with Mr, T. J. Hirst. Drained
tests were performed by Hirst and undrained tests and some very
slow drained tests were performed by the writer. Aftef completion
of the drained series some modifications were made to the equip-
ment, principally the installation of a de-aired water tank and a
form of temperature control. At the end of the undrained series
a further change was made. A transducer was introduced to measure
pore pressure and an undrained test was run for comparison pur-
poses. Two very slow dralned tests were then run with pore pres-
sure measurements in order to determine the magnitude of residual
pore pressures in drained tests. These modifications will be
indicated in the description of the test equipment which follows,

The test equipment used is shown in Figures 11, 12 and 13,
The triéxial cell was a clockhouse Enéineering T.10 cépable of

receiving 1.4 inch diameter samples. The ram and bushing were



Figure 10 -

Block Samples of Haney Clay at Site
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of stalnless steel machined to a fine tolerance and were greased
with "lubriplate" before each test. No significant leakage of
water past.the ram occurred., A loading cap'which was free to
rotate was used to minimize the lateral force and moment trans-
ferred to the ram and thus reduce friction at the bushing., Dis-
tilled de-aired water was used as a chamber fluid to reduce dif-
fusion of air and water through the membranes into the sample.

In the drained test series boiled distilled water was introduced
into the air-water steel balancing tank under a vacuum and allowed
to cool overnight. It was then fed into the chamber undef a small
air pressure. In the undrained series a distilled de-aired water
tank was installed. Distilled water was de-alired by sprinkling

it into the tank under a vacuum. The vacuum was removed and

water fed into the chamber under gravity.

A constant chamber pressure was obtained by regulating com-
pressed air from a house line and applying it to the air-water
steel balancing tank. The watér in this tank was subject to a
vacuum before each test, but during the test in the presence of
alr at a high pressure it was expected that air would go into
solution and find its way into the cell. In the drained series
the air-water'tank was connected to the cell by a length of 3/8
in. 0.D. polyethelene tubing. In the undrained series a 6 ft.
length of 1/8 in. I.D. Saran tubing was installed in the line to
reduce the amount of air reaching the cell as suggested by Poulos
(1964). If leakage of water from the cell occurs then air is
carried to the cell by the water instead of diffusing through the
water along the length of the tube and the effect of the tubing is
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then lost. The chamber pressure was measured by a 0-100 1lbs./

sq.in. bourdon gauge graduated to 0.5 lbs./sq.in., and fitted

with a mirror to reduce parallax. It was possible to estimate

the pressure to 0.1 lbs./sq.in. The gauge was calibrated against

a dead weight tester before each testing series and was found to

creep under load. Variations of up to O.4 1bs./sq.in. were found

to occur in successive calibrations. The balancing tank was

fitted with a transparent tube so that the water level in the tank

was known and én elevation correction could be applied to deter-

mine the chamber pfessure at the level of the centre of the sample.
Drainage lines from the top and bottom of the sample led to

a 10 cubic centimeter moveable burette, graduated to 0.l cubic

centimeters. Wherever possible 1/8 in. 0.D. copper tube was used,

but where movements were large relative to the length of tube,

such as for the saturation spiral and the connection to the burette,

flexible plastic tubing was used. The level of the water in the

drainage burette was kept at the level of the mid height of the

sample, so that as drainage proceeded it was necessary to adjust

the burette from time to time. To insure complete saturation of

samples a 10 lbs./sq.in. back pressure was applied to the burette.

This wés accomplished by means of a mercury column and a 1200

cubic centimeter air balancing tank. The tank was sufficiently

large that the change in the volume of air caused by drainage of

10 cubic centimeters of water would alter the back pressure by ;

less than 0.1 1lbs./sq.in. Changes in temperature of *+ 1.00¢c

would alter the pressure by about + .05 lbs./sq.in. However,

changes‘in atmosphefic'pressure caused changes in the level of
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the mercury which were not realized until the electrical trans-
ducer was installed at the end of the testing program. The
reason for this is as follows: A constant volume in the back
pressure tank is maintained by a constant absolute pressure. If
atmospheric pressure falls then there is a tendency for the_air
in the tank to expand. This is prevented by rise of mercury in
the standpipe equal to the change in atmospheric pressure (the
small volume increase due to the rise of mercury can be neglected).
The chamber pressure gauge reads pressures above atmospheric,
the back pressure should therefore also be referenced to atmos-
pheric‘pressure. Errors in the back pressure may have occurred
but it is thought these amounte& to no more than about 0.2 lbs./
sq.iﬁ., as the level of the mercury was corrected occasionally
during a test by allowing air into or out of the tank. Later,
when the transducer was present, the correct back pressure was
attained by moving the drainage burette until the desired trans-
ducer reading was obtained.

Pore water pressure was measured at the bottom stone only
using the Bishop and Henkel null tube device (1 mm. I.D. tube).
A 5 foot length of 1/8 in. outside diameter copper tube connected
the null tube to the bottom stone. The compliance of this system
produced a movement of 7/40 in. in the null tube over a range of
100 1lbs./sq.in. that was fully reversible. Bishop and Henkel
- (1962) suggest that the movement should not be more than 1/2 in.
over a pressure range of 100 1bs./sq.in. and the system was
therefore considered satisfactory from the compliance point of

view. During a test the position of the null point was varied
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with the pressure to account for this compliance. The preSsgre
was measured with a 0-100 1lbs./sq.in. bourdon gauge similar to
that used for measuring the chamber pressure. The gauge was
calibrated using a dead'weight‘tester to apply a chamber‘prgésure
which was then read on the pore pressure gauge. In this way no
calculation was necessary to account for the height of mercury
in the null tube or the change in the height of the mercury due
to change in the null point with pressure. After calibration,
care was taken to insure that the height of mercury for zero
gauge reading was always kept the saue.

Towards the end of the testing program an electrical trans-
ducer of the bonded type and made by Data Sensors Incorporated was
installed. It was placed as close as‘possible to the cell to
minimize the compliance of the system. The transducer had a
range of O - 150 1bs./sq.in. absolute and a rated compliance of
0.00027 cubic in. for 100 1lbs./sqg.in. change in pressure. The
rated compliance was checked with the null tube and found to be
correct (9/40 in. rise in null point for 100 lbs./sq.in.). This
could be compensated for during a test by using the null tube
device to add or remove water to the transducer system to take the
place of the volume change caused by the expansion and contraction
of the active face of the transducer. If thls were done
immediately after a reading was taken, then flow into or out of
the sample would allow the slight pressure surge to dissipate
before subsequent readings were taken.

The transducer is accompanied by an electrical read-out device
and the system was calibrated against the dead weight tester. The

calibration was found to be linear with pressure to an accuracy
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of + 0.1 1bs./sq.in., and pressure changes of 0.025 1bs./sq.in.
could be detected. The transducer measures pressure on an absolute
scale and a bharometer was installed so that the pressure could be
referred to gauge pressure.

All tests were straln controlled. A constant deformation rate
was applied to the loading platform on which the cell was placed
by means of a 1/4 horse power electric motor and a system of gears.
The gear system allowed thirty deformation rates ranging from about
2 in. per hour to 1 in. per year. A proving ring was used to
measure the deviator force in the ram. The force on the ran caused
by the chamber pressure and by friction at the bushing was measured
by moving the loading platform upward at the intended testing rate
without the ram being in contact with the sample. The friction
force may change during a test mainly because of induced lateral
forces but no attempt was made to measure this. The deformation
of the sample was measured by a dial gauge placed such that the
deformation of the sample only was measured.

Hoke valves were used wherever leaks could not be tolerated.
The stem type displacement valves were used where displacement was
not a problem. Four Hoke non-displacement ball valves were used
on the drainage and pore pressure lines where it was essential to
have no volume change on opening and clésing valves., Klinger
valves were used on the pore pressure device in locations where
small leaks were of no consequence., All Klinger valves tested
were found to leak. Four nevalinger valves were separately tested
with the null tube device and all were found to leak. Leakage
ranged up to 0.003 cubic in. per day under 100 1bs./sqg.in., which

corresponds to a rise in the null point of about 2 inches. Poulos
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(1964) found simiiar results, and this writer now understands that,
where Klinger valves are used by other investigators in positions
where leakage cannot be tolerated, either the valve linings have
been replaced or the valve has been treated in some way. Hoke
non-displacemenf valves were tested in the same manner as the
Klinger valves and no leakage could be detected in a three day
period.~ However, after some usage it was apparent that these
valves also leaked. Tightening of the stem seals appeared to
stop the leakage and this was dohe from time to time. Subse-
quently, for other apparatus in the laboratory, Whitey non-
displacement valves were used and were found to behave in a very
satisfactory manner. Hoke displacement valves were also tested
and none was found to leak.

The eqﬁipment was de-aired by drawing large quantities of
boiled distilled'water at a temperature of about 180°F through
the dréinage lines. Due to the many problems encountered in getting
the equipment operational, de-airing was done a number of tlmes
and presented no particular difficulties. However, care is re-
quired in de-airing the Hoke non-displacement valves as the seallng
surface is not continuous and so an air space exists behind the
seal. These valves must be held in the half open position while
water is flushed through to remove this air. After de-airing,
the system was allowed to cool and the null tube was then used to
check fhe drainage system for compressibility and leakage.

After the drained test series had been completed a form of
temperature control was installed. This was accomplished by
constructing an insulated compartment around the equipment which

was kept below the general room temperature by a cooling unit.
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The compartment compfised of a frame 15 feet long, 8 feet wide and
8 feet high constructed of 2 in. by 4 in. timber members and
covered inside and outside with a layer of polyethelene to produce
a 4 in. insulating air gap. A water cooled air conditioning unit
of 9400 B.T.U. capacity was used. It was capable of keeping about
a 10°C difference in temperature between the room and the com-
partment but during the test series the difference was never more
than SOC; A typical cycle was: air conditioner on for 1% minutes,
off for 3 minutes with a temperature variation within the com-
partment of 0.5°C. The fan setting could be adjusted and it was
found that the optimum adjustment gave a fairly uniform tempera-
ture over most of the testing area. A thermometer placed in a

100 cubic centimeter flask did not record any noticeable variation
in temperature due to the cyclic fluctuations of air temperature,
and it could be concluded that the sample which was surrounded

by a considerably larger volume of water underwent negligable
temperature variation. However, the air temperature variation

did have a small effect on the Bishop and Henkel pore pressure
measuring device. The effect on a closed system was for the
pressure to fall on a rising temperature and rise on a falling
temperature. This is opposite to what one usually expects and

may be explalned as follows: On a rapldly rising air temperature
the aluminum case of the pressure cylinder having a high conducti-
vity and low specific heat increases in temperature and expands
allowing the water to increase in volume and hence reduce in
pressure., The water having a low conductivity and high specific

heat does not have time to heat and expand. The copper line to
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the cell behaves in a similar way to the pressure cylinder although
to a lesser extent. If, on the other hand, the temperature rise
is slow then the water has time to heat and expand and water
having a "higher coefficient of thermal expansion than copper or
aluminum tends to expand more, causing a pressure rise. This
effect was essentially eliminated by binding the pressure cylinder
and copper line by insulating tape. When the transducer was later
installed, no variation in pore pressure in a closed system could
be detected.
4.4 Testing technique N
Cylindrical samples 2.8 in. long and 1.4 in. in diameter
were prepared in a moist room using a wire saw, miter box and
trimming lathe. A trimmed sample and equipment is shown in
Figure 1%. Side and end trimmings were used for water content
determinations. It was found that due to the laminated nature of
the material, the water content calculated from the end trimmings
varied considerably from the side trimmings. These were not
therefore used in estimating the average initial water content
but served to indicate the range of water content within the
sample. Four tests were performed by Mr. Hirst with whom the
testing program was shared to determine if the side trimmings were
a reliable measure of the average initial water content of the
sample. The greatest water content difference between a sample
and its side trimmings was found to be 0.2 per cent and it was
concluded that the trimmings were a reliable measure of the average
initial water content of the sample. However, a precaution had

to be observed in taking side trimmings. When side trimmings



Figure

15 - Sample in Place on Triaxial Base
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were taken the sample had not been trimmed top and bottom and
therefore the trimmings did not represent the final sample.
Further trimming was necessary to allow for this. If this further
trimaing were not done, and it was not always done by the writer,
the check between initial and final water contents based on side
trimmings was as poor as 1.5 per cent, whereas for those samples
in which it was done the check was always within 0.2 per cent.

The trimmed sample was measured and weighed. Three cir-
cumferential measurements (top, centre and bottom) and four length
measurements were obtained and averaged to determine the dimensions
of the sample. Samples were handled with extreme care and were
carried in a 13 in. wide rubber sling to reduce stresses,

Prior to the preparation of the sample the equipment was made
ready. The porous stones were bolled for 10 minutes in distilled
water and allowed to cool. Four O-rings on ring expanders were
fed over the top loading cap and down the saturation spiral.

These were followed by a rolled membrane. A rolled membrane was
also placed down over the pedestal., The cylindrical surface of

the pedestal was then covered with a film of silicon grease and

the membrane rolled to the top. Water was allowed to flow from

the bottom drainage line to cover the top of the pedestal and form
a convex meniscus. The bottom stone now cooled to room temperature
was slid into place. The sample was then slid onto the bottom
stone. The top cap was inverted and water allowed to flow out

and form a meniscus. The top stone was then placed and the cap

and stone righted and slid onto the top of the sample. Silicon

grease was now smeared on the top cap and with one hand on the top
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cap the lower membrane was rapidly rolled up, any excess water
being pushed ahead of the membrane. This membrane was then covered
with a film of silicon grease and the second membrane rolled down
from the top. Two O-rings were then placed over both membranes at
top and bottom. Figure 15 shows a photograph of an installed
sample during a preliminary test series when only one membrane

and two O-rings were being used.

The top of the cell was then placed in position and the align-
ment of the ram with the ball bearing on the loading cap was
checked. This was done by observing if any lateral movement of
the top cap occurred when the ram contacted the ball. The sample
was positioned by trial and error until no movement could be
detected. The ram was then brought into contact with the sample
and the vertical dial set. Water from the distilled de-aired water
tank was fed into the chamber under gravity. A 10 1lbs./sq.in.
chanber pressure was applied and the pore pressure measured. In
those later tests where the transducer was used to measure pore
4 pressure, the pore pressure was measured as soon as the first
membrane was in place. The effect on the pore pressure of placing
the second membrane and aligning the sample could be observed.

It was found that the pore pressure fluctuaﬁions of not more than
0.5 1lbs./sq.in. occurred and were elastic. The chamber pressure
was then applied in increments of 10 1lbs./sq.in. at four minute
intervals until the desired chamber pressure was attained. The
pore pressure was recorded before each incregpent was applled
allowing the Skempton B parameter to be calculated. It was found

that B was equal to unity for all increments, indicating that the
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clay was 100 per cent saturated.

Samples were allowed to consolidate for exactly 24 hours.
Drainage from both top and bottom of specimens led to a burette
to which a 10 1lbs./sq.in. back pressure was applied. Since
the time for Y90 was never more than 200 minutes, it was considered
that all pore pressure due to primary consolidation was essentially
dissipated at the end of the consolidation period. Burette
readings were taken during consolidation so that the coefficient
of consolidation ¢y and the coefficient of permeabilityfk could
be calculated.

In preliminary tests it was found that the éample would
generally not consolidate uniformly in the vertical direction,
so that at the end of consolidation the ram would no longer be
aligned with the ball on the loading cap. To prevent this occur-
ring it was necessary to bring the ram into contact with the ball
from time to time during the consolidation period. The vertical
stress involved in this contact was generally not more than about
O.4 1bs./sq.in. It was importantvto have good alignment before
shearing otherwise there was a strong possibility of sample
buckling taking place. In addition, poor alignment caused an
irregular initial stress strain curve,

About an hour before the end of the drainage period the
loading platform was moved up at the intending testing rate without
the ram being in contact with the ball on the loading cap. In
this way the force on the ram due to the chamber pressure and
friction at the bushing was determined. This was later subtracted

from proving ring readings to determine the deviator force,
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Samples were then sheared under either drained or undrained strain
controlled conditions. Figure 16 shows a specimen during shearing.
The strain rate was about 0.5 per cent per hour and was the same
for both drained and undrained tests. Some additional tests were
run at other rates but were not used for the main purpose of the
thesis. Variation in the strain rate occurred due to deformation
of the proving ring. In fact, during the early part of the un-
drained tests the strain rate was about onehalf the average strain
rate. The chamber pressure was kept constant phroughout all tests.
The air regulation system was found to work extremely well and _
fluctuations of not more than 0.l lbs./sg.in. were recorded on the
chamber pressure gauge. In undrained tests the variables recorded
were, time, sample deformation, proving ring deformation and pore
pressure. In drained tests the drainage burette reading replaced
the pore pressure reading. Approximately 50 sets of readings
were taken throughout the duration of any one test. These were
later fed to a digital computer to be analyzed.

Two drained tests were performed at one quarter the general
strain rate but drainage to the top stone only was permitted.
Pore pressure was measured with the transducer at the bottom
stone. The transducer was also used to measure the back przssure
applied to the drainage line so that a very accurate measure of
the excess pore pressure at the bottom of the sample was obtained.
This was thought to give a reasonable accurate measure of the
excess pore pressure that would exist at the centre of a sample
drained to both top and bottom and sheared at the usual rate.

This will be discussed in detail in Chapter 6,



Figure 16 - Sample During Shear
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At the end of the shearing process, since a check on the
water content was required, water was first allowed to back drain
into the sample before removing from the chamber. This procedure
was first suggested by Henkel and Sowa (1963) and the reason 1is
as follows: If the effective stresses at the end of the test
are high,/removal of the chamber pressure under undrained condi-
tions will not change them and hence as the total stresses go to
zero, large tensions are set up in the pore preséure. If these
are high enough they will cause cavitation in the drainage lines
and water will enter the ends of the sample. Even if the tensions
are not sufficient to cause cavitation, water may be drawn into
‘the sample form the porous stones during dismantling of the sample.
Since it appears impossible to prevent water entering the sample
the alternative is to measure the amount that enters. This was
done by removing the deviator stress and dropping the chamber
pressure to 12 lbs./sq.in. while allowing water to flow from the
drainage burette which was maintained at a back pressure of 10
lbs./sq.in. at all times. Back drainage was continued until the
rate of flow was very small or in some cases it was continued
for 24 hours so that a measure of the coefficients of consolida=-
tion and permeability after shearing could be obtained. In this
wayv the effective stress was reduced to 2 1lbs./sq.in. After back
draining the drainage valves were closed, the chamber pressure re-
duced to zero and the water removed from the cell. The rubber mem-
branes were cut and removed, the porous stones pulled from the ends
and the whole sample was then weighed. It was not thought that
much water would enter the sample from the porous stones since the

tension in the pore water should not be more than 2 1bs./sq.in.
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and the capillarly tension of the stones was thought higher than
that. )

The water content of the whole sample was determined and
from the known amounts of water drained and back drained the
initial water content could be calculated. This was then checked
with both the initial water content calculated using the initial
wet weight and final dry weight of the whole sample and the
initial water content as determined from side trimn}ings° It was
fqund that the water content check was always within O.4 per cent
and generally within 0.2 per cent when the whole sample was used
for initial water content and was always within 0.2 per cent
when side trimmings which were properly representative were used
(see discussion earlier in this section). In those tests which
were sheared at one quarter the usual rate the shearing process
took about 10 days. However, the water content check for those
two tests was within 0.1 per cent. It may therefore be concluded
that the average water content at the various §tages of a test
was accurately known and that no significant leakage occurred.

After removal of the sample, the drainage lines were
flushed with de-aired distilled water. The cell, bottom pedestal
and top loading cap were thoroughly washed with detergent to
remove any grease which might later trap air. The equipment

was then ready for the next test.
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CHAPTER 5
DISCUSSION OF TESTING TECHNIQUE
3.1 Introduction

The main purpose of the testing program was to determine if
for Haney clay a unique relationship exists between effective
stresses and the water content which is independent of the stress
path, drained or undrained. It was important that the drainage
condition should be the only variable in the tests and other
possible variables, such as temperature and strain rate, werse
therefore kept constant. However, due to the nature of triaxial
equipment errors arise which may not affect drained and undrained
tests in the same manner.

In a triaxial test the aim is to subject a sample to homo-
geneous states of stress and strain. Due to the presence of
friction forces at the top and bottom of a sample, the state of
stress and consequently the state of strain is seldom uniform.

In addition, in undrained tests non-uniform stresses lead to
non-uniform pore pressures and br migration of water within the
sample. In drained tests residual pore pressures of some gen-
erally unknown value are ﬁresent. Even if the stress system were
uniform, errors may arise in measuring the applied pressures

and forces, principally the pore pressure and deviator force,

and are mainly caused by time lag in the pore pressure

measuring device and the presence of ram friction. These errors
will be discussed in subsequent sections of this chapter.

5.2 Non-uniform stress and strain

In the standard triaxial test frictional resistance along
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porous stones or end platens cause shear stresses to be applied

at the top and bottom of a sample. Even during consolidation
when no deviator stress is applied, shear stresses are present and
prevent diameter decrease at the top and bottom. During shearing,
these shear stresses reverse in direction and essentially prevent
the end dlameters from increasing, resulting in bulging of the
sample. When bulgling occurs the cross sectional area at the
centre of the sample becomes greater than that at the ends and
consequently the vertical stress at the centre is less than that
at the ends. The shear stress at the ends has the affect of
increasing Gg at the ends and the overall result is that both Oi
and Oé are higher at the ends than at the centre, but (01 - Oé) is
higher at the centre (Bishop, Blight and Donald 1960). The devia-
tor stress is generally calculated from a cross sectional area
which is determined byvassuming that the sample deformed as a
right cylinder. Roscoe, Schofield and Thurairajah (1963) indicate
that at an axial strain of 20 per cent, the area at the centre

may be l.4 times the area calculated on the usual basis., Casagrande
and Wilson (1960) suggest that the relation between the vertical

stress at the ends and centre of a triaxial specimen is given by:

— 2
G, = Op ( 1+ &)
where C% = vertical stress at ends
Cp = vertical stress at middle
& = axial strain.

So that at 20 per cent strain the vertical stress at the ends
would be 50 per cent larger than at the middle.
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The axial straln is generally calculated by dividing the
deformation of the sample by the consolidated length; and it 1is
assumed that the strain is uniform throughout the sample. Roscoe,
Schofield and Thurairajah (1963) showed that for drained compres-
sion tests on loose saturated sand, the axial strain varies con-
siderably throughout the depth of the sample. In general, axial
strains were found to be larger at the centre than at the ends.
This would be in agreement with Bishop's suggestion that tbe shear
stresses are larger at the centre. After about 10 per cent average
axial strain, zones of maximum axial strain occurred at about the
third points and were thought due to the failure zone moving to-
wards the ends. Fallure first occurs around the central zone
followed by yielding and bulging and reduced-stresses, and movement
of the failure zone towards the ends. In compression tests on
normally loaded clay specimens, the strain distribution is unlikely
to be the same as for sand. However, a similar trend could be
expected, with maximum strains occurring near the centre followed
possibly by the development of two zones of high strain between
the centre and the ends at large average axial strain.

It is apparent, therefore, that stresses and strains are not
uniform throughout a sample. At an average axial strain of 20 per
cent, the stresses and strains within the sample may be as much
as 50 per cent different from those calculated in the conventional
manner. Since the actual stress and strain could not be reliably
calculated for any element within the sample, the conventional
method was adopted. It was hoped that the errors would be similar

in both drained and undralned tests and that calculated average
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values would provide reliable comparisons.
5.3 Non-uniform pore pressures in undrained tests
Non-uniform stresses lead to a further problem in the case
of undrained tests. If the applied stresses are not uniform,
then either the pore pressure is not uniform, or if the rate ofA
testing is such that pore pressure equalization occurs by migration
of water within the sample, then the failure zone can hardly be
considered to be undrained. Undisturbed clays are not likely to
be homogeneous so that non-uniform pore pressures would probably
occur to some extent even in the absence of non-uniform stresses,
It is generally agreed that for normally loaded and sensitive
materials subject to undrained shear, the pore pressure at the
centre of the sample will be higher than at the ends (Whitman
1960, Bishop, Blight and Donald 1960, and Blight 1963). Hence,
flow of water will take place from the central zone of higher
shear towards the end zones. In overconsolidated soils where
shear stresses cause reduction in pore pressure the reverse is true,
If the pore pressure is measured at one end of the sample as
is usual, then, if the measured pore pressure is to have any
meaning, the rate of testing must be such that the pore pressure
throughout the sample is fairly uniform. To speed up equalization
of pore pressure, filter paper side drains may be used. These
allow drainage to the cylindrical surface of the sample as well
as to the top and bottom. They are most effective if the permea-
bility of the clay is very low compared to the permeability of the
paper. For clays of relatively high permeability, considerable

head loss may occur in the filter paper. The calculated coef-
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ficient of consolidation of the soll assuming no head loss in the
paper may be very much less than that measured if no filter paper
were present. In the past, in order to reduce hoop tension, filter
paper strips with alternating gaps were used. This reduces the
effectiveness of the drainage surface and causes additional loss
in the filter paper due to the reduced cross sectional area of
paper. Bishop and Gibson (1963) suggested that continuous filter
paper with vertical slits to reduce hoop tension might be used to
of fset this. Campanella (1965)\f0und that the use of slits rather
than slots in the filter paper reduced the time for 100 per cent
primary consolidation of bay mud by a factor of about 5.

Bishop and Henkel (1962) and Blight (1963) produced equations
and graphs from which the time to any reliable reading can be
obtained for drained and undrained tests provided the coefficient
of consolidation cy or the apparent Cy (obtained by assuming no
loss in the filter paper) is known. Their results were based on
95% equalization of non-uniform pore pressures in the case of
undrained tests, and 95% dissipation of excess pore pressure in
the case of drained tests. If it is only required to have a re-
liable reading at failure, then the time obtained is the time to
failure. If, on the other hand, a stress path is required, the time
obtained will be that to the first reliable point on the stress
path, |

Preliminary tests were conducted to determine if the use of
filter paper would allow reduced testing times. Isotropic consoli-
dation tests were performed on l.4 in. by 2.8 in. samples both with
and without slotted filter drains (Whatmans No. 54%) and the results
compared. Without filter paper ¢y was found to be about 2 x 10-3

cm.2/ sec., whereas with filter paper and assuming no head loss
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in the paper the apparent ¢, was about 5 x 10-% cm.2/sec. Since
2 X 10'3 cm.2/sec. was the correct cy and would have been measured
had no loss occurred in the paper (assuming ky = k,), the ef-

ficiency of the drains, which is the ratio of the apparent c, to

\
the actual cy was about 24 per cent. It has been suggested that
the poor performance of the paper may have been due to smear on
the lateral surfaces caused by sample trimming, but a similar
smear should then have been present at the top and bottom of the
sample, and so it seems very unlikely that smear could be res-
ponsible for such a poor efficiency. Similar low efficiencies
were obtained by Simons (1963) and Crawford (1963) on sensitive
clays with c¢y's in the same range and were attributed to head
loss in the paper. Based on the c; values obtained, the times
reguired to reliable readings for undrained tests from Blight's
chart are about 4 hours with or without drains. It was therefore
decided nét to use drains. Unfortunately, at the time of these
preliminary tests, the concept of using slits in the filter paper
instead of the usual slots was not known to the writer. It is
very possible that slit paper would have been considerably more
effective,
5.4 Residual pore pressures in drained tests

Since filter paper side drains have a very low efficiency and
were not used, it was necessary to have drainage top and bottom in
drained tests to reduce the testing time. With a ¢ of 2 x 103
cm.2/sec. and double-end drainage, a time of 11 hours to the first
significant reading was calculated (Bishop and Henkel 1962). Blight
(1963) suggests that the theoretical times for 95 per cent dis-

sipation from which the Bishop and Henkel equation is derived
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predicts times considerébly longer than those actually needed for
95 per cent dissipation. He suggested that the time required for

a given degree of pore pressure disslpation in a drained test with
double-end drainage would be the same as that required for the same
degree of pore pressure equalization in an undrained test without
filter paper. The time required for 99 per cent dissipation of
ekcess pore pressure would therefore be 4 hours, the same as it

was for undrained tests.

The writer was concerned about the value of residual poré
pressures in drained tests because of the highly flocculated
nature of sensitive clays. During shearing it was expected that
large reductions in permeability would take place due to struc-
tural change and decreased void ratio. Hence it was thought pos-
sible that residual pore pressures might be larger than usual,

A method was derived for calculating excess pore pressures
from the rate of drainage of pore water from the sample. This
was checked by running drained tests at 4 the normal speed but
allowing drainage from the top only and measuring pore pressure
at the bottom. The method and results are discussed in detail
in Chapter 6. |
5.5 Pore pressure measuring devices

Until quite recently pore pressures in small test samples
have been measured by means of the null-indicator. This generally
comprises a water-mercury contact surface in a small diameter
tube which is maintained at such a level that no flow from the
sample to the system occurs. The pressure reguired to maintain

the level is measured and gives the pore pressure at the centre



63

of the sample when the system is suitably calibrated. More re-
cently electrical transducers have been used to measure pore
pressure., Here very small deformations of a diaphragm produce
changes in electrical resistance of strain gauges allowing cal-
culation of pore pressure.

If the pore pressure within the sample is changing, and if
it 1is assumed that the change would be uniform throughout the
sample in the absence of a pore pressure measuring device then
the presence of one may lead to non-uniform pore pressures. In
the null tube device, movement of some observable amount must
first occur before a pressure change can be applied, and hence a
small flow of water into or out of the sample take place creating
a gradient within the sample. In the same way deflection of the
diaphragm in the transducer causes a small volume change and
similar gradients within the saumple.

Bishop and Henkel (1962) defined the sensitivity of the null
indicator as fhe time required for a movément AX to occur in the
nall point under a small out of Balance~pressure ApP. A mathe-
matical expression was derived for this time, and for given values
of aAx and Ap, it depends on the nature of the soil tested (cy and
my) and the ratio of the diameter of the null tube to the dia-
meter of the surface over which the pore pressure is measured
raised to a power., For Haney clay with Ap = 0.2 1lbs./sq.in. and
Ax = 0,02 in. and measurement at the bottom stone, the sensi-
tivity was about 30 seconds. Had the area over which the pore
pressure was measured been very much smaller, say due to the use
of a pore pressure probe, then the sensitivity time would have

been very much greater.
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A similar time lag occurs with the transducer due to its
compliance. When the transducer was installed towards the end
of the testing program, it was found that for an ambient pres-
sure increase of 40 lbs./sq.in. under undrained conditions, a
time of about 2 minutes elapsed before 98 per cent of this in-
crease was recorded on the transducer. This time is a function
of the compliance of the transducer system, the nature of the
sample material and the area over which the pore pressure is
measured. Had the transducer been connected to a pore pressure
probe in place of the bottom stone a very much longer time would
have elapsed for 98 per cent equalization.

In general the sensitivity time is very much less than the
time required for reasonable equalization of pore pressures due
to non-uniform stresses and consequently it is not usually con-
sidered. However, if pore pressures are measured with small
diameter probes inserted in the sample, sensitivity may well be
an importaﬁt factor. |
5.6 Rate of testing

Since the drainage condition was to be the only variable, it
was necessary to have the rate of shearing the same for both
drained and undrained tests. In addition, stress paths were
required rather than just stresses at fallure and therefore the
rate had to be such as would give rellable values of stresses for
a considerable portion of the stress path. The approximate times
for 95 per cent dissipation and equalization of pore pressures
in drained and undrained tests were 1l and 4 hours respectively.

If the more optimistic figure suggested by Blight for drained
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tests was taken, then the time for both was about 4 hours.
Preliminary tests indicated that for undrained shear the maximum
deviator stress occurred at about 3 per cent axial strain while

the maximum principal stress ratio occurred at about 15 to 17

per cent axial strain. In drained tests both maximum deviator
stress and maximum principal stress ratio occurred at about 30

per cent axial strain. An average shearing rate of 0,5 per cent
axial strain per hour was selected. During the early portion of
the test, due to the rapid rise in deviator stress, deflection of
the proving ring caused the strain rate to be considerably less
than the average rate. The time for 30 per cent axial strain

was about 60 hours. In drained tests about one half of the stress
path occurred in the first 11 hours while one quarter to one third
occurred in the first 4 hours. Therefore at best two thirds of the
stress path would be reliable and possibly only one half. How=-
ever, residual pore pressures were calculated and it is thought
that the estimated stress path is reliable over almost its complete
length.

In undrained tests, since the deviator stress rose very
rapidly, with maximum deviator stress occurring after about 8 hours,
a considerable portion of the stress path occurred within the
first 4 hours. In fact, one third of the readings were taken
within the first 4 hours and actually accounted for one half the
stress path. Therefore, one half the stress path might be con-
sidered unreliable. However, Blight (1963) points out that errors
in the measured values of the effective stresses caused by non-
uniform pore pressures devend on the overconsolidation ratio of

the material tested. For normally loaded material, errors are



66

likely to be small and consequently readings at a lower per cent
equalization may be quite reliable. Simons (1963) suggests that

90 per cent equalization iIn undrained tests 1s quite adequate, the
time for which would be 2 hours. About one third of the stress
path occurs in the first 2 hours. Some preliminary tests were

also run at 0.25 per cent per hour average axial strain or one

half the rate actually used in the testing program. It was found
that the stress path in the early portion was very little dif-
ferent to that obtalned at the faster rate. Thus about five sixths
of the stress path is known to be reliable,

Many investigators believe that considerably faster strain
rates than those suggested by Bishop and Blight can be used and
reliable pore pressure measurements still obtained at the base of
the sample. Crawford (1963a) describes undrained tests on normally
loaded sensitive Leda clay in which pore pressure probes in ad-
dition to base measurements were used to determine pore pres-
sures. Specimens were 1.4 in. diameter by 2.8 in. in iength and
the coefficient of consolidation was about 2 x'10‘3'cm2/seco, or
about the same as for Haney clay. The strain rate was 0.9 per
cent per hour (same as used in this testing program) and maximum
deviator stress occurred at about 2 per cent axial 'strain or after
about 4 hours. The theoretical time for 95 per cent equalization
would be about 4 hours, thus, according to Bishop and Henkel (1962)
a reliable base measurement of pore pressure would only be obtained
at failure. Crawford found that a pore pressure probe (0.12 cm
outside diameter) placed at the lower quarter level recorded es-

sentially the same pore pressure as that measured at the base of
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the sample and that a similar probe placed at mid height recorded
a lower pore pressure., He concluded that pore pressure measure-
ments at the base give an accurate estimate of the pore pressure
in the failure zone which he felt is near the base due to the re-
straining effect of the porous stone.

Higher pore pressures at the ends rather than at the centre
for normally loaded and sensitive material is not in agreement
with the general body of thought and evidence on this matter
(Whitman 1960, Bishop, Blight and Donald 1960, and Blight 1963).
The sensitivity time for a small diameter probe such as used by
Crawford would be high., Crawford (1963b) mentions that the res-
ponse of the pore préssure probes under ambient pressure changes
could not be checked due to '"plugging'" of the needles. Tayvlor
(1955) considered ambient pressure changes the best method of
checking the response time of probes and considered a probe to
be unsatisfactory if the delay in reaching 95 per cent of the
applied ambient increment was more than about two minutes.

The evidence for the reliability’of base pore pressure
readings at timés which are less than that required for 99 per
cent equalization may not always be trustworthy. Bishop, Blight
and Donald (1960) have stated that the onus should be on the
research worker to prove that his tests satisfy reasonable criteria
for accurate determination of pore pressure. It is felt that
the preliminary tests performed at the slower rate indicate that
the pore pressures are only in doubt for the first one quarter
to one fifth of the stress path,

5.7 Pore pressures resulting from secondary effects
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Samples were consolidating for a period of 24 hours after
which time shearing was commenced immediately and in undrained
tests it was assumed that all increase in pore pressure was caused
by applied stresses. However, a later test series conducted by
Mr, Lou'using the same test equipment and the same clay indicated
that after consolidation, pore pressure rise will take place in
the absence of any applied deviator stress. Figure 17 shows the
buildup in pore pressure with time for a sample which was consoli-
dated to 75 1lbs./sq.in. for a period of 2% hours. Since the time
for tyowas less than 200 minutes it is felt that primary consoli-
dation was essentially complete after 24 hours and could not be
responsible for the observed rise. It was thought, at first,
that part of the build up might have been caused by membrane
leakage, or leakage past the O-rings. However, the rate of pore
pressure increaseidecreased with time and after two days had
dropped to 0.3 1bs./sq.in° per day. Therefore, leakége could
account for only a small portion of the build-up. '

The pore pressure rise is thought to be due to structural
re-arrangement after drainage. It is closely associated with
secondary compression and in fact could be described as the
"converse" of secondary compression. If further drainage is al-
lowed secondary compression takes place due to structural re-
arrangement, while if drainage is prevented pore pressure rise
takes place.

Therefore, some of the pore pressure measured during shearing
is not due to applied deviator stresses and this influences the
stress paths followed in undrained tests. However, drained tests

were treated in the same manner as undrained so that the pre-shear
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conditions were the same for both. The stress path is not af-
fected in the drained test but additional drainage takes place
which alters the water content. Since the object of the testing
program was to compare contours of water content obtalined from
drained and undrained tests, it may be that since the same pro-
cedures were observed in both, that the water content contours
are equally changed in both types of tests.
5.8 Membrane Leakage

The original testing procedure involved the use of glycerene
as a chamber fluld as suggested by Lambe (1958). It was thought
that the use of glycerene would prevent migrgtion of water from
the chamber into the sample and allow the use of a single thin
(.003 in. wall thickness) membrane. It was found, however, that
the water content determined after shearing was always 1 to 2 per
cent below that calculated from initial conditions. The pressure
in the glycerene was always 20 1lbs./sq.in. higher than the pore
pressure and it was at first felt that pore water would not escape
from the sample into the chamber against the pressure differential.
After a series of check tests had been run, it became apvnarent
that high osmotic pressure differences between glycerene and water
were responsible for the loss in water from the sample. Subse-
quently it was discovered that previous investigators (Poulos,
1964%) had found similar losses using glycerene and recommended
that de-aired water be used as the chamber fluid. With de-aired
distilled water as the chamber fluid and two membranes separated
with a film of silicone grease and bound with two O-rings top

and bottom, no further leakage problems were observed.
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5.9 Ram friction

In most triéxial équipment the applied deviator force is
measured outside the cell so that the friction force developed at
the bushing where the ram passes out of the cell is also included
in the measured force. To minimize this friction force, ball
bushings, rotating rams or rotating bushings and closely machined
rams and bushings have been used. The ball bushing type would
appear to be the most desirable of these because lateral forces
on the ram would not produce any additional friction force. A
seal to prevent water escaping from the chamber is necessary and
will give rise to some friction force which can be measured.

A cell with a closely machined ram and bushing was used in
this test series. The ram was greased with "lubriplate'" before each
test and very little leakage occurred past the ram so that no
additional seal was necessary. Ram friction and the force on the
ram due to the chamber pressure was measured by moving up the
loading platform at the intended testing rate with the ram not
in contact with the sample. To determine if the ram was properly
machined and or if the duration of the test affected the grease,
a check test was run where the loading platform was moved up for
the duration of a test (70 hours) with no sample in place. No
significant change in friction force occurred. It was thought
that significant frictlion forces might develop during shearing
when the axial force wouid be high and lateral forces might be
present. Bishop and Henkel (1962) suggest that additional fric-
tion forces only arise because of lateral forces. .At Imperial

College it was found that with cells similar to those used in
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this testing program that the friction force was generally between
1 to 3 per cent of the axial load. ILateral forces were thought
to be small in this test series because a loading cap which was
free to rotate was used. If large horizontal forces were present
rotation of the cap would occur followed by buckling. Bishop
and Henkel suggest a fixed type loading cap for undisturbed
material to prevent buckling. However, large lateral forces and
moments may be transferred to the ram in this case causing
higher friction forces and may be responsible for the upper range
of friction forces quoted by Bishop and Henkel.

Available evidence indicates that errors in the deviator
stress due to ram friction are not likely to be more than
from 1 to 3 per cent and it is quite possible that due to the use
of a rotating top cap, the errors may be even less than 1 per

cent,
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CHAPTER 6
RESIDUAL PORE PRESSURES IN DRAINED TESTS
6.1 Introduction

Residual pore pressures of some magnitude are always present
in drained shear tests. Flow of water to or from the drainage
boundaries is caused by pore pressure gradients within the sample
and the resulting pore pressures are referred to as residual pore
pressures,

The duration of drained tests is generally chosen such that
the average degree of pore pressure dissipation is at least 95 per
cent at fallure, or if a stress path is required, at the time the
first reliable reading is desired. The time required for any

given degree of dissipation is usually calculated from the formula:

h2
tf=
Mey (1-0) --== (9)
where te = time to failure or a reliable reading
h = one half the height of sample
T = factor depending on boundary drainage conditions

cy = coefficient of consolidation

U = average degree of dissipation required

The above formula was derived from theoretical considerations by
Gibson and Henkel (1954%). However, it does not allow the cal-
culation of average pore pressures. An expression for pore pres-
sure was derifed by Gibson and Henkel based on the assumption

that the rate of pore pressure increase in the undrained condition
is constant. This was then used to determine the upper bound for

the average degree of dissipation. Since the rate of pore pres-
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sure rise in the undrained condition is known not to be constant,
their expression for excess pore pressure would not be suitable
for estinating residual pore pressures and was not intended to be
SO.

Alternative methods for estimating pore pressures were
therefore considered. Since test data was to be analyzed on the
computer, numerical methods of relatively complex form could be
tolerated. Two methods were developed and will be referred to
as Method 1 and Method 2., The following common assumptions were
made

. Homogeneous soil.
. Complete saturation.
. Soll grains and water are not compressible,

1

2

3

4, One dimensional flow,

5. Validity of Darcy's law,
6

. k and ¢, constant throughout the sample at any one time,
but vary with time,

7. Sample deforms as a right cylinder.
It is assumed for both methods that drainage top and bottom occurs.
However, drainage from one end only is obtained by simply replacing
h by 2he The average pore pressure rather than the maximum pore
pressure has been calculated. The reason for this is that a
relationship between stresses and water content was being examined
and since the water content was the average water content, it was
thought the stresses should be the average stresses. It will be

shown that when the degree of dissipatlon is high, as it should

be in a drained test, the maximum pore pressure is 14 times the
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average. So that the maximum pore pressure is readily obtained
from the averége and vice versa.
6.2 Method 1

This methéd is based on the superposition of pore pressures
(Terzaghi, 1943, p. 286). The deviator stress is assumed to be
applied in increments, causing pore pressures which can be esti-
mated from the Skempton equation for change in pore pressure

under undrained conditions, namely:
Au = B (A63 + A (AO'l -A63) ---- (10)

Incremental pore pressures are assumed to dissipate independently
and in accordance with the one dimensional consolidation equation.
The pore pressure at any time is then the sum of the partially
dissipated incremental pore pressures at that time. This method
is discussed in detail in Appendix 1.

Method 1 was found to predict zero residual pore pressure at
maximum deviator stress for samples consolidated to 40 1lbs./sq.in.
However, drainage from the sample was still taking place at failure,
therefore excess pore pressures must be present. It was felt that
the quantity of water draining from samples could somehow be used
to estimate excess pore pressure. An examination of the work of
Gibson and Henkel (1954) indicated that the basic equation of
continuity could be used to yield a much simpler expression for
excess pore pressure if one assumption were made. This alter-
native approach is discussed in the next section and is considered

to have more merit than Method 1.
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6.3 Method 2

The equation of continuity for one dimensional flow leads
to the following partial differential equation (Bishop and
Gibson 1963): '

k 3211 _ g
Tw g2 ot ---- (11)
where k = permeability of the soil

Yw = unit weight of water

=}

= excess pore pressure
z = distance or length measured from centre of saumple
%% = rate of loss of water per unit volume from any
element of soil,
If it is assumed that the rate of loss of water from every element
of a sample is the same at any time tj; then q will be a function
of time only. Since the volume of water leaving a drained test
sample was recorded during the shearing process, the rate of loss
per unit volume could be calculated. uj, the pore pressure at
time t4 is a function of z only, hence for any one time the

partial differential equation (11l) can be reduced to the ordinary

differential equation:

k d2u - -4 = - R = constant -—-- (12)
Yw dz2 it v
where R = rate of loss of water from the sample
V = volume of sample

This can be integrated using the boundary conditions u = O at

z = h and %% =0 at z = 0 to yield the following expression for
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the pore pressure at any time tj:

L TuR (h2 - z2)

R ---- (13)
And the average and maximum pore pressures are given bys
uj (average) = % Yw th§ ———— (1)
kj Vj
uj (maximum) = % 7ijh§ ——— (15)
o Ky Uy

It is seen from expression (13) that the theory predicts a para-
bolic distribution of excess pore pressure, and consequently the
average pore pressure is two thirds the maximum pore pressure.

Expression (14%) is very readily programmed for the computer.
It is much simpler than the expression involved in Method 1 since
it involves no summation, and in fact, could easily be calculated
without a computer. Only one unknown, the permeability of soil
appears in the expression instead of the two occurring in Method 1.
However, an assumption was made that the rate of loss of water from
all parts of the sample was constant at any one time. This implies
that the change in void ratio should be uniform throughout a sample
between time intervals, which would probably be strictly true only
if the rate of testing were infinitely slow so that no excess pore
pressures developed and stresses were uniform throughout the sample.
For slow testing rates, where the per cent pore pressure dissi-
pation is high, this expression is considered to give a good ap-
proximation of average residual pore pressures.

The variables in equations 14 and 15 are; the half height of

sample, h; the volume of the sample, V; the rate of drainage, R;
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and the permeability, k. The height and volume of the sample are
readily calculated. The rate of drainage at time tj is the slope
of the volume drained versus time curve at time tj and since
readings are not likely to be taken at equal time intervals this
was approximated as shown in Figure 18. Since the permeabilities
calculated from isotropic conéolidation prior to shearing and from
swelling after shearing were not considered reliable, a method
based on measuring the pore pressure and assuming expression (15)
to be correct was usea. Two slow drained tests were performed

at one quarter the normal speed, where drainage to the top only
was allowed and pore pressures were measured at the bottom using
the transducer, Since the transducer was also used to measure

the back pressure, a very accurate measure of the maximum residual
pore pressure was obtained. Test samples were consolidated to 40
and 70 lbs./sg.in. respectively which was the range of consolida-
tion pressures used in the drained test program. The calculated
permeabilities are shown in Figure 19. It is seen that the relation
between void ratio and permeability for both tests can be approxi-
mated by a straight line on the semi-log plot except for the
initial portion of the test consolidated to 40 1bs./sq.in. It
will be shown later that samples consolidated to 40 1bs./sq.in.
are not truly normally loaded and this initial portion is due to
an overconsolidation effect reflected in the permeability. The
permeabilities calculated from initial consolidation and from
swelling after shearing are also shown and it appears that although
the permeabilities calculated from initial consolidation are re-

liable, those obtained from swelling appear too low.
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Since the tests to determine the permeability were run at
one quarter the normal rate but with drainage from one end only,
then theoretically, if secondary effects are not considered, the
pore pressures measured at the bottom end of the slow tests should
be 1ldentical to those occurring at the centre of tests run at the
normal speed. The average pore pressure, equal to two thirds the
maximum measured pore pressure is shown plotted versus shear strain
in Figure 20 for both slow tests. Residual pore pressures calcu-
lated by Methods 1 and 2 are compared to the measured values in
Figure 21. Pore pressures calculated by Method 1 are seen to be
quite different from the measured values. For a consolidation
pressure of 70 1lbs./sq.in. the calculated pore pressures are gener-
ally high by a factor of about two, while for a consolidation
pressure of 40 1lbs./sq.in. they are low, apart from an initial
peak at 1 to 2 per cent strain. Pore pressures calculated by
Method 2 are seen to be quite similar to the measured values.

They are slightly below the measured values at strains up to
about 10 per cent. Since samples sheared at the slower rate
actually drained more than those sheared at the normal rate, due
to additional time for secondary consolidation, it could be ex-~
pected that residual pofe pressures would be slightly higher for
the slower rate.

If is felt that Method 2 gives a reliable measure of excess
pore pressure during a drained test. However, since the slow
drained tests were run at one guarter the normal speed, the
measured pore pressures give reliable values of the excess pore

pressures generated at the centre of samples tested at the normal

/
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speed, so that these measured pore pressures could have been used
to adjust the effective stresses without any calculations. However,
it may not be necessary to run check tests at such a slow rate,

In fact the same permeability relation would most iikely have been
determined had the normal rate been used but with drainage from

one end only. For a drained test series in the normally loaded
range, it i1s probable that a few drained tests with pore pressure
neasurement would be sufficient to determine a relationship between
void ratio and permeability from which residual pore pressures

in all other draineditests could be calculated.

Method 2 also has the interesting alternative of predicting
prermeabilities under varying stress conditlions when pore pres-
sures are measured in drained tests. If the permeability of a
soil is determined by the falling head method, leaching of the
soil may take place which in itself may alter the permeability,
particularly in undisturbed soils. In Method 2 no such leaching
takes blace. For any one soil at a given voild ratio the permea-
bility is a measure of soil structure, so that a measure of the
structural change caused by remolding could be obtained by com-
paring permeability versus void ratio relationships for the same
clay in the undisturbed and remolded states.

Measurement of residual pore pressures and subsequent calcu-
lation of permeabilities in drained tests would allow a very
simple check on the concept of Hvorslev's strength parameters
¢é and cé. If samples at the same vold ratio are to have the
same structure, then their permeabllities should be the same. If

the void ratio versus permeability for normally loaded soil is a
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straight line on the semi-log plot as it appears to be for Haney
clay, then any overconsolidated sample if it is to have the same
structure at failure as a normally loaded sample, must have its
permeability on this normally loaded line at failure. .Samples of
Haney clay consolidated to hO'lbs./sqoin. are in the overconsoli-
dated range, but it was seen from Figure 19 that after about 6
per cent shear strain the permeability lay on the straight line
and the sample thereafter behaved as normally loaded. The
structure at failure, which occurred at about 25 per cent shear
strain could then be said to be the same as if the sample had

been normally loaded.
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CHAPTER 7
TEST RESULTS
7.1 Introduction

The main purpose of the testing program was to determine if,
for Haney clay, a unlque relationship exists between effective
stresses and water content which is independent of effective
stress path.

The main body of the testing consisted of 7 consolidated
undrained (C-U) tests and 6 consolidated drained (S) tests on
undisturbed samples of Haney clay all of which were sheared at
the same strain rate (0.5 per cent per hour). In addition, 2
consolidated drained tests were performed at one quarter the
normal strain rate but with drainage from the top only. Undrained
test specimens were consolidated to pressures of 60, 75 and 88.5
lbs./sq.in., while drained test specimens were consolidated to
pressures of 40, 55 and 70 lbs./sg.in. At least two tests were
performed at each consolidatlon pressure so that the consistency
of results could be checked. Test data was analyzed on the I1.B.M,
7040 at the University of British Columbia. Results from all tests
are shown graphically in the diagrams fhat follow. Typical test
readings, computer programs and computer outputs are shown in
Appendix II for C-U-2 and S-17.

Stress-strain characteristics of Haney clay are presented
in Section 7.2. It is felt that these curves are useful in
interpreting the results discussed in subsequent sections. Con=-
tours of water content from drained and undrained tests are compared

in Section 7.3. Energy corrections, the possibility of predicting
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stress -strain relations and the effect of strain rate on stress-
strain relations in drained tests are discussed in Sections 7.4,
5 and 6.
7.2 Characteristics of Haney clay

The most difficult problem in attempting to determine rela-
tionships between effective stresses and water content for an
undisturbed clay is to find a clay of sufficiently uniform com-
position that consolidated samples can be obtained which lie on a
single void ratio or water content versus logarithm of pressure
line. The water content versus logarithm of isotroplc consoli-
dation pressure relation is shown on Figure 22, It 1s seen that
consolidated water contents from all drained tests lie on a com-
mon straight line, whereas consolidated water contents from un-
drained tests show some scatter and appear to lie on a straight
line of about the same slope although with a water content about
4 per cent higher for the same consolidation pressure. Block
samples of Haney clay were of such a size that 8 triaxial speci-
mens could be obtained from any one block, but in fact the drained
test specimens were taken from 3 different blocks. It is un-
fortunate, therefore, that the undrained test specimens taken
from a fourth block do not lie on the same straight line. Haney
clay 1s laminated and if care was not taken to insure specimens
were taken from the same level within blocks, different water
contents resulted.

When comparing contours of water content from drained and un-
drained tests, it 1s necessary to have samples which lie on a com=-
mon isotropic consolidation line. The scatter, in consolidated

water contents for undrained tests (Figure 22) appears to have little
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effect on the stress paths followed in undrained tests, as may be
seen in Figure 33, Section 7.3. The scatter is such that C-U-6
has a consolidated water content that actually lies on the iso-
tropic consolidation line common to drained tests. Yet the ef-
fective stress path followed by C-U-6 is very similar to that
followed by C-U-7. It appears that for the samples of Haney clay
tested, the éonsolidation pressure determines the effective stress
paths followed in undrained shear. It was concluded from this
evidence that for the purpose of comparing contours of water con-
tent, it would be reasonable to assume that undrained samples had
consolidated water contents which lay on the isotropic consoli-
dation line obtained for drained samples.,

Stresses and principal stress ratios are plotted versus
shear strain rather than axial strain. The shear straln or more

correctly the principal shear strain, £, is given by

€= ¢§ - 1/3 4V =2/3 (§ - 53)
where € = principal shear strain

&

AV

axial strain

volumetric strain

In undrained tests AV = 0 and the shear strain equals the axial

strain. In drained tests AV # 0 and the shear strain is therefore

not equal to the axial strain. Since the effects of distortion

are being examined, it appears more reasonable to compare shear

strains from drained and undrained tests rather than axial strains.
The maximum deviator stress versus consolidation pressure

relationship for undrained tests 1s shown in Figure 23. It 1s
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seen that while samples consolidated to 75 and &8.5 lbs./sq.in.
lie on a straight line passing through the origin as would be
expected for normally consolidated material, samples consolidated
to 60 1bs./sq.in. show maximum deviator stress above this line,
indicating overconsolidation. This is surprising as the water
content versus logarithm of consolidation pressure relation ap-
pears to be a straight line for pressures greater than 40 1lbs./sq.
in. It will later be shown that other criteria also indicate that
samples consolidated to less than 70 1lbs./sq.in. do not behave as
normally loaded samples.

Deviator stress, principal stress ratio, pore pressure and
the pore pressure parameter A all plotted versus shear strain
are shown in Figures 24 to 27 for all undrained tests. FEach test
is shown by a different symbol so that the reproduceability of
results can be examined. It is seen that the maximum deviator
stress occurs at about 3 per cent strain, while the maximum prin-
cipal stress ratlo occurs at about 15 per cent strain (Figure 24).
Principal stress ratio versus shear strain curves are very similar
for all tests and are represented by a single line (Figure 25).
Pore pressures (Figure 26) continue to rise with strain, although
the rise is very slight from 15 to 30 per cent strain. The A
value (Figure 27) increases throughout tests. At maximum devia-
tor stress it is atout 1.1, while at maximum principal stress
ratio it is about 1.7. At 30 per cent strain it is about 2.3.

Maximum deviator stress occurs at about 3 per cent shear
strain in undrained tests, at which time the principal stress

ratio is only 2.45. The phenomenon of maximum deviator stress
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occurring before maximum principal stress ratio appears to be a
characteristic of sensitive clays and is caused by the pore pres-
sure continuing to rise after maximum deviator stress has been
reached. Bjerrum and Simons (1960) found similar results from
undrained tests on undisturbed sensitive Norwegian clays. They
felt that thé lower principal stress ratio or friction angle at
maximum deviator stress was due to the fact that not all the
available shearing resistance was being mobilized at the low
strain. It will be shown in Section % of this chapter that in-
creasing pore pressures cause release of internal energy in un-
drained tests which when corrected for by the Roscoe energy
equation suggests that the full "friction angle'" is being mobi-
lized at all strains.

Deviator stress versus shear strain relations for all drained
tests are shown in Figure 28. It may be seen that a marked kink
occurs in the deviator stress at about 1% per cent strain for
samples consolidated to 40 1bs./sq.in., a smaller kink occurs for
those consolidated to 59 lbs./sq.in. This is further evidence of
overconsolidation at the lower consolidation pressures, but the
effect appears to be lost at about 6 per cent strain. Maximum
deviator stresé occurs at about 26 per cent strain. Residual pore
pressures calculated by Method 2 and discussed in Chapter 6 are
shown in Figure 29. Maximum average excess pore pressures occur
at about 5 per cent strain and vary from 2.5 lbs./sq.in. for samples
consolidated to 40 1lbs./sq.in. to 4.1 1bs./sq.in. for samples
consolidated to 70 lbs./sq.in. At maximum deviator stress excess
pore pressures were about 0.9 1lbs./sq.in. and 1.2 lbs./sg.in.

respectively for samples consolidated to 40 and 70 1bs./sq.in.
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The effect of residual pore pressures on the principal stress
ratio in drained tests is seen to be small (Figure 30). The prin-
cipal stress ratio versus shear strain relations for all drained
tests are shown in Figure 31l. These have been corrected for re-
sidual pore pressures., It is seen that the curves are identical
except at strains below about 7 per cent. It is thought that the
separation of curves at low strain is due to an overconsolidation
effect present at the lower confining pressures. Maximum princi-
pal stress ratio for drained tests occurs at about 25 per cent
shear strain.

A comparison of principal stress ratio Qersus shear strain
relationships from both drained and undrained tests is shown in
Figure.32. It may be seen that the undrained material 1s much
stiffer than the drained. Maximum principal stress ratio equal
to 3.05 occurs at about 15 per cent strain in undrained tests
while the maximum principal stress ratio in drained tests is
2.82 and occurs at about 25 per cent strain.

7.3 Comparison of contours of water content from drained and
undrained tests

Contours of water content determined from drained and undrained
tests on Haney clay are shown plotted in principal effective stress
space in Figure 33. It may be seen that the contours of water
content from drained and undrained tests have quite different
shapes. Thus, for Haney clay, there does not appear to be a
unique relationship between effective stresses and water content.

The data shown in Figure 33 was prepared from the effective

stress paths shown in Figures 3% and 35. Stress paths from un-
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drained tests are shown in Figure 34 and these are also contours
of water content. OStress paths from drained tests are shown in
Figare 35. Generally drained stress paths plot as vertical lines
in the Rendulic diagram, but due to the presence of residual pore
pressure, the stress paths plot as curves. Water contents were
known at all stages of drained tests allowing contours of water
content to be drawn and these are also shown in Figure 35.

It was stated in Section 7.2 that drained and undrained test
specimens did not lie on a common isotropic consolidation line.

It was assumed for the purpose of comparing contours of water con-
tent that drained and undrained samples had consolidated water
contents which lay on the isotropic consolidation line for drained
samples. However, Figure 33 indicates that the shapes of water
content contours determined from drained and undralned tests are
quite different. So that, even if values of water content were
not assigned to the contours of water content from undrained tests,
it could be concluded from the shape alone that contours of water
content are not unique for Haney clay.

Due to the small number of tests performed, the Rendulic
diagram is not a very satisfactory method of checking the hypo-
thesis. The unique relationship between effective stresses and
water content is identical to the Roscoe concept of a state
boundary surface discussed in Chapter 2. Poorooshasb (1961)
developed a method by which the three dimensional surface could
be shown as a line in two dimensions. Burland (1965) suggested
an even simpler method of showing this surface in two dimensions.
His method 1is baéically identical to that proposed by Rendulic in

developing the unified Rendulic diagram to compare the geometry
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of constant water content curves. The stresses p' and q at any
stage of drailned or undrained tests are divided b& pé, which is
the pressure on the isotropic consolidation line corresponding
to the particular void ratio of the sample at the time p' and g
are measured. For undrained tests pé is constant and equal to the
initial consolidation pressure. In drained tests pé increases
from the initial consolidation pressure to the pressure on the
isotropic consolidation line corresponding to the final void ratio.

The surfaces for all undrained tests are shown in Figure 36.
It is seen that tests consolidated to 75 and 88.5 1lbs./sq.in. lie
on the same line or surface, while tests gonsolidated to 60 1lbs./
sq.iln. are clearly on a separate line. It was mentioned earlier
that samples consolidated to 60 lbs./sq.in. behave in an over-
consolidated manner, and it is this overconsolidation effect that
is thought responsible for“the separation of curves shown. The
state boundary surfaces for drained tests are shown in Figure 37.
It is seen that drained tests from each consolidation pressure
lie on a different surface. This was to be expected since samples
below a consolidation pressure of about 70 lbs./sq.in. behave in
an overconsolidated manner and hence would not lie on the nor-
mally loaded surface. It may be seen that tests consolidated to
55 and 70 lbs./sq.in. are reasonably similar, while tests consoli-
dated to 40 lbs./sq.in. are quite different. Since the overcon-
solidation effect is reducing with increased consolidation pres-
sure thils result could be expected.

In Figure 38 yleld surfaces from drained and undrained tests
are compared. Only drained tests at a consolidation pressure

of 70 1lbs./sq.in. are shown since these alone of the drained
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tests behave in a truly normally loaded manner. Residual pore
pressures were allowed for in calculating drained yield surfaces
(residual pore pressures are always allowed for unless otherwise
stated) but the effect of neglecting them is also shown. It is
seen that drained and undrained tests do not lie on the same sur-
face and that neglecting the residual pore pressures in drained
tests results in even poorer agrecment. Since the drained tests
at a consolidation pressure of 70 1bs./sq.in. also lie outside
the undrained tests at 60 1lbs./sq.in. the effect of overconsolida-
tion cannot be responsible for theilack of agreement. This sub- |
stantiates the findings from the Rendulic diagram of Figure 33 and
indicates that there is not a unique relationship between effective
stresses and water content for Haney clay or that the state boundary
surfaces are not the same for drained and undrained stress paths.
It may be of interest to note that had drained tests been
corrected for energy due to volume change as suggested by Roscoe,
Schofield and Wroth (1958), the drained surface would be even
further removed from the undrained. The concept of applying an
energy correction to determine the state boundary surface is no
longer considered valid. Roscoe and Schofield (1963) indicate
that no energy correction should be applied to test data when
determining the state boundary surface.
7.4 TEnergy corrections
Energy components of shear strength were discussed in Chapters
2 and 3 and it appears that the Roscoe and Schofield (1963) energy
equation which considers both boundary and internal elastic energy

changes 1s the most logical. This energy equation has been applied
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to the Haney clay test data and the results are in reasonable
agreement with the predictions of the equation.

The equation is as follows:

DSV + gb = KO0' 4 mpese rmem (16)
, 1 +e . A
where ®V = incremental volumetric strain
8¢ = incremental distortional strain

K

slope of e Vé. Lnp' on rebound or reload

and M = ratio of q to p' at failure.

The terms on the left hand side of the equation refer to the
energy transferred across the boundaries per unit volume and the

terms on the right hand side determine to what use this energy

Kgp'
1 + e
while Mp'SE represents energy dissipated by shearing stresses.

is put. represents energy stored or released elastically,

Mp' = g can be considered as the internal shear stress and by
definition lies on the failure envelope q = Mp'. Equation (16)

can therefore be written in the following form:

OV _ KSp!
Qy = Mp' = q + p' =— - D - (17)
w ®TE (1+e)SE ’

This equation implieé that whenever yielding or slip at grain
contacts is occurring the relation between the corrected q (qy)
and p' is always constant and therefore drained and undrained
tests corrected for both boundary and internal energy should have
stress'paths which lie on the straight line g = Mp'. This was
shown diagramatically in Figure 5, Chapter 2.

The isotropic consolidation and rebound lines for Haney clay

are shown in Figure 39. The coefficient of expansion, C,, was
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calculated to be 0.11l, and K, which 1s the slope of void ratio
versus natural logaritha of pressure plot is therefore 0.048.
Since the computer was used to analyze test results q, was readlly
obtained for all readings. Hand calculations of incremental
distortional and volumetric strains would have been very time
consuning since the incremental strains at the times of readings
cannot be directly calculated but.must be estimated by averaging
the adjacent increments. In addition, the length and volume of
sample to be used when calculating strain increments are not the
initial ones but rather those existing at the time in question.
The corrected stress paths for all undrained tests are shown
in Figure 40. It is seen that the corrected deviator stresses lie
close tc a straight line for all tests and for all“strains greater
than about 0.5 per cent. Most of the point scatter shown occurs
at strains of less than 0.5 per cent. Figure 41 shows corrected
stress paths for all drained tests. Here the points fall within a
band rather than on a line. It appears that the M value 1s de-
creasing with strain. A plot of M versus strain for a drained and
an undrained test is shown in Figure 42. M is seen to decrease
with strain, slightly in the case of undrained tests and somewhat
more in the case of drained tests. Considering that Haney clay is
an extra-sensitive material and that the Roscoe energy equation
was developed for an idealized continuum material, the results,
especially those for undrained tests apnear tovbe in reasonable
agre2ment with the theory. OGcatter in M values at low strain may
be due to errors in readings at low strain at which time stresses

are changing very rapldly and readings are closely spaced. Alter-
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nately the scatter may be due to neglect of distortional elastic
energy which is an assumption of the Roscoe egquation.

The Roscoe concept appears to answer many questions regarding
the behavior of soil., If the Mohr-Coulomb failure criterion is
considered rather than the extended Von Mises criterion as implied

by Roscoe, then for triaxial compression tests

1+ 2/31 —-== (18)
1 - L/3M

If M = 1.27 is considered an average value of M, then Equation 18

yvields Gi/dg = 3.2 or a strength envelope of # = 31.6 degrees,
Principal stress ratio curves of Figure 32 indicated that strains
of 15 and 25 per cent were needed to mobilize maximum principal
stress ratio or maximum friction for undrained and drained tests
respectively. Figure 42 indicates that full friction is mobilized
at very low strains and remains reasonably constant with strain,
It is only when the energy corrections are zero that the internal
or corrected shear stress equals the applied shear stress and the
soil is then said to be in the critical state. Haney clay never
did reach this state. The Roscoe concept does not question the
validity of the curves of Figure 35 but helps to explain their
shape.,

Application of.the Roscoe energy equation to the results of
undrained creep tests on normally loaded samples of Haney clay
presently beinz conducted by Mr. D. E. Snead at the University of
British Columbia shows that the deviator stress, when corrected
for release of internal energy due to pore pressure rise, lies on
the q = Mp' line for all stages of tests, apart from readings

in the first one per cent strain. Here again full friction is
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being mobilized at a very early strain.

If the Roscoe concept is correct, then the "Dependent" and
"Independent" components of shear resistange as defined by
Schmertmann (1963) and mentioned in”Chapter 3 have no physical
meaning and arise from internal energy changes. The Energy
equation applies where plastic deformation or slip at grain contacts
is occurring. Overconsolidated material is assumed to remain .
rigld plastic under distortlonal stresses until the state boundary
surface is reached. If maximum q/p ratio is reached before
yielding occurs the energy equation does not apply. It is not
clear, therefore, if the same M value applies to normally loaded
and highly overconsolidated samples of the same clay.

7.5 Examination of methods for predicting stress-strain relations

Methods of predicting stress-strain relationships are exa-
mined in this section. Poorooshasb and Roscoe (1963), Roscoe and
Schofield (1963) and Landanyi, La Rochelle and Tanguay (1965)
have presented methods for predicting stress-strain relationships.
These methods have been discussed in detail in Chapter 2., An
attempt has been made to apply these methods to Haney clay but
none yields results that are in satisfactory agreement with the
measured relatlons.

Poorooshasb and Roscoe (1963) presented a graphical method
for normally loaded remolded clays by which stress-strain relations
in drained tests could be predicted from the results of undrained
tests and consolidation tests conducted such that the ratio of
q/p' remained constant. The method presupposes a unique rglation—

ship between effective stresses and water content. Since for Haney
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clay the relationship could hardly be considered to be unique
(Section 7.3) the method is not strictly applicable. However, if
it is assumed that the water content contours from undrained tests
are unique, the shear strain for a drained path can be predicted
by the Poorooshasb and Roscoe method. In Figure 36 it was shown
that contours of water content from undrained tests consolidated
to 75 lbs./sq.in. or higher are geometrically similar. Contours
were therefore extrapolated for lower water contents and are shown
on Figure 43. Shear strains were also extrapolated and contours
of undrained cshear strain appear as straight lines radiating from
the origin. A drained stress path for a test consolidated to

70 1bs./sq.in. (allowance made for residual pore pressure) has a
stress path as shown. The method for depermining strains was
discussed in detail in Chapter 2. The stress path is idealized
into increments of stress at conétant volume and constant q/p' as
shown in Figure 43 for a typical increment CE. The increment of
strain from constant volume is determined from the contours of
strain and equals about 0.5 per cent for the increment shown.
Since no tests were performed to determine the relation between
shear strain and volumetric strain at constant q/p', the following

relation (Roscoe and Schofield 1963) was used:

8V = ( %ZJKZ\) e (19)
where 8V = volumetric strain increment

M = ratio of g to p' at critical state

n = a/p'

K = slobe of e Vs, In. p' rebound curve

A= slope of e Vs, Ln. p' for virgin consolidation
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§¢ = shear strain increment.

The values of M, K and have already been determined and when

substituted in (19) yield

- .788V
= % "o (20
_ _be - 2.808w _
and R ‘_17311 ---- (21)

Ot and &V are increments of natural strain, however, since
engineering strain was desired, it was assumed that equation (20)
also held for engineering straln. For an increment of stress at
constant q/p,'n_is constant and equals 0.737 for the increment DE
shown., OV = 1.44 for this increment, from which the shear strain
due to volume change from equation 20 is 2.7 per cent. The total
shear strain increment due to the increment CE is the sum of the
strain increments at constant volume and constant M and equals
3.2 per cent., By summation of such increments the stress-strain
relation was calculated and is shown in Figure 44 along with the
measured stress-strain relation. It is seen that although the
predicted stress-strain relationship is of approximately the same
shape as the measured relation, the correlation could not be
considered as satisfactory. Since strains due to volume changes
account for the major portion of the calculated strains, stress-
strain relatlions for drained tests cannot be predicted from un-
drained tests unless contours of water content are independent of
stress path.

Roscoe and Schofield (1963) presented an equation from which

stress-strain and pore pressure-strain relations can be predicted
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for undrained tests in terms of K/ and M. However, the relation
is based on the validity of their equation for the state boundary
surface. The Roscoe state boundary surfgce for M = 1.27 and KA
= 0,22 1s shown on the two dimensional Burland plot in Figure 45,
It is seen to differ from both the drained and undrailned state
boundary surfaces. Burland (1965) proposed a variation on the
Roscoe state boundary surface and his equation is also shown. If
is seen that the undrained state boundary surface lles reasonably
close to the Roscoe surface, while the drained lies closer to
Burland's surface. Since the Ro;coe equation for the state
boundary surface was not considered to be in satisfactory agreement
with the measured relation, no stress-strain predictions were made.
Landanyl, La Rochelle and Tanguay (1965) presented a method
for predicting shear strains in undrained tests from the results
of drained tests. This method was discussed in Chapter 2. It
appeared to predict that if the relationship between stresses and
water content was unique, then the sheér strains would also be
unique, which is not in agreement with Henkel (1960) and Roscoe.
However, since i1t was found that the stress-water content rela-
tionship is not unique for Haney clay, Landanyi's concept was
further examined. The method assumes that the felationship be-
tween Gi/cg, £ and Gé form a three dimensional surface which is
unique for both drained and undrained paths and paths between these
limits. However, Figure 31, Section 7.2 indicates that for drained
tests 6{/0% is essentially independent of Gg (apart from an initial
kink for samples consolidated to 4O lbs./sq.in.). Therefore, the
3 dimensional surface would reduce to a line, and drained and

1
undrained tests should have the same Gi/cg versus strain relation.
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It is seen from Figure 32 that drained and undrained tests have
quite different G{/Gg versus strain relation. ' Therefore there is
not a unique relation betweenwci/cg, € and 53 and Landanyi's con-
cept does not apply to Haney clay.
7.6 Effect of strain rate on drained tests

Since two additional drained tests were performed at one
quarter the normal strain rate, but with drainage from one end
only as discussed in Chapter 6, the effect of rate of testing on
the drained characteristics of Haney clay can be examined. 1In
Chapter 6 it was shown that residual pore pressures are approxi-
mately the same for these tests as for those performed at the
normal rate but with drainage top and bottom. Deviator and
principal stress ratio versus strain relationships for the normal
and slow rates are compared in Figures 45 and 47. It is seen
that both the deviator stress and the principal stress ratio are
slightly higher for tests conducted at the slower rate. The water
content versus strain curves shown in Figure 48 indicate that the
slow tests drained more due to additional time for secondary
compression and this probably accounts for their higher strength.
It 1s generally considered that faster testing rates give higher
strength, yet here it appears that slower rates give higher
strength.However, undralned tests are usually being considered.
In undrained tests 1t is 1likely that slower rates would give
reduced strength, because the additional time would lead to
higher pore pressures due to the tendency for secondary compres-

sione
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CHAPTER 8
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

8.1 CONCLUSIONS

Test results presented in the previous chapter lead to the
following conclusions:
1. For éensitive clay, there is not a unique relationship between
effective stresses and water content which is iIndependent bf'
stress path, or alternatively, there is nbot a unique state boundary
surface for normally loaded sensitive clay. Henkel (1960) suggested
that the relationship for sensitive clays might be more complex

than the simple relation proposed for remolded soil.

2. The Roscoe energy equation appears to apply quite well to Haney
clay. The equation implies that whenever plastic deformation of
soil is occurring, the relationship between the mean normal ef-
fective stress and the deviator stress corrected for both energy
due to volume change and internal energy is a constant, M. This
was found to be approximately true for drained and undrained
strain controlled tests as well as creep tests, and for strains
varying from one to thirty per cent. This suggests the possibi=-
lity that the Hvorslev effective friction and effective cohesion
parameters and the Schmertmann."Dependent“ and "Independent"
paraneters arise from neglect of internal energy changes and that,
in fact, there is only one fundamental strength parameter, M,
which corresponds to a friction component, and is independent of
both strain and strain rate.

The Roscoe equation further implies that, since M does not

depend on strain, it is also independent of particle orientation
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or structure. However, the uncorrected deviator stress which is
of interest in practical problems is very much dependent on soil
structure, since it is soil structure that determines internal

energy changes.

3. The Roscoe method for predicting stress-strain relations can-
not be applied to a sensitive clay as it does hot have a unique

state boundary surface.

4, The Landanyl method for predicting stress-strain relations does

not apply to a sensitive clay.

5. Stress-strain relations for drained samples of Haney clay with
approximately the same degree of residual pore pressure dissi-
pation are only slightly altered by decreased strain rate. De-
creased strain rates allow greater time for secondary compression
and result in slightly higher strength at all strains.
8.2 Suggestions for further research

During the course of the testing program and the subsequent
preparation of this thesis interest developed in the following
toples: | |
1. It was suggested in thls thesis that the Roscoe M is a funda-~
mental strength parameter. This concept could be checked by
triaxial tests on'both overconsolidated undisturbed and remolded

samples of Haney clay.

2. In Chapter 6 it was shown that the average permeability of a
triaxial specimen at all stages of a drained test, for which the

maximum excess pore pressure has been measured, can be calculated,
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Since permeability at any given void ratio is also a measure of
soil structure, it is felt that very useful information with
regard to soill structure could be obtained from void ratio versus
permeability plots determined from normally loaded and overcon-
solidated tests on undisturbed and remolded samples of the same
clay. The Hvorslev concept of samples at the same void ratio

having the same structure could be checked in this manner.
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APPENDIX 1
RFSIDUAL PORE PRESSURES IN DRAINED TESTS, METHOD 1

This method i1s based on the superposition of pore pressures
(Terzaghi, 1943, p. 286). The deviator stress will be some func-
tion (t) of time as shown in Figure 49, It is assumed to pe
applied in instantaneous increments AGy at times F (tg * 1, )
where the subscript (i) refers to a particular increment, so that
the assumed 6(t) is the dashed line shown on Figure 49. The change
in pore pressure Auj due to an instantaneous increment of devia-
tor stress AG; can be obtained from the Skempton equation for
change in pore pressure under undrained conditions

Auy = B MQ3+AAQ)

Since B = 1 for saturated soil and 63 does not change in the
standard drained test, A(y3 =0

therefore aujy = AACY -——- (22)
It is assumed that auy dissipates independently of other pore
pressure increments and in accordance with the one dimensional
consolidation equation, so that at time ty where j= 1, the
average pore pressure due to auy 1is AU j where

Aujy =auy (1 - Uyy)

and Uiy 1s the average degree of consolldation after a time ty;
=t - ¥ (ty + t{_1) as shown in Figure 49. By the principal of
superposition the average pore pressure at time tj is the sum of
the average partially dlssipated incremental pore pressures at

time tj caused by all the increments prior to tj

J
therefore uy = Auy (1 - Uij) == (23)
i=1
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The average degree of consolidation U is a function of the time
factor T and is usually determined from a plot of T versus U,
However, since a numerical procedure was required the following

relations were used (Taylor 1948, p. 234).

LT T <.283 = (2h)
(1L -U) =1- 7
T+,0851

(L -10) = 10( .9332) T > ,283 - (25)

where T = Syt

h2
therefore 1 - Ugj = £ (Ty3) = £ (cvtéj) ———— (26)

h

where £ (T) may be obtained from equation (24) or (25) depending
on the value of T calculated. Combining equations (22), (23) and
(26) the complete solution for the average excess pore pressure

at anyv time tj is:

uj = J}:: a0y T (cvtiy) ---= (27)
i=l h2

This expression can be readily prog*ammed for the computer. How-
ever, A, cy and h will vary throughout the test, therefore some
assumptions must be made with regard to their values.

The Skempton A used here is an incremental A rather than
the A usually calculated., It was at first thought it could be
estinated from the results of undrained tests by taking the ratios
of increments of pore pressure to increments of deviator stress
and possibly expressing A as a function of strain. Typical devia-
tor stress and pore pressure versus strain relationships for un-

drained tests are shown in Figure 50a. The incremental A values



£0

INCREMENTAL SKEMPTON A
; ™ (o] n s

t
L

~
(=]

/SQ.IN
5"

A
o

® :

g <

138

\LPORE

PREMSURE

(lﬂifid P

Pres.= 10 Lbs. [q.1n.)

| Vi DEVIATO R’

STRESS

. UNDRAINED TEST

10 IS eo
SHEAR QTRAIN IN PER CENT .

Fig.50a

es 30

Incre

mental A Goes|to Infinity of

Marx. Dev. Stregs

o

0 . 15 20
SHEAR STRAIN IN PER CENT:

Fia. 50b

&5 30

. /

n
o]

DEVIATOR STRESSIN LBS
S

(o]

DRAINED TEST

P

(o]

-

10 l% 20
SHEAR STRAIN IN PER CENT

ﬁgureSO--STréss‘:STrain Characteristics of Haney Clay



139

calculated from Figure 50a are shown in Figure 50b. It is seen
that at maximum deviétor stress, since the fate of change of
deviator stress is zero A = %% goes to infinity. After maximum
deviator stress, pore pressures continué to increase resulting in
negative incremental A4 values. Increasing pore pressures after
maximum deviator stress are caused by distortion, despite falling
deviator stress, rather than because of falling deviator stress,

A typical deviator stress versus strain curve for a drained test
is also shown in Figure 50. It is seen that the shape:is quite
different from the undrained test with maximum deviator stress
occurring at high strain and therefore the incremental A values
from undrained tests could not be used. It amight be expected that
the incremental A would increase with strain from approximately
1/3 at low strain where elastic béhaviour\might occur to infinity
at high strain as maximum deviator stress 1s approached. However,
no logical basis for varying & could be determined and so a
constant value of & = 1 was chosen.

The coefflcient of consolidation, ¢y, varles during a test
due to change in structure and change in void ratio. Values of
¢y determined from both preliminary consolidation prior to
shearing and from oedometer tests are plotted versus the average
pressure p' = 1/3 (Gi + 263) and shown on Figure 51. For oedometer
tests it was assumed that kg was 0.75. The range of p' for all
drained tests was from 40 to 110 1lbs./sq.in. and the relation
between p' and ¢y in this area was approximated by the straight
line on the semi-log plot shown, from which

¢y = .0051 - .00243 log 1op'  cm®/sec, ---- (20)
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It appears from Figure 51 that ¢y in the area of interest is

. lower than the figure of 2 x 1073 cm2/sec. used in the previous
chapter to determine testing rates. However, it is understood
from Bishop and Henkel kl962) that the c, mentioned in their
expressions is the cy obtaiped during the preliminary consoli-.
dation prior to shearing and not the ¢, that exists at the final
consolidation pressure. The ¢, values shown in Figure 51 are
plotted at the average p' during the consolidation increment.
Cy's obtained from triaxial consolidation vary between 1 x 10-3

cm?/sec. and 3 x 1073 cm?/sec. and hence the figure of 2 x 10~3

cm?/sec. was chosen.

The height of the sample also varies throughout a test and
since axial strain at fallure was about 30 per cent, this could
not be neglected. The height of the sanple was known at all times
that readings were taken.. It was assuméd that at any time tj
the pore pressures due to all prior increments dissipated under
the constant sample height and coefficient of consolidation
existing at that time. In actual fact pore pressures due to
earller increments would have been dissipating under a gradually
reducing height and coefficient of consolidation. However, poré
pressures due to earlier increments will be very small and the
height and coefficient of consolidatibn wili'be—essentially
correct for those increments applied -immediately prior to the
time of interest and which undoubtly cause the major portion of

the pore pressure,
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TRIAXIAL COMPRESSION TEST |

SOIL SAMPLE Haney Clgy TEST No.:_&
SPECIFIC GRAVITY: 2.80 DATE: Juk |9, 65
TEST TYPE: ______Consolidoled Undronned TESTED RY: _PMB.

INITIAL MEASUREDR DIMENSIONS

circ. | Dia. | Areq Heigh‘l‘ of Sample =705cm. =2-775In.
in¢m | incm}in CmY A + @A+ Ag
- . 0. 2 . 2
Top | 1143 | 2435|1038 - Area ) ’-'—Li(’“ LeoSln.
Volume (Vi) =730Cm3, Vg = = =3275Cm3
Aveluge w¥ (Side Trimmings) =485 €~ .V_sq‘_‘.ﬁs 1-198
Degree of Saluralion S = -%GJ = 993 Rer Cent

Cenlre | 11140 [3-625 |10-33

Bottom| 1138 |3-620 |10-30

AFTER CONSOLIDATION
Change in Vel =&1Scc ) Chanqe in Waler Content « -\%(Y;=6-'7 % ) w7;=§58

Change in Ht. =o.4cm. | Consolidated Ht. =691Cm. =2721n.
Consolidafeel Areq = -\iﬁ:e\-/ '= 9..8CmM% = 1.501n?

WATER CONTENTS

Specimen Location Side | Side | side | Side | Top | Battom :.?f:‘ﬁxﬁw:-:tl?

Container No. N 2 2 4 S 6
wt. Corlainer § Wt Soil |39-83| %11 [ 4276 | 4437 |40-49 [4250 |iz-e8 [17979
Wl Container ¢ bry Seil |33:19 |26 [35:1 [3630 | 3418 [3c03 | 9432 |14478

Wt Wwater in qms. 664 | 495| 745 | 807 | &1 | 147 | 39:56{ 350l

wt. Container n qms. [(T46 | 753 [1147 [IT29 | 1866 {747 | 3.02|53.48
Wi Dry Soil ingms  [I1ST3 | 1163 |I7-94 | 190l |1562 |I8:56 {230 | 9130

Water Corfenl (w) % = |42:!F | 4250]4270 [42:80| 40-4 |402 432 |383

WATER CONTENT CHECK

Vol. Drained Dur‘;ng Conscliddtion =6:15¢cc , - imhal W% (Side Tr.'rnmmﬂs> = 425
Vol Prained Ouring Shear DR Inital W% frem initial Wi,
Vol. Rack Draned = 80ce , 4Final  Bry Wi = 432
Teta| Vol. Chanﬂe =4-35C¢C ) J ’ —
Chonae in Water Confent =48 %, Initial w9, from Finel w

and Change 10 WY, = 431

REMARKS '
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APPLICATION OF CHAMBER PRESSURE

LINDRAINED CONDITIONS

TEST _No: 2
DATE : July (93,1965
TESTED BY: PM.B.

TIME |EURSE |cHavan CHAMBER| cHames|pore PR, |pore #r) Pore  |sKEMPT
MRS, | TR | 9RES" |cor. per| FRER. |Grige® feom. eagf RRES. [N g
s | o 0 | o 1o [8s [-44 1| 44
99 83 0-84
+ —L- e
4 | 2o |-01 | 199 |10 |40 [124
100 I JOI]
8 o |-0] 299 | 282 |-47 | 23S
99 105 | 10¢
12 |40 |-o2 |29® |387 |-¢7 [340
29 oo [rol
o |50 |-02 |498 488 |-48 |440
f 100 08 |09
20 | co |-02 |508 |sa7 |-4a9 |sae
114 s |rof
24 |73 ]-00 |712 | 70330 |esa|
OVER ALL é. &2 . 1oo
62 !

REMARKS: Thermostol Stuck Before Commenc]ng and this

May Accounl ‘For The Variation -in 8




CONSOLIDATED TRIAXIAL TEST

PRELIMINARY CONSOLIDATION

CHAMBER PRES. GAU&GE = 7|3 Ps%.

GAUGE CORRECTION —- O-1 RS.

ELEVATION CORRECLTION = -'|.2 PS.

L

CHAMBER PRESSURE = 70:0 PS.

TEST NO: &

DATE: TuLy 19,195

TESTED RY: PMB

'BACK PRES.= |0-0 PS.I.

EFFECTIVE STRESS CHANGE 47 TO 60-O0 RO

oure | TIME S5 e L | S| TN
1";_2‘“ is:26 [0:00 | 0.00|-3400| 471 | 24
: .|o:04 | 028 9.55
loiis | o-so 948
1o:34 | 078 938
1100 | 100 528
(1:34 | I8s
lens | 150 9-06
|3:04 | 175 |-9228 | Bos |
4:00 | 2.00 885
615 | 2-50 864
9:00 | 3.00 843 |
12:15 | 3-50
16:00 | 400 8-00
25:00| 5.00 758 |
36:00| ¢-00lo®ar0 720 |
49:00| 7-00 ¢ 88
65:00| 805 655
al:00 | 200 ¢-29
) 100:00] 10.00 603
120:00] 10'9S |0 8927 S'80
131:00| | |-4R 568
L istes . |oeass | 356

AV= 615 ¢,




CONSOLIDATED UNDRAINED TRIAXIAL TEST

Consolidated Areq =

50 In2

Consolidated Length = @72 in.

Chamber Pressure s 700 Ps.I.

, Proving Ring No.

, Calibrehon Foctor = -3167

Temp. = 24 °C

b

Test No: 2 ’
Date: July 20/65

Tested By: PMB.

Time |Pore | Gauge |Pore |Verfical | Provimg Time | Pore | Gauge [ Pore |Vertical| Proving
Hr | doost Cor | i | ' | Dial Hr |oge | € | BSh | ol | Oial
I15583| 140 |46 | 100 | 8835|425 2358 1540 |-4'8 }49.2 ['7763 2073
15633156 |~4-6 | II-0 | 8832 500 2510 |55-7 |-4-8 |509 | 7557(206:3
1577 {166 [-4-6 |12:0 | ‘882¢| 6I-0 2598|559 (-4:® |SI'| |414 |2047
I5-833 [ 177 |-4- | 13-] |-8822| 70-0 2R28 | 583 |-49 | 834 | *7057{2017
(5940 188 {~47 | 4| |-BBIS| Bo-© 3045|595 |-4'9 | S4'6 | 66To|19%4
le-og | 206 |-47 | 159 | 807[ 9|0 3300602 |~4'9 [ 553 | 6340] I96:5
1618 | 2220 |-47 | |7°3 | 8800|1000 1542|608 |~4:9 | 559 | 3967|1947
32| 234 [-47 | 187 |-87] {110 137'33]61°2 |49 | 563 | -5663|183-2
647 | 253 |-47 |21 |-&8178(I2I0 |38:50| 612 |-4'9 | 56°3 | -5488(917
1660 | 268 [-47 |22 |-8767(130'S 4050|617 |-4-9 | 568 5@s|190-0
78 | 286 |-47 |23'9 |-8750]|407 “;u'o ¢l7 |-4-9 | 568 | 5116[190-0
1696 | 302 |-47 | 29S| -8733]1S02 4708|627 {-49 | 578 | 4i741147:5
1717 {317 |47 | 270]-9710]lc0O 4730|627 (-4 | 578 41141873
1742| 339 | -47 [ 292 86821700 5750|630 |49 | 58| |-2600(83'3
i775 | 33 |-47 |36 |-8643)1c02 .07 638 |-4-9 | 589 |-2ige |Ie23
Ie17 | 398 [-4:7 | 351 |'8590] 1900 6290 | 64-0 |-4-q | 59-| [-1765|1&07
1877 [425 |-47 | 378 [-8509| 1982 6500|642 F4-9 | 543 1453|1786
1933 |44.5 |-47 | 398 |-8428 | 2050 72-45| 64-2. |-4-9 | 59'3 |-0307|1717
2038(476 [4:8 | 428 |.82¢6 |209:3 :
2122|505 4-8° | 457 | 8136|2100

2o | skl 1"4'% | 4o | 8062 209:6




CONSOLIDATED UNDRAINED TRIAXIAL TEST

CONSOLIDATION PRES.=

147

TEST NO. 2
60.0

56.87

ELAPSED TILME STRAIN DEFORMATION SIGMA 1 EFF ROOT 2 SIGMA 3  DEVIATOR PRINCIPAL SKEMPTON A PORE PRESSURE

— HOURS PER.CENT___ IN. PER_DAY.___ _  PSI EFF__IN_PSI____ STRESS PSI__STRESS RATIO PRSI I
~-0.00 0.00 -0.000 60.0 84.8 -0.0 1.00 0.00 10.0
0.05 0.01 0.144 " 60.6 83.4. 1.6 1.03 0.63 11.0
0.13 0.03 0.161 61.9 82.0 3.9 1.07 0.51 12.0
0.25 0.05 0.125 62.7 80.5 5.8 1.10 0.53 13.1
0.36 0.07 0.134 63.8 79.0 7.9 l.14 0.52 14.1

0%50 0.10_ . _ 0.135.. . 64.3 76.5 . 10.2 1.19 0.58 _____15.9 ____ _ _
0.60 0.13 0.141 64.8 T4.5 12.1 1.23 ; 0.60 17.3
0..73 0.16 ° 0.144 65.7 72.5 14.4 1.28 | 0.60 18.7
0.89 0.21 0.154 64.9 68.4 16.5 1.34 % 0.70 21.6
1.02 0.25 0.160 664 67.7 18.5 1.39 0.65 22.1
1.20 0.31 0.170 66.8 65.2 20.7 1.45 0.67 23.9

1.38 .0.38 . 0.178_ 612 _ . 62.9 22.7 1.51 0.68 2505
1258 0.46 0.190 67.7 60.8 24.7 1.57 d 0.69 27.0
1.84 0.56 0.200 67.6 57.7 26.8 1.66 0.72 29.2
2.17 0.71 0.213 67.3 54.3 28.9 1.75 0.75 31.6
2.59 0.90 0.227 65.8 49.3 30.9 1.88 ! 0.81 35.1
3.19 1.20 0.245 64.9 45.5 32.7 2.02 .0.85 37.8

3.5 o le500.261 . 6440 42..7 33.8_._______2.12 0.88 39.8 _ .
4.80 2.09 0.285 61.7 38.5 34.5 2.27 0.95 42.8
5.64 2.57 0.298 58.8 34.4 34.5 2.42 1.04 45.7
6.12 2.84 0.303 57.8 33.2 34.3 2.46 1.06 46.5
7.25 3.46 0.312 5640 31.4 33.8 2.52 1.12 47.8
8.00 3.87 0.316 54.2 29.4 33.4 2.61 1.17 49.2

- 9452 e __4.70__ _ __0.322 _______ 52.0 27.0 32.9 2.72 ) 1e24 . 50.9

10.40 5.22 ‘0.328 51e4 26.7 32.5 2.72 1.27 51.1
12.70 6.5% 0.336 48.0 23.5 3l.4 2.89 1.38 53.4
-14.87 7.94 0.349 45.7 21.8 30.3 2.97 1l.47 54.6
17.42 9.17 0.344 44.2 20.8 29.5 3.01 1.53 5543
19.84 10.5% 0.347 42.8 19.9 28.7 3.04 1.60 55.9

21...75 1le66__ _0.350______41.8.____ 19.4 28.1 3.05 _ 1.65 . 56.3._ . _ .
22.92 12.31 0.351 41.3 19.4 27.6 3.02 ; 1.68 56.3
24.92 13.38 0.351 40.2 18.7 27.0 3.04 i 1.73 56.8
25,42 13.67 0.351 40.1 18.7 26.9 3.04 l.74 56.8
31.50 17.14 0.355 37.6 17.3 25.4 3.08 ) 1.88 57.8
31592 17.36 0.355 37.5 17.3 25.3. 3.07 ? 1.89 57.8

41092 e22092_  _ ___0.357 __ . 34.8 __ _ _16.8 22.9 2,93 . 2.10_ . 58.1..._____ _
44.58 24.4% 0.358 33.4 15.7 22.3 3.01 2.19 58.9
47.32 25.99 0.359 32.5 15.4 21.6 2.98 2.27 59.1
49.42 27.14 0.359 31.6 15.1 20.9 2.96 2.35 59.3
31.35 0.360 30.3 15.1 19.6 2.83 2.52 '59.3
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CONSOLIDATED UNDRAINED TRTIAXIAL TEST

TEST NO. 2
CONSOLIDATION PRES.= 60.0
STRAIN P EFFECTIVE Q QW . M UNIT P UNIT Q y
PER CENT ROSCOE PSI ROSCOE PSI ROSCOE PSI ROSCOE ROSCOE ROSCOE D

0.00 60.0 -0.0 . 0.0 0.00 1.00 -0.00

0.01 _59.5 . 1.6 77.8 — 1.31 0.99 0.03 _ e
0.03 56.3 3.9 59.1 1.00 0.99 0.07

0.05 58.8 5.8 64.0 1.09 0.98 0.10

0.07 58.5 7.9 6l.4 1.05 0.98 0.13

0.10 575 10.2 87.0 1.51 0.96 0.17

0.13 56.7 12.1 71.9 1.27 0.95 0.20

0.16 56.1 . 14.4  85.9  1.53 0.94  0.24
0.21 53.9 16.5 61.5 l.14 0.90 0.28

0.25 54.1 18.5 28.9 0.53 0.90 0.31

0.31 ' 53.0 - 20.7 59.2 1.12 0.88 0.34

0.38 52.1 22.7 : 52.9 1.02 0.87 0.38

0.46 51.2 : 24647 53.0 1.03 0.85 0.41

0.56 49.7 . _26.8 58.7 - . 1.18 0.83 ; 0.45 =
0.71 48.0 28.9 59.6 1.24 0.80 0.48

0.90 45,2 30.9 58.2 1.29 0.75 0.51

1.20 43.1 . 32.7 4T7.4 1.10 0.72 0.54

1.50 41.5 33.8 46.0 l1.11 0.69 0.56

2.09 38.7 34.5 47.2 1.22 0.64% , 0.57

2.517 35.8 34,5 44403 o le24 . 0.60 0.57 .

2.84 34.9 34.3 41.0 1.17 0.58 0.57

3446 33.5 33.8 41.1 1.23 0.56 0.56

3.87 : 31.9 33.4 40.9 1.28 0.53 0.56

4.70 30.1 32.9 35.8 1.19 0.50 0.55

5.22 29.7 32.5 34.8 l.17 0.50 0.54

6.54 _27.1 N 3l.4 . 35.0 _1e29 o 045 . 052 .
T1.94 25.5 30.3 32.4 1.27 0043 0.51

9.17 24.5 : 29.5 31.1 1.27 0.41 0.49
10.54 23.7 28.7 30.0 1.27 0.39 0.48

11.66 23.1 28.1 28.9 1.25 0.38 0.47
12.31 22.9 27.6 28.5 l1.24 0.38 0.46

13.38 222 — 27.0 2Tt . l.24 Q.37 Qe85
13.67 22.2 26.9 . 27.1 1.23 0.37 0.45

17.14 20.7 25.4 25.7 1.24 0.34 0.42

17.36 20.6 25.3 25.6 l1.24 0.34 0.42
22.92 19.5 22.9 23.9 1.23 0.33 0.38
24.44 18.5 22.3 23.2 1.25 0.31 0.37
25.99 18.1 21.6 22.2 1.23 0,30 _ 0.36 )
27.14 17.7 . 20.9 21.5 1.21 0.29 - 0.35
31.35 : 17.2 19.6 0.0 0.00 0.29 0.33
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TEST NO.17
) CONSOLIDATION PRES.= 40.0-.
CONSOLIDATED DRAINED TRTAXIAL TEST

NO ALLOWANCE MADE FOR RESIDUAL PORE PRESSURE : ALLOWANCE MADE FOR RESIDUAL PORE PRESSURE

SHEAR AXTAL DEFORMATION WATER DEVIATOR SIGMA 1 PRINCIPAL PORE SIGMA 3 ROOT 2 SIGMA 1PRINCIPAL
STRAIN STRAIN_ _IN.PER_DAY CONTENT STRESS EFF., STRESS , PRES. EFF. SIGMA 3 EFF. STRESS
PER CENT PSI PSI RATIO PSI PS1 EFF. PSI PSI RATIO
-0.00 -0.00 -0.000 37.9 0.0 40.0 " 1.00 0.0 40.0 56.6 40.0 1.00
C.04 0.05 0.146 37.9 4.1 4441 1.10 0.5 39.5 ~_55.9 43.6 1.10
0.13 0.16 0.172 37.8 9.2 49.2 1.23 0.8 39.2 55.4 48.4 1.23
C.18 0.23 0.182 37.8 11.9 ’ 51.9 1.30 0.9 39.1 55.3 51.0 1.30
0.25 0.31 0.191 37.8 14.7 54.7 1.37 1.0 39.0 ~55.1 53.7 1.38
0.35 0.45 0.211 37.7 17.9 57.9 1.45 le4 38.6 54.6 56.5 l.46
C.46 0.59 0.224 37.6 20.8 60.8 1.52 1.3 38.7 54.7 59.4 1.54
0.57 0.74 0.235 37.5 23.5 63.5 1.59 1.5 38.5% 54.5 62.0 1.61
0.73 0.97 0.248 37.4 26.6 66.6 1.67 1.6 38.4 . 54.3 65.0 1.69
0.93 1.23 0.264 37.3 28.6 68.6 1.72 1.8 38.2 54.0 66.8 L.75
. 1.12 1.50 0277 37.1 29.9 69.9 1.75 2.1 37.9 53.6 67.17 l.79
1.42 1.92 0.288 36.8 30.8 70.8 177 2.0 38.0 53.7 68.7 1.81
1.85 ) 2.51 0.298" 36.4 31.5 71.5 1.79 2.2 37.8 53.5 69.3 1.83
2.61 3.57 0.312 35.8 33.2 73.2 1.83 2.3 37.7- _ 53.4 70.9 L.88
3.40 4.60 0.321 35.2 - 34.6 T4.6 1.87 2.4 37.6 53.2 72.3 1.92
3.87 - 5421 0.326- 34.9 35.7 5.7 1.89 2.5 37.5 - 53.0 73.2 1.95
e 4429 DedT 0.330 34.6 . 36.8 16.8 1.92 2.5 37.5 53.0 T4.2 1.98
4.77 6.40 0.331 34.3 37.7 T77.7 1.94 2.5 37.5 53.0 75.2 2.00 :
5425 7.03 0.331:.- 34.0 38.8 78.8 1.97 2+5 37.5 . 53.1 76.3 2.03
8.07 10.50 0.338 32.5 46.9 B6.9 2.17 2.3 37.7 53.3 84.6 2.24%
8.72 11.28 0.338 - 32.2 48.3 88.3 2.21 243 T 37.7 53.3 86.0 T 2.28
9.34 12.03 0.338 32.0 50.4 90.4 226 2.4 37.6 53.2 88.0 2.34%
10.50 .. 13.39 0.339 31.5 53.3 93.3 233 2.2 37.8 53.4 91.1 2441
11.22 14.21 0.341 31.3 54.8 94.8 2437 2.2 37.8 " 53.4 92.6 2+45
11.91 15.02 0.342 31.0 56.2 96.2 2.40 2.2 37.8 53.5 34.0 2.49
12.38 15.56 C.341 30.9 57.0 97.0 2.42 2.1 37.9 53.6 94.9 2.50
12.95 16.21 0.341 30.7 58.6 98.6 2.46 2.1 37.9 53.6 96.4 2455
13.69 17.05" 0.341 30.5 60.2 100.2 2451 1.8 38.2 54.0 98.4 2.58
. l4.16  17.58 0.342 30.4 ___ _61.1 101.1 253 1.7 38.3 S4el  99.4  2.60
14.68 18.14 C.343 30.2 62.1 102.1 2.55 1.8 38.2 54.0 100.3 2.63
15,20 . 18.72 0.344% " 30.1 62.8 102.8 2.57 1.8 38.2 " 54.0 . 101.0 2.64
19.29 23.20 0.345 29.3 68.3 108.3 2.71 1.5 38.5 . 54.4 106.7 2.77
20.04 L 24.01 0.345 29.1 68.8 108.8 2.72 l.4 38.6 54.6 107.5 2.78
20.78 24.81 . C.344 29.0 69.9 109.9 2.75 1.2 38.8 54.9 108.7 2.80
..21e93 26,03  0.345_ _  28.8 _10.5 110.5 2.6 1.1 38.9 __ . _55.0 109.4 2.81_ _
22.70 26.84 0.346° . 28.7 71.0 - 111.0 2.78 1.3 38.7 5.7 109.7 Z.84
23.26 27.44 0.346 28.6 71.3 111.3 2.78 ‘1e1 38.9 - 55.1 110.2 2.83
23.59 27.79 0.346 28.6 71.3 111.3 2.78 0.9 39.1 55.3 110.4 2.82
24425 28.49 0.346 28.5 71.3 111.3 2.78 1.0 39.0 55.2 110.4 2.83
25.05. 29.33 0.345 28.4 . 71.8 111.8 2.80 1.0 39.0 55.2 110.8 2.84
e 25.42 = 29.72 0.346 28.4 71.9 111.9 2.80 1.0 38.0_ . 55.1 110.9 285
25.96 30.29 0.346 28.3 T2.0 112.0 2.80 0.7 39.3 55.5 111.2 2.83
26.55 30.90 0.347 28.3 72.0 112.0 2.80 0.7 39.3 55.6 111.3 2.83
27.17 31.54 0347 28.2 72.0 112.0 2.80 0.7 39.3 55.6 111.3 2.83
27.69 32.08 0.348 28.2 1.9 111.9 2.80 0.7 39.3 5545 l1il.1 2.83
28.03 32.44 0.348 28.2 71.6 111.6 2.79 - 0.8 39.2 55.4 110.8 2.83
28.177 33.20 . _0.347 28.1 Tl.4 . 111.4_ 2.79_ 0.6 39.4 55.17 .110.8 __ _2.81 _ .
29.62 34.08 0.347 28.0 71.8 111.8 2.79 0.5 39.5 55.9 111.3 2.82
30.65 35.13 0.348 28.0 1.7 111.7 2.79 0.0 40.0 56.6 111.7 2.79
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CONSOLIDATION

IS0

PRES.= 40.0

A TEST NO.17
SHEAR p P MINUS Q Qw QW(PP) M M{PP) P/PE P/PE Q/PE
STRAIN PSI PP. PSI SI PSI PSI (PP)
~0.00 40.0 40.0 0.0 —49.7 28.1 -1.24 0.70 1.00 1.00 0. 00
0.04 41.3 40.8 4.1 -36.8 30.0 -0.89 0.73 1.03 1.02 0.10
0413 . _43.0 42,2 9.2 . -0.8 ____47.9 -0.02 lel4 1,07 1.05 0.23 . —
0.18 43.9 43.1 11.9 4.8 46.0 0.11 1.07 1.09 1.07 0.29-
0.25 44.9 43.8 14.7 22.1 56.1 0.49 1.28 1.11 1.08 0.36
0.35 45.9 44,5 17.9 36.9 63.8 0.80. 1.43 1.12 1.08 0.44
0.46 46.9 45.5 20.8 42.2 644 0.90 1.42 1.13 1.10 0.50
0.57 47.8 46.3 23.5 55.0 73.6 1.15 1.59 1.14 1.10 0.56
—_ Q.73 . _48.8_._ 47.2 2646 59.8 72.9 1.23 la54  _1l.14 1.10 0.62 _ _ -
0.93 49.5 47.7 28.6 76.1 83.6 1.54 1.75 1.14 1.10 0.66
1.12 49.9 47.8 29.9 8l.1 85.5 1.63 1.79 1.12 1.07 0.67
1.42 50,2 48.2 30.8 85.2 87.4 1.70 1.81 1.09 1.04 0.67
1.85 50.4 48.3 31.5 86.3 87.4 1.71 1.81 1.04 1.00 0.65
2.61 51.0 48.7 33,2 84.4 84.6 1.66 1.74 0.97 0.93 0.63
_3.40___ 51.5 49.1 34,6 82.4 82.1 1.60" 1.67 0.91 0.87 0.61 o
3.87 51.8 49.4 35.7 83.1 82.7 1.60 1.68 0.88 0.83 0.60
4.29 52.2 49.7 36.8 84.8 84.1 1.62 1.69 0.85 0.81 0.60
4.77 52.5 50.0 37.7 84.1 83.6 1.60 1.67 0.82 0.78 0.59
5.25 52.9 50. 4 38.8 83.7 83.3 1.58 1.65 0.79 0.75 0.58
8.07 55.6 53.3 46.9 79.7 79.9 1.43 1.50 0.68 0.66 - 0.58
 B.72.- 5640 53.7 48.3 80.1 80.8 1.43 1.50 0.67 0.64 0.57 o
9.34 56.7 54.4 50.4 80.4 8l.1 1.42 1.49 0.65 0.62 0.58
10.50 57.7 5545 53.3 78.9 79.6 1.37 1.43 0.62 0.60 0.58
11.22 58.2 56.0 54.8 80.0 80.6 1.37 1.44 0.61 0.59 0.57
11.91 58.7 56.5 5642 80.8 81.2 1.38 “1.44 0.59 0.57 0.57
12.38 58.9 56.8 57.0 80.9 81.6 1.37 1.44 0.59 0.56 0.57
L 12.95_ 59.5  57.3 58 .6 81.3 82.0 _1.37 1.43  0.58 0.56 0.57 o
13.69 60.0 58.2 60.2 78.6 79.4 1.31 1.37 0.56 0.55 0.57
14.16 60.3 58.6 61.1 78.2 79.1 1.30 1.35 0.56 0.54 0.57
14.68 60.6 58.9 62.1 78.6 79.3 1.30 1.35 0.55 0.54 0.57
15.20 60.9 59.1 62.8 79.2 79.8 1.30 1.35 0.55 0.53 0.56
19.29 62.7 61.2 68.3 82.8 83.0 1.32 1.36 0.50 0.49 0.55
20.04 . 62.9 61.5 68.8 81.9 82.4 1.30 1.3% 0.49 0.48 0.54 o
20.78 63.2 T 62.0 69.9 81.4 81.8 1.29 1.32 0.49 0.48 0.54
21.93 63.4 62.3 70.5 80.3 80.6 1.27 1.29 0.48 0.47 0.53
22.70 63.6 62.3 71.0 82.0 82.2 1.29 1.32 0.48 0.47 0.53
23.26 63.7 62.6 71.3 79.6 79.7 1.25 1.27 0.47 0.46 0.53
23.59 63.7 62.8 71.3 80.3 80.3 1.26 1.28 0.47 0.46 0.53
24.25 63.7 62.8 71.3 79.5 79.6 1.25 1.27 0.46 0.46 0.52 ”
25.05 63.9 62.9 71.8 79.7 79.8 1.25 1.27 0.46 0.45 0.52
25.42 63.9 £ 62.9 71.9 79.9 80.0 1.25 1.27 0.46 0.45 0.51
25.96 63.9 63.2 72.0 77.9 78.0 1.22 1.23 0.45 0.45 0.51
26.55 63.9 T 63.3 72.0 78.6 78.5 1.23 1.24 0.45 0.45 0.51
27.17 63.9 63.2 72.0 17.4 77.2 1.21 1.22 0.45 0.44 0.50
27.69 63.9 - 63.1 71.9 79.2 78.8 1.24 1.25 0.45 0.44 0.50 ) o
28.03 63.8 " 63.0 71.6 78.2 77.9 1.23 1.24 0.44 0.44 0.50
28.77 63.7 63.1 1.4 77.5 17.4 1.22 1.23 0.44 0.43 0.49
29.62 63.9 63.4 71.8 76.0 76.0 1.19 1.20 0.44 0.43 0.49
30.65 63.9 63.9 1.7 0.0 0.0 0.00 0.00 0.43 0.43 0.49
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